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Abstract

The myometrial smooth muscle of the uterus is responsible for force generation during
labour, leading to successful delivery and expulsion of the foetus. This contraction oc-
curs as a result of electrical signalling, and the firing of the myometrial action potential.
Development of a more detailed understanding the mechanisms that regulate electrical ex-
citability in the myometrium may allow for the identification of new strategies to manage
preterm birth and prolonged labour clinically.

The calcium activated chloride channel (CaCC) anoctamin 1 (ANO1) has been suggested
to play an important role in promoting myometrial contractility, though its potential mech-
anism is unclear. In this work, a novel model of uterine excitability has been developed to
allow investigation of these processes in silico. Simulations run using this model suggest
that ANO1 may play a role in initiating the myometrial action potential and coupling the
electrical signalling to chemical signalling via oxytocin. ANO1 may also play a role in
stabilising and prolonging the action potential.

These hypotheses are investigated experimentally using multiple model systems. Cultured
immortalised uterine myocytes and intact human tissue were investigated using specific
pharmacological inhibition of ANO1 with the novel, potent pharmacological agent Ani9.
Experiments using the Cre-Lox system to achieve inducible smooth muscle specific deletion
of ANO1 were also carried out. These experiments observed no evidence of ANO1 pro-
moting uterine contractility, suggesting that previously reported findings were the result
of non-specific actions of inhibitors.

Transcriptional analysis of cultured myocytes and myometrial tissue suggests ANO6 as
a potential alternative candidate for forming a CaCC in the myometrium. Simulations
also suggest potential roles for the canonical transient receptor protein channel (TRPC6)
in initiating the action potential in response to diacyl glycerol generation, and potassium
channels such as TWIK-related Potassium Channel 1 (TREK1) in mechano-sensing and
regulation of the duration of the myometrial action potential. Plasticity of the myometrial
conductome is also considered as a mechanism that underlies the heterogeneity in elec-
trical behaviours between cells, and may dynamically modulate the electrical properties
of the cell over physiologically relevant timescales to regulate the action potential. These
potential electrophysiological mechanisms are suggested as potential avenues for further
investigation
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Chapter 1

Introduction

1.1 Overview

The onset of labour is a complex, multifactorial process, which incorporates a number

of mechanical and hormonal stimuli, to enable the precise temporal control of delivery

(Mendelson et al., 2019). Both premature and delayed delivery are associated with negative

outcomes for both mother and baby (Chawanpaiboon et al., 2019; Muglu et al., 2019).

Understanding the mechanisms that underlie the process of parturition is important in

developing novel treatment strategies. The calcium-activated chloride channel (CaCC)

anoctamin 1 (ANO1) has been suggested to play an important role in the contractility

of the uterus (Dunford et al. (2020), Section 1.8.3). In this thesis, the role of ANO1 is

investigated, to generate further insight into the mechanisms of labour.

1.1.1 Normal delivery

A pregnancy is defined as reaching early term by 37+0 weeks. Full term is at 39+0 weeks,

whilst late term is at 41+0 weeks. A pregnancy that passes 42+0 weeks is considered to

be post term (American College of Obstetrics and Gynecology, 2013). By term, the foetal

lungs are well developed, and the foetus is capable of unassisted extrauterine survival. Prior

to delivery, the foetus is expected to align itself within the womb vertically (longitudinal

lie), with its head down (cephalic presentation) (Ferreira et al., 2015). Failure of the foetus

to present correctly may lead to complications in delivery, such as failure to progress

(Section 1.1.2). Prior to the true onset of labour, changes to the myometrium throughout

labour lead to sporadic, low amplitude contractions. Such events, known as Braxton-
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Hicks contractions, may be perceived by the mother during the later stages of pregnancy.

These represent aberrant, disorganised bursts of electrical activity within the uterus, as

the myometrium transitions from quiescence to a more excitable state, and do not result

in the ordered contraction needed to deliver the foetus (Raines and Cooper, 2021).

Labour itself is divided into 3 stages (Hutchison et al., 2021). During the first stage,

intermittent contractions begin, and the cervix dilates. Once the cervix is fully dilated, the

second stage begins. Contractions become more frequent, and the mother begins to actively

push the baby out. As contractions progress, the foetus is expelled down the vaginal canal.

Finally, the placenta is delivered during the third stage, as the afterbirth.

1.1.2 Delivery Complications and Management

Preterm birth is associated with significantly increased foetal morbidity and mortality,

both in the short term and throughout life. It is also a major cause of impaired devel-

opment during infancy, and of neurological sequelae that may affect patients throughout

their lives (Glass et al., 2015; Johnson and Marlow, 2017; National Guideline Alliance

(UK), 2017). Complications of preterm birth are the leading cause of mortality in chil-

dren under 5 worldwide (Chawanpaiboon et al., 2019). The causes of preterm labour are

heterogenous, with as many as 50% of cases having no identified underlying pathology

(Moutquin, 2003).

Tocolysis involves the administration of pharmaceutical agents to delay delivery. This can

be done through blockade of the calcium mediated muscle contraction with calcium channel

blocker nifedipine (Conde-Agudelo et al., 2011). The administration of tocolytic treatments

is a controversial topic. Despite the fact that various agents have been demonstrated to

effectively delay delivery, there is limited evidence that it improves the clinical outcome

(Coler et al., 2021). The use of tocolytic therapy to delay labour in the acute setting may

be useful to allow preparation of further interventional measures, such as administration

of corticosteroids to promote lung maturation, and to ensure that access is available to
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specialist neonatal facilities (Hanley et al., 2019; National Institute for Health and Care

Excellence, 2019 Update). Such approaches may not be suitable if uterus does presents a

hostile environment for the foetus, such as during placental insufficiency or an underlying

infection.

Post term delivery is also associated with increased risk of complications (Muglu et al.,

2019). Many of these arise due to the baby growing larger due to increased time in the

uterine environment. This increased size of the foetus (macrosomia) in relation to the

pelvic outlet leads to a greater likelihood of shoulder dystocia (Hill and Cohen, 2016).

Other causes of labour include failing to progress as expected include uterine hypotonia

(Dike and Ibine, 2021) or incorrect orientation of the foetus (Gardberg et al., 2011).

Prolonged and difficult labour may lead to strain and damage to the surrounding struc-

tures, such as tearing to the peritoneum or requiring a episiotomy, damage to the bladder

leading to urinary retention, and subsequent infections (Stephansson et al., 2016). Fol-

lowing completion of the third stage of delivery, excessive bleeding known as postpartum

haemorrhage may occur. Poor uterine tone is an important cause of this, and thus to-

cotrophic medications are an important treatment (Evensen et al., 2017).

During labour, uterine contractility can be augmented by administering oxytocin. This

increases frequency of contractions, and can facilitate delivery (Aye et al., 2014). Ad-

ministration of oxytocin in the postpartum period can increase the tonic contraction of

uterus, in order to prevent or arrest postpartum haemorrhage (Evensen et al., 2017). If

pharmacological intervention is not sufficient to enable labour to progress, assisted delivery

methods can be employed, using either forceps or suction cups to grip the babies head and

provide additional mechanical force to extract it from the uterus (Nolens et al., 2019). As

a last resort, an emergency Cesarean section can be performed to deliver the foetus (Levy,

2006).

Uterine hypotony underlies many complications in pregnancy. Therefore, identification of
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targets to improve uterine tone may allow the development of novel tocotrophic pharma-

cological agents, that may have extensive clinical application.

1.1.3 Anatomy of the Uterus

The uterus is a female sex organ located in the pelvic cavity. It is connected to the outside

of the body inferiorly via the vaginal canal, and to the ovaries superiorly via the fallopian

tubes (Ameer et al., 2021). Its main purpose is reproduction, providing an environment in

which an ovum is fertilised, and is able to develop into a foetus. It is hollow, containing a

cavity in which these processes can occur. Outisde of preganancy, the uterus is similar to

a pear in both size and shape, approximately 70mm high and 45mm wide; however, this

shows great variability based upon factors such as age and parity (Verguts et al., 2013).

It is at its widest superiorly, where its apex is termed the fundus. Inferior to this is the

body of the uterus, within the cavity of which foetal growth will occur. Beyond this, the

uterus tapers into the cervical canal, which communicates with the vagina via the cervical

oss.

The walls of the uterus comprise 3 distinct layers (Ameer et al., 2021). The innermost

layer, the endometrium, is highly dynamic, and undergoes cyclic changes over the course

of the menstrual cycle, to allow for implantation of the embryo (Critchley et al., 2020).

Outside of the endometrium lies the myometrium. This is a layer of smooth muscle, which

is able to contract in order to generate the force to expel the foetus. This layer of the

uterus therefore plays a key role in partuition (Smith, 2007), and it is the function of this

tissue that is the focus of this work.

Superficial to the myometrium lies the perimetrium, a serous membrane covering all of

the posterior aspect of the uterus, and large portions of it anteriorly. It is adherent to

the peritoneum, from which it is derived embryologically. Onto this layer, the round and

broad ligaments of the uterus attach, which provide mechanical support and maintain the

position of the uterus. Blood is supplied to the uterus through an anastomotic network,
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with the superior portion being fed primarily by the continuation of the ovarian artery after

supplying the ovaries, and the inferior portion supplied by the uterine artery (Ameer et al.,

2021). The position of the uterus within the pelvic cavity, and its histological structure, is

shown in Figure 1.1.

Figure 1.1: A: Position of the non-gravid uterus within the female pelvic cavity. B: Gross
anatomy and structure of the uterus, showing the corpus and uterine walls. Also shown are the
ovaries, vagina, cervix and the ligamentus attachments. C: Haematoxylin and eosin staining of a
section of human myometrium, showing the different orientation of fibres both longitudinally and
circularly. D: Cross section of uterine wall in mouse. The 3 layers (endometrium, myometrium
and perimetrium) are clearly visible. Figure adapted from Dunford et al. (2019). Micrographs
produced by the Blanks laboratory.
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1.2 The Myometrium

The elementary unit of the myometrium is the uterine smooth muscle cell (USMC). This

is the main cell type within tissue; however there are also vascular and immune cell popu-

lations present (Goad et al., 2020). Recent evidence suggests a population of myometrial

stem cells resides in the tissue, and play a role in proliferation and expansion of the tissue

during pregnancy (Ono et al., 2014).

During pregnancy, the myometrium undergoes extensive changes at both the cellular and

tissue level, in order to transition to a pro-contractile phenotype. The uterus itself increases

in size significantly, from approximately 50g to 1100g (Ramsey, 1994). The expansion of

the myometrium is a major contributor to this enlargement (Hsu et al., 2014). During the

early stages of pregnancy, the myometrium expands due to hyperplasia (Ramsey, 1994),

as a result of proliferation of the myocytes, and possibly the resident tissue stem cell

progenitors (Ono et al., 2014). As pregnancy progresses, there is also hypertrophy of the

cells (Hsu et al., 2014). This occurs in response to both hormonal stimulation (Martin et al.,

1973; Koseki and Fujimoto, 1974), and also due to the the increasing size of the uterus

and subsequent mechanical stretching of the myocytes (Shynlova et al., 2010). There are

also significant changes to the vasculature of the myometrium, in order to enable delivery

of sufficient oxygen and nutrients to meet the metabolic demands of parturition (Cipolla

and Osol, 1994). Adaptations during pregnancy to promote contractility are discussed in

Section 1.3. Following pregnancy, the tissue involutes and returns to its non-pregnant state

(Hsu et al., 2014).

The myometrium is divided into 3 layers; inner to outer, these are the stratums subvascu-

lare, vasculare and supravasculare (Blanks et al., 2007a). The USMCs assemble into fibres,

approximately 300± 100µm in diameter (Young and Hession, 1999). These fibres in turn

assemble into larger fasiculi. Dissection of whole uteri has suggested that, at the body and

fundus of the uterus, there is circular orientation of the smooth muscle fibres within the
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stratum subvascular. In contrast to this, in the more superficial layers, there is a transition

towards longitudinally and horizontally orientated fibres (Escalante and Henríquez Pino,

2017). Within the lower portion of the uterus, at the cervical canal, fibres run almost ex-

clusively horizontally. Magnetic resonance diffusion tensor imaging of whole ex vivo uteri

has observed that the innermost fibres were orientated circularly, whilst in the outer layers,

the alignment of these fibres was more disorganised Weiss et al. (2006). The orientation

of fibres will have a clear effect on the direction of generation of force, and the ultimate

peristalsis to expel the foetus. The difference between murine and human myometrial su-

perstructure and fibre orientation may be due to the different reproductive strategies, with

humans typically experiencing singleton pregnancies, while mice and rodents have large

litters, in which the foetuses gestate in a line, and must be expelled sequentially.

1.2.1 The Uterine Myocyte

Uterine myocytes exhibit many cardinal features common to smooth muscle cells. Cells

are spindle shaped, with ovoid nucleil, and retain this phenotype in monlayer culture when

confluent (Rifas et al., 1979). Within the cells, there is an abundance of mitochondria

(Popescu et al., 2006), to account for the energy demands of contraction, and bundles of

myofilaments that comprise the contractile apparatus. At term, the USMC is a very large

cell. Each myocyte is 300-600µm long and 5-10 µm wide at term (Csapo, 1962; Finn and

Porter, 1975). Sweeney et al. (2014) estimated the mean volume of the USMCs to be

14, 047± 1, 352µm3.

There are minimal differences in the properties of myocytes in different regions of the

uterus. Using myometrial biopsies taken from women undergoing elective Cesarian sec-

tions at term, no difference in contractility was observed dependant upon whether the

sample was from the upper or lower segment (Luckas and Wray, 2000). The responsive-

ness of primary cultured USMCs to oxytocin stimulation, measured by the amplitude of

intracellular calcium transients, also does not differ between sample collection site (Mitchell
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et al., 2013). Samples from both segments also express the same smooth muscle markers,

at comparable levels (Mosher et al., 2013).

There is still evidence of heterogeneity within the myocyte population in the myometrium,

however. Using single cell RNA sequencing, Goad et al. (2020) isolated reads from cells

expressing known smooth muscle markers smooth muscle actin, calponin and transgelin

(which are components of the constractile apparatus, a calcium binding protein and protein

of unknown function respectively), and further segregated cells into 5 distinct subpopu-

lations. One of the major clusters observed corresponded to USMCs expressing the pore

forming unit of the L-type calcium channel (CACNA1C ). These likely represent the “canon-

ical” USMCs, responsible for electrical excitation and force generation. Within this cluster,

cells appear to transcriptionally homogenous. There was also a transcriptionally similar

population of cells expressing stem cells markers, supporting previous observations (Ono

et al., 2014). Other clusters had functions less readily mapped to traditional understanding

of the myocyte, including inflammation, iron homeostasis and glucocorticoid regulation.

Further studies of this kind using samples from gravid uteri at term may provide additional

insight into the physiology of USMCs.

1.2.2 Contraction of the Uterine Myocyte

Muscles generate force through the binding of myosin to actin in a network of filaments

termed the contractile apparatus. In striated muscle, the actin filaments and myosin are

arranged into sarcomeres, which in turn form regular bundles. In smooth muscle, the

filaments are more disorganised throughout the cytosol, but still orientated such that force

is generated along the longitudinal axis of the cell (Hafen and Burns, 2021). Thus, as

multiple cells assemble into larger fibres, force is exerted in a uniform direction.

Within USMCs, increases in intracellular calcium lead to contraction of the USMC. The

mechanisms of calcium signalling are discussed in Section 1.4. Intracellular calcium binds

to calmodulin, which in turn binds to and activates myosin light chain kinase (MYLK).
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MYLK phosphorylates myosin light chain (MLC), which interacts with actin filaments to

generate mechanical force (Word et al., 1993). In the presence of lower intracellular calcium

levels, MLC is dephosphorylated by the baseline activity of myosin light chain phosphatase

(MYLP). This leads to unbinding from the actin filaments, and relaxation of the muscle.

Thus, calcium regulates myometrial tone by adjusting the activity of MYLK relative to

MYLP, leading to increased phosphorylation, increased actin binding and ultimately in-

creased force generation (Taggart MJ, 2007; Webb, 2003). The contractile apparatus is

shown in Figure 1.2.
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Figure 1.2: The phospholipase-C pathway, by which the electrical excitation of the uterus is
initiated. Oxytocin is secreted by the pituitary gland and placenta. This binds to the oxytocin
receptor (1), which in activates PLC (2). This in turn cleaves PIP2 into DAG and IP3 (3). IP3
activates its receptor in the membrane of the sarcoplasmic reticulum (4), where the majority of
intracellular calcium in stored. Calcium is thereby released into the cytoplasm (5). A thus far
unidentified conductance detects these signals, and depolarises the membrane slightly (6). This
change in membrane potential activates the L-type voltage gated calcium channel, which opens to
allow further calcium influx. Intracellular calcium binds to calmodulin (7), which in turn activates
MYLK (8). This phosphorylates myosin light chain, leading to contraction and generation of
mechanical force (9).
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1.3 Coordination of Myometrial Contractility

In order for the uterus to contract in a coordinated fashion and expel the foetus, the

pro-contractile signal, specifically an increase in cytoplasmic calcium, must rapidly spread

throughout the myometrium. Failure for it to do so may lead to disorganised, inefficient

contraction of the muscle, and poor force generation, which may prevent, prolong or arrest

labour. Signalling in the myometrium occurs via multiple mechanism. These include the

propagation of electrical signals in the form of the myometrial action potential (MAP)

(Section 1.5), as well as hormonal signalling. Signals may be transmitted between nearby

cells via paracrine signalling (Leybaert L, 2012; Young and Hession, 1997) and through

gap junctions (Miller et al., 1989).

1.3.1 Oxytocin and the Phospholipase-C Pathway

Oxytocin is an amino acid peptide hormone consisting of 9 amino acids (Du Vigneaud

et al., 1953), which is a major driver of the excitation (and thereby contraction) of the

myometrium. It is secreted systemically by the posterior pituitary gland (Du Vigneaud,

1956), and also in a paracrine fashion by the the uterus itself (Chibbar et al., 1993). During

labour, secretion of oxytocin occurs as part of the Ferguson reflex (Ferguson, 1941). This

is a positive feedback loop in which contraction of the uterus exerts pressure on the cervix,

stimulating sensory neurones that drive oxytyocin secretion by the pituitary gland. This

in turn increases the force and frequency of contractions, leading to further increased

signalling. In this manner, the contractions accelerate until they become established, and

the foetus is delivered.

Oxytocin binds to the oxytocin receptor (OTXR), a G-protein coupled receptor (GPCR)

(Kimura et al., 1992). This activates Gαq/11 and Gβγ, which activates of Phospholipase

C-β1, β2 and β3 (Phaneuf et al., 1996). PLC then cleaves the phospholipid phosphatidyli-

nositol 4,5-bisphosphate (PIP2) into diacyl glycerol (DAG) and inositol triphosphate (IP3)
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(Phaneuf et al., 1993). Both of these products are important second messengers. DAG re-

mains at the plasma membrane, and may have a role of regulating the function of membrane

bound ion channels, and IP3 is able to stimulate calcium release from the cells internal

stores via the IP3 receptor (IP3R, Berridge and Irvine (1984), see Section 1.4).

An unidentified current then depolarises the plasma membrane slightly. This initial de-

polarisation leads to the opening of the L-type voltage gated calcium channels (VGCCs),

causing a large calcium influx and further depolarisation of the membrane (Shmigol et al.,

1998). This electrical signal is the action potential (AP). As the depolarisation of the

myometrium during the action potential is mediated by the influx of calcium, excitation

of the membrane is associated with an increase in intracellular calcium. This ultimately

causes contraction of the myometrium and expulsion of the foetus through activation of

the contractile machinery within the cell. The inexorable link between depolarisation and

muscle contraction is referred to as excitation-contraction (E-C) coupling (Shmygol et al.,

2007).

The identity of the conductance responsible for initiating depolarisation, and thereby cou-

pling chemical signalling to the action potential, has not yet been determined. Recent

evidence, however, has suggested the calcium-activated chloride channel (CaCC) ANO1 as

a candidate for carrying this current (see Section 1.8.3).

1.3.2 Changes in the Myometrium to Enable Parturition

The myometrial tissue shows a high degree of plasticity in its phenotype, undergoing dra-

matic changes in cell and tissue morphology and behaviour over the course of pregnancy.

This is illustrated in Figure 1.3. These changes occur due to a combination of mechanical

and hormonal signalling (Shynlova et al., 2010). During pregnancy, the myocyte pop-

ulation undergoes hypertrophy and hyperplasia (Hsu et al., 2014). At term, there is a

reduction in myosin light chain phosphatase activity (Word et al., 1993), and an increase

in pro-contracile protein activity, leading to a net increase in myosin and actin binding (Li
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et al., 2003; Hewett et al., 1993; Sparrow et al., 1988) and force generation.

Figure 1.3: Illustration showing the plasticity of the myometrial phenotype, and various changes
that occur over the gestation. The non-pregnant myometrium is quiescent, and transitions to a
more contractile phenotype over gestation. During the proliferative phase, the number of uterine
myocytes dramatically increases. This is followed by the synthetic phase, during which the my-
ocytes undergo hypertrophy. In the contractile phase, the contractile machinery within the cell is
more abundant to enable force generation, and the cells are primed for delivery. With the onset of
labour, the myometrium becomes electrically excited, and contracts in a globally coordinated fash-
ion to expel the foetus. Following delivery, the myometrium returns to quiescence, and its normal
volume due to to cellular hypotrophy and apoptosis. Expression of insulin-like growth factor (IGF)
proteins is associated with the different phases of myometrial differentiation. Figure adapted from
Shynlova et al. (2009). Abbreviations: PCNA- Proliferating cell nuclear antigen, BCL2- B-cell
lymphoma 2, IGF- Insulin-like growth factor IGFBP- Insulin-like growth factor-binding protein
PI3K/Akt/mTOR- Phosphoinositide 3-kinase/Protein kinase B/mammalian target of rapamycin,
ECM- extracellular matrix, FA- filamentous actin, AP-1- activator protein 1, ERK- extracellular
signal-regulated kinases, CAP- catabolite activator protein, MCP- membrane cofactor protein, BK-
big potassium channel.

Many other changes are observed within the contractile pathways of cells, such as in-

creased expression of receptors to physiological contractile agonists, namely oxytocin (Sec-

tion 1.3.1, Izumi et al. (1995)), as well as caveolins and rho-associated kinases (Riley et al.,
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2005).

There are profound changes to the conductance repertoire within the myometrium through-

out gestation (Wray and Arrowsmith, 2021). The expression of the L-type voltage gated

calcium channel, and the depolarising current it carries, increases prior to delivery (Cole-

man et al., 2000; Tezuka et al., 1995; Tezuka and Hiroi, 2000; Collins et al., 2000). Con-

versely, the expression of the pro-quiescence large potassium (BK) channels is reduced at

term during active labour compared to non-labouring samples (Gao et al., 2009). This

may reduce the hyperpolarising current carried by the BK channels, and may contribute

to the transition of the myometrium from a quiescent to an excitable state. The number

of gap junctions increases as parturition approaches (Sims et al., 1982), which improves

electrical and metabolic communication between adjacent cells. The changes that occur in

the myometrium, and the individual uterine myocyte, are summarised in Table 1.1.

1.3.3 Gap Junctions and the Functional Syncitium

Gap junctions are pores between adjacent cells, through which currents and signaling

molecules are able to pass. This is important for communication between cells, which is

vital for the functioning of multicellular organisms. Gap junctions are formed by a class of

proteins called connexins. There are 21 different connexin genes that have been identified

in the human genome, and 20 in mice. Connexins are named based on their predicted

molecular weight (connexin-43 is 43 kD in size). Connexins assemble into hexamers, that

form hemichannels in the cell membrane known as connexons. The apposition of connexons

from adjacent cells forms the gap junction. Connexins are expressed in almost all tissues.

Notable exceptions are differentiated skeletal muscle, erythrocytes, and mature sperm cells.

Each of the connexins can assemble to form homomeric connexons. However, many cells

coexpress multiple connexin isoforms, the coassembly of which produces heteromeric con-

nexons. These in turn form homo- or hetero- typic channels with neighbouring cells. This

gives rise to a high degree of diversity in the composition and functional behaviours of gap
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Table 1.1: Changes in the myometrium during pregnancy to regulate contractility

Phenotype in term myometrium vs non pregnant myometrium

Myometrial structure &
Myocyte morphology

Uterus distended by growth of foetus1

Myocytes proliferate during early pregnancy2

Myocytes hypertrophy over later half of pregnancy3,4

Myometrial mass increases5

Contractile apparatus Increased expression of procontractile proteins6,7

Increased force generation8

Hormonal responsiveness Increased responsiveness to oxytocin8

Increased response to other hormonal signals such as PGF2α
9

Electrical connectivity

Increased expression of gap junction protein connexin-4310

Increased gap junction density11

Increased coupling between cells11

Increased communication, electrical synchronisation
& action potential propagation12

Electrical excitability

Increased pro-excitatory expression of voltage gated calcium
channels13,14

Reduced expression of pro-quiescence potassium channels as
term approaches15

1Shynlova et al. (2010), 2Ramsey (1994), 3Martin et al. (1973), 4Koseki and Fujimoto (1974),
5Hsu et al. (2014), 6Hewett et al. (1993), 7Sparrow et al. (1988), 8Mackler et al. (1999),
9Reviewed in Sanborn (2007), 10Tabb et al. (1992), 11Sims et al. (1982), 12Miller et al. (1989),
13Collins et al. (2000), 14Mershon JL (1994), 15Gao et al. (2009).

junctions. Gap junctions are reviewed in detail in Rackauskas et al. (2010).

In the myometrium, individual myocytes form close connections to neighbouring cells

through gap junctions. These play a crucial role in allowing the action potential (Sec-

tion 1.5.3) to pass between cells. Connexin-43 expression, as well as the number of gap

junctions formed, is low throughout pregnancy, but dramatically increases as partuition

approaches (Tabb et al., 1992; Sims et al., 1982). This permits rapid communication be-

tween adjacent cells, and is an important part of the transition to a more procontractile

phenotype. Connexin-26 is also expressed in the myometrium for rats (Orsino et al., 1996).

Its expression increased in late pregnancy (day 17), but dropped significantly with the onset

14



1. Introduction

of labour.

Two distinct patterns of electrical currents have been observed to pass between adjacent

myometrial cells, that are consistent with those carried by gap junctions comprising of

predominantly connexin-43, and those comprising of connexin-45 (Miyoshi et al., 1996).

This suggests that these two connexins are the primary components of the gap junctions

within the uterine myocyte at term.

The extent to which metabolic signals are able to propagate through the gap junction

is unclear. It has been suggested that the primary function of gap junctions within the

uterine myocyte is to allow electrical communication between cells (Young, 2007), though

metabolic communication is likely to still be of importance. Indeed, there may be rela-

tively little calcium flux through these junctions, and signal propagation may be due to

the movement of molecules such as IP3 between cells (Fry et al., 2001). However, there

is evidence that these junctions are permeable to calcium ions also (Sáez et al., 1989).

The permeability of gap junctions to molecules may be dependant upon their molecular

composition (Niessen et al., 2000), which may also change over the course of pregnancy

along with the expression of their constituent subunits. Calcium transients may therefore

travel between neighbouring cells through gap junctions.

It is hypothesised that the electrical coupling due to gap junctions permits the myometrium

to behave as a functional syncytium during parturition (Garfield et al., 1995). This en-

able large groups of well connected cells to experience the same electrical stimulus simul-

taneously, which is important for the synchronisation of uterine contractile activity. The

molecular composition of gap junctions within the myometrium may also vary through ges-

tation, and modelling has suggested that increased expression of the gap junction formed

by connexin-45 negatively modulates uterine excitability, while those formed by connexin-

43 promotes the transmission of electrical signals (Sheldon et al., 2014). Thus, changes

in the expression of the constituent proteins may alter the biophysical properties of the

15



1. Introduction

gap junctions, as well as the absolute number of junctions present, which would in turn

improve electrical communication between cells as parturition approaches.

The electrical coupling of the myocytes has further consequences for the electrical sig-

nalling. While it enables the rapid dissemination of signals across the whole uterus, as

is needed for coordinated contraction, it also means that any current introduced into the

system is rapidly dispersed throughout the entire syncytium. This means that any ini-

tial depolarising current that is not of sufficient magnitude is rapidly dampened by the

relatively large capacitance of the system (Young, 2007). Thus, while the myometrium

becomes better able to transmit electrical signals, it may require a greater stimulus to

produce said signal. Sheldon et al. (2014) suggested that populations of relatively iso-

lated cells may create conditions in which an action potential may be generated without

the initial stimulus being rapidly dissipated across a large membrane area. The action

potential itself, however, is of sufficient amplitude to spread and propagate through the

myometrium.

1.3.4 Pacemaking in the Myometrium

The mechanisms regulating the frequency of myometrial contractions are unclear. Regions

within the myometrium in which membrane potential is increased and unstable have pre-

vious been described in the rat uterus (Lodge and Sproat, 1981). These regions were pro-

posed to act as pacemakers, triggering the action potentials that are transmitted through

the syncytium. Treatment with the hormones oxytocin and prostaglandin E2 induced the

transition of non-pacemaker cells to a pacemaking phenotype. This suggests that such

pacemaking regions are dynamic, and may develop as part of the transition of the my-

ometrium from quiescence to excitability.

It has been suggested that subpopulations of cells in the myometrium may act as pacemak-

ers within the myometrium, in a similar way to the smooth muscle within the bowel, where

the interstitial cells of Cajal (ICCs) play an important role in regulating gastric peristalsis
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(Hutchings et al., 2009). In the intestinal smooth muscle, a slow depolarisation, termed

a slow wave, arises within the interstitial cells. This is transmitted to the neighbouring

electrically coupled myocytes. Cells with similar properties to ICCs have been identified in

the myometrium, and termed myometrial Cajal-like interstitial cells (m-CLIC). These cells

express the c-kit receptor, which is involved in regulating the cellular phenotype amongst

ICCs in the intenstine. They accounted for approximately 7% of cells when counted in sec-

tions from myometrial biopsies. Morphologically, these cells were in close contact with the

USMCs, and showed cytoplasmic processes that extended though the interstitium (Ciontea

et al., 2005). Using microimpalement recordings, it was also suggested that these cells pro-

duced spontaneous electrical activity in culture. This suggests that they may play a role in

pacemaking within the myometrium. However, the quality of these recordings is poor, and

the reported electrical events were likely an artefact. Slow waves have not been observed

within the myometrium (Parkington et al., 1999; Young, 2007). Furthermore, experiments

within the Blanks laboratory (unpublished data) have failed to reproduce these observa-

tions, suggesting that these interstitial cells are electrically inert in the myometrium. Thus,

the precise role of these cells within the myometrium remains unclear (Hutchings et al.,

2009).

1.4 Calcium Homeostasis and Signalling

Calcium is a ubiquitous signalling model, that communicates a wide variety of informa-

tion throughout cells. It acts as a second messenger to many G-protein coupled signalling

pathways, effecting a number of intracellular processes, including motility, secretion, and

fertilisation (Clapham, 2007). In addition, due to its nature as a charged ion, it plays a

major role in electrical excitation and signalling. Importantly in the myocyte, it activates

the contractile apparatus through excitation-contraction coupling, leading to force gener-

ation. High levels of the ion are also associated with apoptosis (Tripathi and Chaube,

2012), and so may be deleterious to the cell. Due to its numerous roles, cytoplasmic levels
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of free Ca2+ ions are tightly regulated. Cytoplasmic calcium is tightly controlled by the

balancing of calcium fluxes in and out of the compartment. This means that cytoplasmic

calcium is typically at around 100nM, significantly lower than extracellular concentrations

(Martin, 2004). Within the uterine myocyte, the regulation of intracellular calcium occurs

via numerous pathways (Tribe, 2001). Transient increases in intracellular calcium within

the uterine myocyte lead to contraction of the myometrium (Matthew et al., 2004a).

Transient increases to intracellular calcium can be mediated via influx from outside the cell,

and also by the release of calcium ions from the internal stores. Fluxes can occur globally,

or within specific spatial domains of the cell. Various signalling events can occur; many

of these were first described, and named, phenomenalogically. Different calcium signalling

events are illustrated in Figure 1.4.
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Figure 1.4: Illustrations of various calcium signalling events observed within cells, showing the
entities responsible (left) and how the phenomena may appear in a whole cell context (right). A)
Calcium blips are elementary events arising from the opening of individual IP3R channels. They
are small (indicated by triangle on right) and occur rapidly. B) Calcium puffs occur from the
opening of multiple IP3R channels concurrently, and as such they are larger and more sustained
than blips. C) When a puff activates an adjacent cluster, the signal is able to propagate and
spread throughout the cell in a calcium wave. D) Sparklets occur as a result of the opening of
individual calcium channels (such as VGCCs or TRPs) in the plasma membrane. E) Opening of
large numbers of VGCCs leads to large, global calcium influx, and depolarisation of the membrane,
which in turn maintains channel opening. This is termed the action potential.
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1.4.1 Calcium Entry Through Ion Channels

Calcium can enter the cell from the extracellular space through ion channels. Due to

the high concentration gradient across the membrane, the opening of calcium channels

leads to calcium influx, and depolarisation of the membrane. The voltage gated calcium

channels (L- and T-type) selectively allow calcium flux, while transient receptor protein

(TRP) channels carry a non-specific cation current, allowing the passage of sodium ions

also. Currents from the L-and T-type calcium channel have been described in human my-

ometrium (Young et al., 1993). The L-type channels are responsible for the upswing of the

myometrial action potential (Shmigol et al. (1998), Section 1.5.3). Various members of the

TRP family of channels have been identified within the myometrium, and are suggested

to have functional significance. The canonical subgroup of TRP channels (TRPC, specif-

ically TRPC1, 4 and 6) has been demonstrated to contribute to agonist induced calcium

transients (Murtazina et al., 2011; Chung et al., 2010; Ulloa et al., 2009). Conversely, the

mechanical stretch sensitive channels TRPV4 have been shown to dampen contractions

within the myometrium (Villegas et al., 2021).

Entry of calcium to the cell from the extracellular compartment, primarily through the L

type VGCCs, can drive large global calcium fluctuations (Young et al., 1993). The T-type

calcium channels also play a role in maintaining baseline calcium levels in the cell at more

hyperpolarised potentials (Blanks et al., 2007b).

1.4.2 Calcium Release from Stores and Signalling

The endoplasmic reticulum is the primary intracellular store of calcium. The release of

calcium from this store plays an important role in signal transduction in many different

cells types (Berridge et al., 2000). Within the myocyte (of all varieties), this is further

specialised to form the sarcoplasmic reticulum (SR). Concentrations of calcium within the

lumen of the SR are much higher than that within the cytoplasm. Within skeletal muscle,

the luminal calcium concentration has been measured to be as high as 390µM (Ziman
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et al., 2010). In the uterine myocyte, Shmigol et al. (2001) estimated sarcoplasmic calcium

levels to be approximately 900-1000nM (0.9-1µM). Treatment of myometrial strips with

GPCR agonists, such as oxytocin, elicits a calcium transient that is driven by the release

of calcium from intracellular stores (Luckas MJ, 1999).

Calcium exits the SR, and enters the cytoplasm, through ion channels embedded in its

membrane. The inositol triphosphate receptor (IP3R) and ryanodine receptor (RyR) are

both ligand gated channels that are responsible for the mobilisation of calcium from stores.

The ryanodine receptor opens in response to cytoplasmic calcium, and so acts as a positive

feedback mechanism, to amplify contractile signals, in a process called calcium induced

calcium release (CICR, Berridge (1997); Roderick et al. (2003)). This mechanism plays an

important role in excitation-contraction coupling with cardiac and skeletal muscle.

There is evidence that CICR occurs within rat myometrium (Shmigol et al., 1998), and

that its inhibition results in a modest reduction in contractile force. However, this has

been disputed in by other studies (Taggart and Wray, 1998). The significance of the

RyR within human myometrium is also not apparent. The RyR is present in human my-

ometrium (Young and Mathur, 1999), but inhibition with ryanodine does not significantly

impair contractility. (Kupittayanant S, 2002). This suggests that it does not contribute to

intracellular calcium signalling during myometrial excitation.

Calcium “sparks” are small, localised signals arise by calcium release from stores through

the RyR. Within arterial smooth muscle, the stimulation of the RyR, and subsequent

calcium release, paradoxically leads to relaxation of the muscle, due to its association with

calcium-sensitive potassium channels, that are activated by the local calcium increase,

leading to membrane hyperpolarisation (Pérez et al., 1999). Observations of a calcium

spark within arterial smooth muscle are shown in Figure 1.5.

21



1. Introduction

Figure 1.5: Images of a calcium spark occuring in a vascular smooth muscle myocyte (adapted
from Pérez et al. (1999)). Calcium imaging was performed using the calcium sensitive dye fluo-3 to
visualise a calcium spark arising within a vascular smooth muscle myocyte. The spark is confined
to spatially restricted area, by the local nature of the release, along with diffusion and buffering
processes within the cytoplasm. It develops over a period of 20-30 ms, and decays over a period of
the order of 100 ms.

The IP3R is gated, as its name suggests, by IP3, and also by cytoplasmic calcium. IP3

mediated calcium release occurs as a result of the PLC pathway (previously discussed in

Section 1.3.1). The open probability of the IP3R has a biphasic, bell-shaped relationship

with cytoplasmic calcium (Parker and Ivorra, 1990; Iino, 1990; Bezprozvanny et al., 1991).

The peak opening of the channel occurs at around 200nM for all three isoforms of the

receptor. Higher concentrations of calcium progressively reduce the open probability, and

thus rate calcium flux into the cytosol. This sensitivity of the IP3R to Ca2+ enables the

recruitment and activation of additional nearby IP3Rs, providing an additional mechanism

of CICR. Different IP3R isoforms show slightly different kinetics, and so may contribute
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to different calcium release events.

The IP3R also triggers local calcium signals (Tovey et al., 2001). This channel form clusters

in the SR membrane, allowing the opening of a single channel to activate its neighbours,

leading to amplification of the signal. The opening of a single IP3R channel, produces a

small, localised calcium transient “blip”. Due to the close nature of IP3Rs within a cluster

(estimated to be approximately 500nm (Shuai et al., 2006; Smith and Parker, 2009)), the

receptors will be exposed to the same stimulus (i.e. IP3), and will be exposed to the calcium

released by adjacent channels. This leads to recruitment of multiple channels, the blips

of which become superimposed to form a larger “puff” (Parker I, 1996; Swillens et al.,

1999). Puffs therefore represent a more heterogenous class of calcium signals, resulting in

more sustained increases in calcium than blips, within a greater space (Miyazaki and Ross,

2013). These events are well-characterised within oocytes (Yamasaki-Mann et al., 2013),

and play roles within numerous other cell signalling processes.

Due to the nature of puffs being composed of a discrete number of blips, high speed imaging

of puffs reveals a quantal composition, with puff magnitude determined by the number

of IP3R channels opening (Smith and Parker, 2009). The number of channels within

each specific cluster that can potentially open will determine the properties of puffs that

occur. Clusters within different cell types contain different numbers of IP3Rs. Smith and

Parker (2009) observed that, within a neuroblastoma derived cell line (SH-SY5Y cells),

the puffs were generated from the opening of, on average, 6 channels within a cluster.

Conversely, Shuai et al. (2006) determined that, within oocytes from Xenopus Laevis,

puffs were generated by the opening of 25-30 channels within a cluster. These differences

ultimately give rise to the observation of very different calcium signalling events. The

spatial arrangement of IP3R clusters is therefore likely to vary between different cell types,

depending on function and calcium signalling processes which occur.

Should a puff from a cluster be large enough to activate a neighbouring cluster, the signal
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can propagate and spread through the cell. This leads to a calcium “wave”. It is also sug-

gested that waves may be generated via an alternative mechanism that produces sustained,

diffuse release of calcium in a more uniform fashion through the cell (Lock and Parker,

2020). The differences in spatial distribution of IP3R clusters within the cell may therefore

affect the likelihood of wave generation. These calcium waves spread across the entire cell,

producing a global elevation in calcium, and may propagate to adjacent cells through gap

junctions, and paracrine mechanisms (Leybaert L, 2012).

Calcium waves have been described within gravid uterine myocytes (Young et al., 2001),

and these have been observed to propagate and spread extensively across networks of

confluent cells (Young et al., 2002). The spread between adjacent cells may be through the

gap junctions connecting them, and paracrine signalling has also been suggested to play a

role (Young and Hession, 1997) in intre cellular communication. These image series were

not captured rapidly enough to resolve elemental signalling events, however (at only 0.83

frames/second).

The human USMC contains both IP3R and RyR channels, and so may theoretically be

able to generate both puff and spark activity (Young and Mathur, 1999); however, to date,

no evidence of sparks has been observed, and no studies have been published evaluating the

spatio-temporal properties of calcium puffs within USMCs at high spatial and temporal

resolution. The contribution of the IP3R on the calcium transient is well established,

with IP3 administration leading to calcium release (Carsten and Miller, 1985) and force

generation (Kanmura et al., 1988). Blockade of the RyR in ex vivo strips of myometrium,

however, lead to no observed changes to the contractility amongst non-pregnant rats, and

increased the contractility of a subpopulation (comprising of ≈ 60%) of samples from

pregnant rats (Taggart and Wray, 1998). This suggests that the IP3R is the main calcium

signalling pathway leading to agonist induced contraction of the USMC. CICR through

RyR does not appear to contribute significantly to contraction, although the channel is

present.
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The myometrial SR has been visualised by labelling the IP3 and ryanodine receptors,

and also using a low affinity calcium sensor (mag-fluo 4). This showed that both recep-

tors are distributed homogeneously throughout the cytoplasm in human myocytes (Young

and Mathur, 1999). Within rats, however, more focal accumulation of the RyR has been

reported, with the channel accumulating in peripheral (in proximity to the plasma mem-

brane) and perinuculear spaces (Shmygol and Wray, 2004). In both human and rat my-

ometrium, there is a lack of correlation between the sites of high calcium (associated with

the SR stores) and the distribution of these channels. This suggests that there may be

further compartmentalisation within the SR, with the main stores being physically and

spatially separated from the sites of release.

1.4.3 Calcium Extrusion

Highly active ion pumps transport calcium ions out of the cytoplasm, and into the extra-

cellular space and intracellular stores (Brini et al., 2013). The plasma membrane calcium

ATPase (PMCA) and sodium-calcium exchanger (NaCaX) are responsible for the extru-

sion of calcium from the cell. The PMCA has a high affinity for calcium, and is responsible

for maintaining baseline calcium levels (Tribe et al., 2000). The NaCaX has a low affinity

for calcium, but high capacity. Thus it is active when intracellular calcium is high, such as

during the action potential. When active, it also produces a depolarising current due to

sodium influx, which may reinforce the action potential (Taggart and Wray, 1997). The

sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA) pump is responsible for

transporting calcium from the cytoplasm and into intracellular stores within the endoplas-

mic and sarcoplasmic reticulum, and so is important for refilling stores following emptying

(Tribe et al., 2000).

1.4.4 Calcium Buffering

Many cytoplasmic proteins bind calcium, leading to buffering, and dampening of fluctua-

tions in its concentration. Such proteins may bind calcium purely to regulate its concentra-
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tion, or may do so as part of signalling cascades, acting as calcium sensors (Schwaller, 2010).

Dedicated calcium buffering proteins include parvalbumins alpha and beta, calbindin-D9k,

calbindin-D28k, and calretinin. Other proteins, such as those involved in contraction, may

also bind and buffer large amounts of calcium (Shannon et al., 2000). Calmodulin is an

important calcium sensor, which activates the contractile apparatus in response to a cal-

cium signal (Word et al., 1993). It is present in high abundance, and thus may exhibit a

significant effect on cytoplasmic calcium concentration.

Within bladder smooth muscle cells, the kinetic properties of rapid calcium buffering pro-

cesses have been measured. This revealed that over a rapid time course, at the whole cell

level, calcium was buffered by proteins with a KD for calcium binding of at least 16µM,

and a total calcium binding capacity of 530µM (Daub and Ganitkevich, 2000). The Kd of

calmodulin has been reported as 10-15µM (Olwin and Storm, 1985), and it is present at

endogenous concentrations of 39µM (with 2 binding sites per molecule) in smooth muscle

(Luby-Phelps et al., 1995). This suggests that while calmodulin may play an important role

in calcium buffering in smooth muscle, additional buffering processes may be occurring.

These observations differed significantly from the reported buffering dynamics in other cell

types. In ventricular myocytes, the aparrent KD and total binding capacity for calcium

have been measured as 0.54-0.96 mM and 114-123 mM respectively (Trafford et al., 1999;

Berlin et al., 1994). This contrasts with bovine chromaffin cells, where Xu et al. (1997)

found values of 97.4mM and 3.9mM for Kd and total binding capacity respectively. These

differences may arise due to the different cell types, and the nature of calcium signals that

are generated within each.

1.4.5 Stores Operated Calcium Entry

Store operated calcium entry (SOCE) was first proposed by (Putney, 1986), and is sug-

gested to play an important role in calcium homeostasis and generation of contractile

force within the myometrium. SOCE is defined as calcium influx through specific, store-
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operated, calcium selective channels as a result of depletion of the calcium stored within

the sarcoplasmic reticulum. Following activation of the phospholipase-C pathway, and the

IP3 mediated release of calcium from stored, calcium levels within lumen of the ER fall.

This can induce SOCE. A current arising due to SOCE was first described, and has since

been well characterised, in mast cells. This current was termed ICRAC. Differences in

store-operated currents have been described between many cell types, suggesting SOCE is

a diverse group of processes that occur in cell specific fashion.

It has been established that the proteins stromal interaction molecule (STIM1) (Liou et al.,

2005), a sensor of stores calcium, and ORAI1, a pore-forming subunit of the SOCE channel

(Feske et al., 2006), form the molecular basis of ICRAC. Upon depletion of stores calcium,

STIM1 polymerises to form a homo-hexamer. This associates with and opens ORAI1,

leading to calcium influx. ORAI1 and STIM have since been demonstrated to contribute

to SOCE within the myometrium (Murtazina et al., 2011).

1.4.6 Calcium Signals in Cultured Uterine Myocytes

In freshly isolated uterine myocytes, treatment with oxytocin elicits a series of global cal-

cium oscillations that are driven by calcium entry into the cell (Thornton et al., 1992). It

has also been shown that release from stores via the IP3R contributes partially to these

transients (Fu et al., 2000). Following culture for more extended periods, and amongst

immortalised myometrial cell lines, treatment with oxytocin continues to produce oscilla-

tions, however these arise as a result of calcium release from intracellular stores (Holda

et al., 1996; Burghardt et al., 1999). This change may arise due to differences between

monolayer culture environment and the intact myometrium, and the changes that occur

within the USMC as a result of adapting to this. This includes the loss of expression of,

and currents carried by, VGCCs (unpublished data, Blank laboratory).

Whilst calcium signalling amongst other smooth muscle cell types (reviewed in Hill-Eubanks

et al. (2011)) is well characterised, further investigation into the exact nature of the calcium
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signalling within gravid uterine myocytes is clearly warranted. In particular, the precise

nature of the interplay between stores mediated calcium release and calcium entry the volt-

age gated channels within the native myometrium is unclear (Tribe, 2001). Calcium tran-

sients were observed in intact strips of myometrium in the absence of extracellular calcium,

though they were reduced by 60-74%, along with the resultant contractions (Luckas MJ,

1999). This suggests that calcium release from stores and voltage gated calcium entry both

play an important role in signalling, on both a cellular and tissue level.

1.4.7 Modelling Calcium Dynamics

Mathematical modelling can be used to describe the dynamics of calcium within the cell.

Goldbeter et al. (1990) modelled calcium with two distinct, separate stores, or “pools”.

Calcium flowed from these pools into the cytoplasm. Flux from one of these pools was gated

by IP3, and the other by cytoplasmic calcium. IP3 stimulation causes the release of calcium

from the IP3 compartment. This raises cytoplasmic calcium, and triggers further calcium

release from the second, calcium sensitive, compartment. In this model, the state variables

are the calcium concentrations cytosol and the calcium sensitive compartment. There is a

calcium flux into the cytosol from the IP3 sensitive compartment, that is dependant upon

IP3 concentration. The calcium concentration in the IP3-sensitive store is assumed to be

constant. This is attributed to rapid refilling of the compartment. The concentration of

IP3 could be adjusted to induce a calcium flux (Dupont et al., 1990). The model was

able to reproduce IP3-induced calcium oscillations, in the absence of fluctuations in the

concentrations of IP3,

A single pool model was later developed based on this, that was also able to reproduce

physiological observations (Dupont and Goldbeter, 1993). This model produced a large

initial transient, with subsequent transients being smaller in magnitude. It was suggested

that the differences between the two models may reflect different calcium handling processes

within different cell types and sizes. There may be a continuous spectrum in the behaviours
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of the waves produced by each system (Dupont and Goldbeter, 1994). These models were

further developed to account for spatial dimensions, allowing simulation of the propagation

of a calcium wave through the cell in 2D (Dupont and Goldbeter, 1994). In the two pool

model, a distinct wave front can be seen propagating through the cell. In the single

pool model, the transient initiates in specific location, and progressively rises throughout

the cell. There is a short plateau, and thereafter it decreases in a homogeneous fashion

throughout the whole cell. This is more consistent with the physiological observations of

calcium waves within individual myometrial cells (Young and Hession, 1996).

To better represent the underlying physiological processes, De Young and Keizer (1992)

produced a calcium model that incorporated more detailed mechanisms for the IP3R.

In this model, the IP3 receptor consisted of three independent, identical subunits. Each

subunit has three binding sites, relating to IP3 binding and activation, and calcium binding

leading to activation and deactivation. As each of these binding sites can be occupied or

unoccupied, there are eight possible states. IP3 must be bound, and the calcium activation

site must be occupied for calcium flux to occur. The assumptions made by this models

were more realistic than the two pool model. This approach to the IP3R was also used by

Atri et al. (1993), who were able to realistically simulate calcium waves within Xenopus

oocytes. Calcium models describing CICR and the role of the ryanodine receptor have also

been produced (Friel, 1995; Wong et al., 1992; Fabiato, 1992).

Within the USMC, calcium dynamics have been incorporated into models of electrical ac-

tivity (Section 1.7). Tong et al. (2011) and Atia et al. (2016) produced detailed models

of the bioelectrical behaviours of rat and human myocytes respectively. Such models are

minimally detailed in their calcium handling, however. Both models simplify the calcium

fluxes present, with calcium fluxes only due to influx through VGCCs and simple extrusion

processes. Testrow et al. (2018) improved calcium handling in the model, incorporating

intracellular stores and CICR through the RyR. No contribution from the IP3R was con-

sidered, however.
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Shmygol and Wray (2004) described the architecture of the SR within the rat myometrium,

and observed that the channels responsible for calcium efflux from the SR, IP3R and RyR,

were both distributed in a similar non-homogeneous fashion through the cells. They were

accumulated centrally around the nucleus, and peripherally close to surface membrane. The

nuclear envelope itself also stained positive for both SERCA and the RyR. The SR was

then loaded with the low affinity calcium indicator mag-fluo-4. This allowed visualisation

of high calcium concentrations in the cell, which were distributed in a similar pattern to

the SERCA pump. Simultaneous multichannel imaging was not performed, however, which

limits direct observation of co-localisation. Based upon these observations, a unique two

pool model for calcium handling was proposed. This is illustrated in Figure 1.6A.

It is suggested that there is a complex interplay between the various calcium signalling

pathways within the USMC (Monga et al., 1999). Roles are evident for extracellular entry

through VGCCs, mobilisation from intracellular stores, and SOCE, which all contribute to

the calcium signal, and may interact with one another. In order to fully, and accurately,

describe calcium handling within the myometrium, a model would need to account for the

myriad of different processes that have been identified as occurring within the myometrium.

These are illustrated in Figure 1.6B.
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Figure 1.6: A: Two functionally distinct compartments in the myometrial SR may account for
experimental observations. S1 is responsible for the agonist induced calcium release, and S2 re-
sponsible for the uptake. Taken from Shmygol and Wray (2004).
B: Illustration showing the identified components of calcium homeostasis within the human uterine
myocyte in a hypothetical model system. 1: Calcium enters the cells through voltage gated channels
in the membrane. 2: It is also released from the SR into the cytoplasm through the IP3R. 3: Ion
pumps extrude calcium from the cell. 4: The SERCA pump moves calcium from the cytoplasm
into the SR, to refill it after emptying. 5: Upon depletion of SR calcium, STIM polymerises,
and translocates to the membrane, where it stimulates calcium influx through ORAI1. 6: There
is additional influx through ligand gated channels. 7: Free calcium in the cytoplasm binds to
buffering proteins within the cytoplasm. 8: Calcium enters from adjacent cells via connexin-43
gap junctions.

1.4.8 Organ Level Signal Transmission in the Myometrium

The action potential is able to rapidly propagate throughout the myometrium, travelling at

speed of on average 6.8cms-1 within longitudionally orientated muscle, or 2.8cm.s-1 within
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the circular layers in guinea pig uteri (Lammers et al., 2008). Similar propagation speeds

of 13.5cm.s-1 have been reported in rat myometrium (Miller et al., 1989). These speeds

greatly exceed what can be realised by passive diffusion of cell signals, and also of the

calcium waves propagating both within individual cells (18.9µm.s-1) and across a monolayer

of cultured cells (7.8µm.s-1) (Young and Hession, 1996). Thus, the action potential plays

an important role in recruitment of myocytes at spatally disparate locations, to produce

coordinated contractions at a large, organ level scale. This ensures that the uterus contracts

in unision, to generate sufficient, evenly distributed force to achieve peristalsis and expel

the foetus.

It is proposed that the combined actions both calcium waves and the action potential are

important for the spread of the contractile signal through the myometrium (Young et al.,

2001). Indeed, the duration of the calcium transients in cultured cells, the plateau type

action potential and the myometrial contractions observed during delivery are all similar

in duration. The action potential may spread rapidly through the myometrium, initiating

the contraction and rapidly bringing the cells into synchronicity. The agonist induced

release of calcium from intracellular stores may occur immediately preceding, as well as

concurrently with, the action potential. This calcium signal on its own may propagate

through the individual bundles of muscle fibres.

It has also been suggested that increases to uterine pressure due to contraction excited

regions of the muscle may play a role in recruiting further regions of the myometrium

to contract via stretch receptors (Young, 2007). This would enable further spread of the

pro-contractile signal, to sites that are not directly adjacent. This would account for the

fact that at the wave velocities reported, the action potential may take an extended period

of time to travel across the fully distended gravid uterus.

Paracrine signalling also plays a role in the initiation of contractions. As part of the

Ferguson reflex (Ferguson, 1941), stretch of the uterus induces further oxytocin secretion.
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Individual myocytes may also signal to each other, contributing to the propagation of

calcium waves in the tissue (Young and Hession, 1997). It is suggested that these signals

are transmitted by prostaglandin secretion.

Within the whole uterus, several studies have attempted to evaluate the spread of elec-

trical signals through the myometrium. Lutton et al. (2017) took serial sections of rat

uterus, and developed a methodology to reconstruct the structure of uterus from this. By

combining these reconstructions with microelectrode data, they identified that electrical

waveforms were initiated at distinct points at interface between the placenta and the my-

ometrium (Lutton et al., 2018). This suggests that there may be a specialised cell type,

or phenotypically distinct myocyte population, located in that region, that may exhibit

pacemaking activity. This work predicted that electrical potentials in the pregnant rat

uterus are initiated in distinct myometrial bundles bridging the longitudinal and circular

muscle layers. This was later supported by experimental observations, which identified an

extensive mesh-like layer bridging between the muscle layers (Kagami et al., 2020).

Ultimately, the mechanisms of the initiation and spread of the pro-contractile calcium

signal are not fully understood. The dissemination of this signal is an integral part of

the coordination of the myometrial contractions that deliver the foetus. Experimental

investigation, and modelling, of these processes would further develop understanding of

this complex physiological system.

1.5 Electrophysiology and Cellular Excitability

1.5.1 Ion Channels and the Membrane Potential

Ions are present in the cytoplasm of the cell and the extracellular fluid. These two com-

partments are separated by the plasma membrane, which is itself impermerable to charged

particles. Ion channels are a class of proteins that are embedded in the membrane, which

allow the passive diffusion of ions across it. The main physiologically relevant ions are
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potassium, sodium, calcium and chloride. Ion channels may be open or closed. They must

be open to allow ionic flux. They open in response to a variety of stimuli, and are broadly

classified as ligand, mechanically or voltage gated (Hille, 2001).

Due to the potential difference across the membrane, it acts as a capacitor and stores charge

(Huang and Levitt, 1977). This can be measured using micropipette electrophysiology.

The movement of charged particle across the membrane, via active transport through ion

pumps, or by diffusion through channels, carries a current. These currents can also be

observed and measured experimentally, and produce a change in the potential difference,

or voltage, across the membrane (Vm).

At rest, the electrical potential across the membrane, or resting membrane potential

(RMP), is maintained by the action of pumps, which extrude or import ions, and ion

channels which are open under those baseline conditions, allowing flux of the ion their

permeant ion (Keener and Sneyd, 2009). A major contributor to the RMP is the sodium

potassium pump. This pump hydrolyses ATP to actively extrude 2 sodium ions while

importing 3 potassium ions. This creates a higher concentration of potassium within the

cell, and low sodium, relative to the extracellular environment. Within the cell membrane,

there is an abundance of potassium channels, which are open at rest. Conversely, there

are relatively few sodium channels that are open under these conditions. This allows a

significant leak of K+ ions out of the cell, but minimal leak of sodium back into the cell.

The movement of the positively charged K+ ions out of the cell carries a current. The

inside of the cell therefore becomes negatively charged relative to the outside (Vassalle,

1987). This potential difference is stored in the Debye layer, located in the nanometers

surrounding the plasma membrane, and is dispersed across the entire cell surface (Keener

and Sneyd, 2009). The RMP is typically between -90 and -50mV amongst excitable cells

(Sperelakis, 1995).

The movement of charged particles across the membrane occurs under the influence of two
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main forces:

• Diffusion: The net movement of a particle down its concentration gradient under

the law of mass action, from high to low concentrations.

• Electromotive force: The attraction of charged particles towards particles carrying

an opposite charge, and repulsion from those that are similarly charged.

These forces are described mathematically by the Nernst equation (Nernst, 1889). Ion

channels themselves exhibit various degrees of ion selectivity. Some channels are permeable

to only a single species of ion, while others are permeable to many. The permeability of

the cell membrane for specific ions is determined by the number of ion channels of various

species that are open.

Consider ion X, at given concentrations on either side of a membrane ([X]i and [X]o). The

two forces are exerted on the ion may act synergistically, or against one another. Within

each compartment, there is a electrochemical potential associated with each ionic species.

The contribution of the electrical potential of ion X to this in each compartment (µXE,i or

µXE,o) is given by the equations

µXE,i = zXFVi,

µXE,o = zXFVo, (1.1)

where zX is the relative charge of the ion (in eV), F is the Faraday constant and Vi

and Vo are the electrical potentials in each compartment. The contribution of the ionic

concentration to the total chemical potential of ion X in each compartment (µXC,i or µXCo
)

is given by the equations

µXC,i = RTLn[X]i

µXC,o = RTLn[X]o, (1.2)
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where R is the ideal gas constant and T is the temperature (in °K). The total electrochem-

ical potential of ion X in each compartment (µXi and µXo ) is given by

µXi = µX0 + µXE,i + µXC,i

= µX0 +RTLn[X]i + zXFVi,

µXo = µX0 + µXE,o + µXC,o

= µX0 +RTLn[X]i + zXFVi, (1.3)

where µX0 is the standard potential energy of ion X. At equilibrium, these are exactly

equal,

µXi = µXo ,

RTLn[X]i + zXFVi = RTLn[X]o + zXFVo. (1.4)

Vm is the potential difference across the membrane, given by

Vm = Vi − Vo. (1.5)

Equation 1.4 can be solved for Vm to give

Vm = EX =
RT

zF
Ln
Xout

Xin
. (1.6)

EX is the Nernst potential, of ion X, also known as the reversal or equilibrium potential.

When Vm = EX , there is no net flux of ion X across the membrane, as the flux due to

electromotive force and that due to random diffusion are equal. Equation 1.6 is known as

the Nernst equation. The distribution of the main physiologically relevant ions between

compartments, and their Nernst potentials, is shown in Table 1.2.

Ions may pass through open ion channels. This transfers charge across the membrane, and

causes the membrane potential to change. Currents are phenomenologically described as

being depolarising (driving the membrane potential towards 0) or hyperpolarising (driving
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Table 1.2: Estimated concentrations and reversal potential of key ions in cellular physiology

Ionic
species Charge (eV) Intracellular

Concentration
Extracellular
Concentration

Reversal Potential Current at RMP

Na+ +1 5-15mM 145mM +60 to +70mV Depolarising
K+ +1 140mM 5mM -80 to -90mV Hyperpolarising

Ca2+ +2 100nM 1-2mM +130 to +135mV Depolarising

Cl- -1 5-15mM 110mM -80 to 30mV Depolarising or
Hyperpolarising

Values taken from Alberts et al. (1994).

the membrane potential away from 0) (Hille, 2001). The ionic fluxes through key cationic

conductance species are represented in Figure 1.7.

A key class of ion channel is the voltage gated channel (Armstrong and Hille, 1998). Voltage

gated sodium channels play key roles in cardiac and neuronal excitability, while VGCCs are

involved in the excitation of smooth, skeletal and also cardiac muscle. Ion channels carry

a current, which in turn modulates the membrane potential. This may in turn go on to

gate the channels and affect the current they carry. This creates a positive feedback loop.

Conversely, voltage gated potassium channels hyperpolarise the membrane on opening,

and so act as negative feedback. The electrical properties of the cell membrane represent a

complex, non-linear system. This gives rise to unique behaviours, such as the production

of the action potential.

1.5.2 The Action Potential

Destabilisation of the resting membrane potential may produce a sustained depolarisation

to the membrane potential, that exceeds the magnitude and duration of the initial stim-

ulus. Such an event is known as an action potential. This electrical event enables rapid

transmission of signals at tissue level, such as down neurons or through the contracting

heart.

Figure 1.8A shows a simulation of a basic action potential. In this simulation, the rest-

ing potential is approximately -60mV. A stimulus brings the membrane potential to, or
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Figure 1.7: Diagrammatic representation of the distributions of cations and direction of fluxes
within a cell. Simplified cation fluxes are shown for a typical cell, at a resting membrane potential
of approximately -50 mV. Potassium is most highly concentrated in the intracellular compartment,
and will flow out of the cell through open K+ channels (1). The K+/Na+ exchanger (2) establishes
the potassium and sodium concentration gradients. As sodium is concentrated in the extracellular
space, it will flow back into the cell when Na+ channels (3) are opened. Calcium is pumped out
of the cell by a Na+/Ca2+ exchanger (4) and Ca2+ uniporter (6). Due to the high extracellular
calcium, ions will flow into the cell through the open calcium channels (5).

above, threshold, causing the opening of voltage gated (sodium) channels that further de-

polarise the membrane, leading to the sustained depolarisation of the membrane. Following

the inactivation of the depolarising conductances, as well as the opening of hyperpolaris-

ing conductances (in this case potassium channels), repolarisation can occur. Following

repolarisation, the membrane can overshoot the RMP. This occurs due to depolarising

conductances not having recovered from inactivation, and hyperpolarising conductances

remaining activated. This in turn leads to hyperpolarisation of the membrane, and a grad-

ual relaxation back towards the steady state at RMP. Hyperpolarisation is important in

determining refractory periods, ensuring that there is sufficient delay in between successive

stimuli. This is important in preventing arrhythmia and tetany in the cardiac muscle, for

instance.

In order to trigger an action potential, the initial stimulus must be sufficiently large. If it

does not exceed the threshold, the membrane potential will return to RMP without firing

an action potential. The effect of the size of the initial stimulus is shown if Figure 1.8B. For
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smaller stimuli, a smaller depolarisation is seen. The gradual slope of the line suggests an

approximately linear relationship between the stimulus and size of the resultant waveform.

However, once the stimulus is sufficiently large (i.e. it exceeds threshold), then a much

larger waveform occurs, as the action potential has fired. Once the action potential fires,

the size of the initial stimulus has little effect on the the overall waveform. This results in

the action potential giving an almost binary response; it either fires, or it does not, with

no middle ground.

Different cell types express different repertoires of conductances (“conductomes”), and as

such produce different patterns of electrical behaviour and action potentials. The nature of

the specific action potential waveform is important with regards to the function of the cell

in which it occurs. Neurons must rapidly transmit information at high fidelity; thus the

action potentials must occur rapidly. In the ventricular myocyte in the heart, the action

potential regulates the duration of muscle contraction, and thus of ventricular systole.

Thus the action potential must last long enough for the muscles to contract, and be tightly

temporally regulated. The cardiac AP must also increase intracellular calcium to induce

muscle contraction. Figure 1.9 illustrates action potentials observed in a variety of tissues,

to demonstrate the heterogeneity in the waveforms that are produced.

1.5.3 Electrical Properties of the Uterine Myocyte

Within the USMC, the action potential is a key driver of increased intracellular calcium,

and thus muscle contraction (Young et al., 1993). The L-type voltage gated calcium channel

(VGCC) is responsible for carrying the myometrial action potential (Shmigol et al., 1998).

The opening of the L-type calcium channel allows influx of Ca2+ ions into the cell, which

depolarises the membrane, and interacts with the cellular machinery to cause contraction

of the muscle.

The T type channel inactivates at less negative potentials, leading to closing of the channel.

This inactivation occurs rapidly, and so the channel opens only transiently when exposed
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Figure 1.8: A: Annotated diagram showing a simulated action potential produced following a
sufficient initial stimulus. In this simulation, the resting potential is at approximately -60mV. In
solid black, a supra-threshold stimulus causes the opening of voltage gated (sodium) channels and
depolarisation of the membrane. The opening of hyperpolarising (potassium) conductances leads to
repolarisation. Following this, the membrane may overshoot the RMP, leading to hyperpolarisation
of the membrane. The dashed line illustrates the effect of a stimulus that does not reach threshold,
and so does not trigger the action potential. The dotted line shows the RMP in the absence of
stimulus or other perturbation. B: Graph showing the effect of varying the amplitude of the initial
stimulus (x-axis) upon the peak amplitude of the resultant waveform (y-axis). The demarkation
between high and low amplitude waveforms corresponds to the threshold to trigger the action
potential.
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Figure 1.9: Illustrative traces showing action potentials observed in different tissues and cell
types. Traces show action potentials from: A and B: The squid giant axon in vivo (A) and
following dissection (B). C and D: The axon of a dorsal root neuron (C) and the cell body of a
motor neuron (D) in a cat. E: Xeonpus cardiac myocyte. F: Purkinje fibres (conductive tissue) in
sheep’s heart. G: The electrogenic organ of electrophorus electricus (electric eel). H: Muscle from
Xeonpus sartiorious muscle (in thigh). Traces adapted from Keynes et al. (2001).
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to an activating (depolarising) stimulus, within a narrow range (or “window”) of potentials.

At RMP, the steady state leak of the channel may maintain intracellular calcium, and the

channel is nearly completely inactivated during deploarisation. The role of the window

current is unclear in the myometrium.

Myometrial action potentials can occur both spontaneously and as a result of agonist

stimulation. These action potentials follow one of 2 distinct waveform patterns. In spike

like action potentials, there is a rapid depolarisation in membrane potential, followed by a

repolarisation, but not necessarily a full return to resting membrane potential. The second

type is plateau like action potentials, in which the membrane is depolarised, and remains

at an elevated potential for a sustained period of approximately 1 minute (60 seconds).

During both action potentials, the membrane is depolarised to a potential of −20 to −30

mV (Nakao et al., 1997).

Both waveforms occur within intact myometrial tissue, and are associated with increases

in intracellular calcium and contraction. The plateau-type action potential triggers con-

tractions that reach their peak after the fast upstroke of the AP, and decay slowly over the

duration of the plateau phase. Following repolarisation, the rate of decay increases, and

the muscle relaxes to its baseline tone. By contrast, a series of successive spike-type action

potential produces contractions that are ragged, and which lead to a stepwise increase in

tension over duration of the burst, and relaxation to baseline tension upon the termination

of spikes (Nakao et al., 1997). The different types of myometrial action potentials are

shown in Figure 1.10.

Within freshly isolated myocytes, only the spiking action potentials are observed. This

suggests that the generation of the plateau like waveform is the result of the specific

physiological milieu of the myometrium, or that it may arise due to network effect within

the syncitium.

The myometrial action potential occurs due to the various conductance species present
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Figure 1.10: Representative traces showing the different action potential waveforms observed
within the myometrium. A: Plateau type action potentials, lasting up to 1 minute in duration. B:
Spike type action potentials, which occur over a much more rapid timescale. Traces adapted from
Nakao et al. (1997).

within the USMC. Collectively, these comprise the myometrial conductome. Unlike many

other excitable cells, such as skeletal or cardiac muscle, or neurones, the myometrial con-

ductome is not constant; it undergoes numerous changes throughout pregnancy, to ensure

precise temporal control of delivery, and that the electrical stimulus that drives contraction

is able to spread effectively (Taggart and Tribe, 2007).

The myometrial conductome contains several different classes of ion channel, which cotribute

to its electrical properties. These are summarised in Table 1.3. The main upswing of the

action potential is carried the L-type VGCC (Shmigol et al., 1998). This channel opens in

response to an initial depolarisation, and carries a depolarising current. In this way, it acts

as a positive feedback mechanism, to amplify the initial stimulus. The other voltage gated

calcium channel in this family is the T-type VGCC. This channel opens at lower gating

potentials than the L-type channel, and is suggested to play a role in the maintenance of

the RMP and baseline intracellular calcium, by carrying a leaking calcium current (Blanks

et al., 2007a).

USMCs express many different potassium channel (Atia et al., 2016). Voltage gated potas-

sium channels play an important role in maintaining the RMP, providing much of the
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potassium leak that drives the RMP towards the potassium reversal potential of approxi-

mately −80mV (Smith et al., 2007). The big potassium (BK) family of potassium channels

are gated by both the membrane potential and intracellular calcium. These channels are

hypothesised to carry a hyperpolarising current that quenches uterine excitation, in re-

sponse to the calcium influx and depolarisation associated with cellular excitation (Lorca

et al., 2014). These channels are also hypothesised to play a role in terminating the action

potential and the return to RMP. The small potassium (SK) channels are gated only by

intracellular calcium. They have a less clearly understood role within the myometrium,

but they are suggested to also play a role in reducing the excitability of the myometrium

prior to delivery (Brown et al., 2007).

These potassium currents also dampen perturbations to the membrane potential, and

contribute to determining the threshold that must be reached in order to trigger an action

potential. In a system expressing an abundance of potassium channels, the threshold

will be higher, rendering the system less excitable, and less susceptible to triggering an

action potential. Thus, these channels play an important role in maintaining myometrial

quiescence.

Several other conductances are also present in the myometrium. The calcium-activated

chloride channel (CaCC) carries a current in the myometrium (Jones et al., 2004), and is

discussed in further detail in Section 1.8. The transient receptor potential (TRP) class

of channels carry a non-specific cation current, and are gated by a range of ligands and

other stimuli, such as membrane potential and mechanical force. These channels play

important roles in signal transduction, and are present in the myometrium (Dalrymple

et al., 2002a). Finally, within the rodent myometrium, sodium currents also contribute to

the action potential (Sperelakis N, 1992). These may contribute to further depolarisation

during the action potential, and the bursting waveform patterns that are observed in these

tissues. Such currents are not reported within human myometrium, however.
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Table 1.3: Classes of ion channels within the myometrium

Channel Family Permeant Ion Gating
Voltage gated
potassium (Kv) K+ Voltage
Big potassium
(BK) K+ Membrane potential,

intracelullar calcium
Small Potassium
(SK) K+ Intracellular calcium
Voltage gated
calcium channel
(VGCC)

Ca2+ Membrane potential

Calcium-activated
chloride channel
(CaCC)

Cl- Intracellular calcium

Transient receptor
proteins (TRP) Non-specific cations Various ligands

Throughout pregnancy, and particularly leading up to gestation, there are dramatic changes

in the electrical properties of the uterine myocyte under the influence of pregnancy as-

sociated hormones (Kuriyama and Suzuki, 1976). The RMP of the myometrium varies

throughout pregnancy. In the gravid myocyte, the resting membrane potential (RMP) has

been measured to shifting from approximately −60mV to −40mV in rat myocytes as the

pregnancy approaches term (Casteels and Kuriyama, 1965)

In order to generate an action potential, the membrane must depolarise sufficiently from

the RMP to gate the L-type channel. The amount of depolarisation that will be required

will depend on the magnitude of the currents carried by the rest of the myometrial conduc-

tome. Thus, the concept of “threshold” can be dynamic, and is not fixed. As with other

electrogenic cells, a stimulus that is not sufficiently large will result in a prompt return

to the stable state of the RMP. The entity responsible for producing this initial stimulus

within the myometrium has not yet been identified.

Once the L-type channel opens sufficiently, the action potential fires. The subsequent

depolarisation, as well as the associated influx of calcium, activates the potassium currents,

which causes the membrane potential to return to the RMP. During spike-type action
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potentials, the return to RMP happens rapidly, leading to the characteristic well defined

peaks, or spikes, in the waveform. During the plateau type potentials, there is an extended

period in which the depolarising and hyperpolarising currents are in equilibrium, giving

rise to the plateau. Interestingly, the plateau occurs at a potential that is consistent with

the chloride reversal potential. This suggests the possibility that chloride current may be

involved in stabilising the waveform around a new stable point. This is consistent with

the reported effect of the CaCC in prolonging the contractions of the myometrium (Young

and Bemis, 2009).

1.5.4 Unanswered Questions About the Myometrial Action Potential

The myometrial action potential has been extensively investigated. However, there are

many fundamental processes relating to it that are not yet understood. Additional insights

into these processes may identify novel therapeutic targets and management strategies

in the management of premature of dysfunctional labour. Some of these key processes

are:

• The identity of the electrogenic entity responsible for the the initial depolarisation of

the myocyte that brings the membrane potential to threshold and triggers the action

potential.

• The process by which the duration of the plateau phase of the action potential is

regulated, triggering the disruption of the apparent stability and return to RMP.

• The reason why plateau type action potentials are not seen within freshly isolated

myocytes, but are present within intact tissue.

• The precise magnitude and the relative contributions of extracellular calcium entry

through the L-type calcium channel and the release of calcium from stores, and the

interplay between the two processes.

46



1. Introduction

1.6 Mathematical Modelling of Ion Channel Behaviour

1.6.1 The Hodgkin-Huxley Model

The modelling of currents passing across the cell membrane was pioneered by the seminal

work of Hodgkin and Huxley (Hodgkin et al., 1952; Hodgkin and Huxley, 1952b,a,c,d).

This work described the currents observed before the existence of ion channels had been

established, but made remarkably accurate predictions about the biological mechanisms

underlying the currents. This laid the foundation for the modelling ion channels in the

present day (Sigg, 2014). Using squid giant neurones (Loligo), they pioneered the voltage

clamp technique in electrophysiology. The currents observed were attributed to different

ions, and were carried by unidentified conductances. The system was represented by the

circuit diagram shown in Figure 1.11. From the data that they acquired, they were able

to construct a series of ordinary differential equations (ODEs) with which to describe the

behaviour of ion fluxes across the membrane.

The capacitance of the cell, represented by the capacitor in Figure 1.11, is determined by

the physical properties of the cell membrane, such as its area and composition. Whilst

Hodgkin and Huxley considered a single sodium and single potassium conductance, in many

cells this conductance actually consists of multiple different entities. In a diagrammatic

representation, these conductances would also be arranged in parallel; mathematically, this

means that they can be summed to determine the total conductance. A further contribution

may be present due to gap junctions coupling a cell to those adjoining it, which may also

be represented by similar diagrams.

Within the Hodgkin–Huxley (HH) model, an ion channel is imagined as a pore in the

membrane, that consists of a series of m gates that regulate ion flux. Each gate can block

the flow of ions by being in the closed state, and all gates must be open in order for the

pore to conduct a current through the membrane. Statistical independence between the

gates is assumed. Mathematically, this means that the probability of channel i being in a
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Figure 1.11: Circuit diagram representing the model as conceived by Hodgkin and Huxley. This
represents the membrane storing charge as a capacitor, which is built up and discharged through
the potassium, sodium and leak conductances. The potentials driving each ion varied depending
upon the membrane and reversal potentials, while the conductances (represented by the variable
resistors) depended on time and voltage dependent gating.
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conducting state (Pi) can be written as the product of the corresponding probabilities for

the m individual gates (Oi,1→m):

Pi =
m∏

j=1

Oi,j . (1.7)

When there are multiple gates are of the same type, the open probability for the pore can

be expressed as the individual gate probability to the power of the number of gates. Whilst

there is theoretically no upper limit on the number of gates that may be included in the

model for a channel, it is typically minimised in the interest of computational efficiency

and parsimony.

Individual gates can be in either an open state (O), allowing the flux of ions, or closed (C).

The individual gates can be modelled as two-state systems, where αi,j and βi,j represent

rate constants for the gate opening and closing respectively:

Ci,j

αi,j

⇌
βi,j

Oi,j . (1.8)

The kinetic properties of the individual gates within a channel may all be the same, or

there may be different types of gates present within the model. The rates of change of the

individual states are given by the equations

dOi,j

dt
= −Oi,jβi,j + Ci,jαi,j ,

dCi,j

dt
= Oi,jβi,j − Ci,jαi,j . (1.9)

If the system is at equilibrium, the forward and backward rates are equal,

Oi,jβi,j = Ci,jαi,j . (1.10)
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As the probabilities must add up to 1,

Ci,j = 1−Oi,j ,

Oi,jβi,j = (1−Oi,j)αi,j . (1.11)

Substituting Equation 1.11 into Equation 1.10 gives the steady state of the system (Oi,j,∞),

Oi,j,∞ =
αi,j

αi,j + βi,j
. (1.12)

The open probability will relax towards its steady state at a speed determined by the time

constant. We define the time constant of gate j (τi,j),

τi,j =
1

αi,j + βi,j
. (1.13)

Some channels are relatively quick to react and relax, such as the T-type Calcium channel

(‘T’ refers to its transient reaction), whilst others are slower to react and produce a more

sustained response, such as L-type Calcium channels (‘L’ here signifying long-lasting). The

time constant gives an indication of how quickly the gate will open or close in response

to a stimulus. The steady-state probability of each gate is determined by the relative

magnitudes of the forward and backwards rates (Equation 1.12). The open probability of

gate j (Oj,i) is given by the ODE

dOi,j

dt
=
Oi,j,∞ −Oi,j

τi,j
. (1.14)

The rate constants αi,j and βi,j , and thus the resultant open probability and time constants

of the gate, are determined by factors that gate the channel, such as ligand concentration

(such as calcium ions or other signalling molecules), mechanical force or membrane poten-

tial. It is assumed that αi,j and βi,j respond instantaneously to the gating input.

The electrochemical gradient driving the flux of ion X (VX)through a channel can be
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approximated using the Nernst potential for that ion (EX), as

VX = Vm − EX . (1.15)

The total amount of current (I) that is driven at a given potential (Vm) through a conduit

(in this case the channel) with resistance R is given by Ohm’s law,

Vm = IR. (1.16)

The conductance (g) is the inverse of the resistance, such that

g = 1/R,

I = Vmg. (1.17)

This allows the determination of the total current flow through channel i (Ii) to be calcu-

lated:

Ii = giPi(Vm − EX), (1.18)

where EX is the Nernst potential for the ions that channel i is permeable to, and the total

conductance of a channel type (gi). gi for a species can be described in further detail, as

the product of the number of channels per farad (channel density, κi), the capacitance of

the cell (C), and the unitary conductance of a singe channel (ψi).

gi = PiCκiψi. (1.19)

Hodgkin and Huxley observed the time dependent changes in the sodium and potassium

currents following changes in membrane potential, and fit this model to their experimental

data. The sodium current was modelled with 4 voltage dependent gates, with 3 of them

corresponding to its fast activation (the m-gate), and a single inactivation gate (the h-gate)

with relatively slow kinetics. The potassium current was fitted with 4 voltage dependent
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activation gates (the n-gate). The model for the sodium channel is illustrated in Figure

1.12.

Figure 1.12: Representation of the Loligo sodium conductance model as described by Hodgkin
and Huxley. The model consisted of four independent gates: 3 m-gates (blue) and 1 h-gate (pink),
all of which must be open in order to allow current to flow. At the resting potential, the channel
is unlikely to be open, as one or more m-gates will be closed. Following an initial depolarisation of
the membrane, the m-gates are opened, allowing sodium ion flux. After sustained depolarisation,
the slower h-gate closes, inactivating the current. Figure also used in Dunford et al. (2019).

The total current observed across the membrane is the sum of the currents carried by each

ionic species, such as Na+, K+, Ca2+ or Cl-,

ITotal = INa + IK + ICa + ICl . . . =
∑

I. (1.20)

The plasma membrane acts as a capacitor, storing the charge of the membrane potential.

The current flow across it (I) is equivalent to the product of its capacitance (C) and rate

of change of voltage (Vm) with respect to time (t),

I = −CdVm
dt

. (1.21)

Equations 1.20 and 1.21 can be combined to calculate the effect of the various fluxes upon

the membrane potential. In a system with n different channels, the total current can be

expressed as the sum of the currents through the individual channels (Ii), and any external

driving current (ID), such as that transmitted from an adjacent cell or introduced during
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an electrophysiology experiment,

− C
dVm
dt

= ID +
n∑

i=1

Ii. (1.22)

In this, the current sum equation, it can be seen that Vm gates the individual currents,

and the currents in turn affect the membrane potential.

Hodgkin and Huxley combined the modelled sodium and potassium currents using the

Equation 1.22. The model system they developed contained 2 voltage gated conductances

(INa and IK) and a potassium leak (IK, Leak), that carried the sodium and potassium

currents. The model was able to reproduce the action potentials that were observed. In

most physiological settings, multiple conductances are present within in cells, that interact

via coupling to the membrane potential and cytsolic ions and ligands. The relatively

simple model described by Hodgkin and Huxley is not sufficient to describe more complex

systems; in many other cells, other conductances, such as chloride and calcium channels,

carry important currents. These conductances are often comprised of multiple different

electrogenic entities, such as different ion channels.

1.6.2 Markov Chain Models

In order to describe the behaviour of individual channels in further detail, empirical state

transition graphs, also known as Markov chains (MC) models, can be employed. In these

models, there multiple open, closed and inactivated states that a channel can occupy. The

transition of an individual channel between each state represents a conformational change

within the protein, such as binding of a ligand, the activation of a voltage sensor, or the

opening of the pore to allow ion flux. The state transition graph of the HH model shown

in Equation 1.8 can be considered a specific example of a Markov chain.

The vertices in the state transition graph correspond to minima in the energy landscape

of the ion channel. Thus, the detail that can be incorporated into a MC model depends on

the resolution in which this has been mapped. Though mathematically and conceptually

53



1. Introduction

simple, the regular hypercube arrangement of the HH model rarely occurs within biological

systems. Individual gates will often have more than two states, which are not necessarily

statistically independent. Two representative examples of empirically determined state

transition graphs are shown in Figure 1.13. 
MCmodsExample2.pdf

500 x 332

Figure 1.13: Examples of empirical state transition graphs. Top: Kv4.3 channel; bottom: hERG
channel. These are chosen as representative potassiukm channels. Adapted from Atia et al. (2016).

HH models and models based on empirical state transition graphs are often contrasted in

terms of “macroscopic” currents versus “microscopic” currents. Macroscopic currents are

carried by multiple distinct ion channel species. However, in a model, these are repre-

sented as though it is carried by a single type of pore, or by fewer pore types than are

actually present. For example, the large complement of potassium channels in an USMC

may be represented using “pooled conductances” (Tong et al., 2011). This is often done

due to the challenges of isolating the currents carried by similar channel species experi-

mentally. Conversely, microscopic currents correspond to a single ion channel species in

the conductome.
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Empirical state transition models describe the behaviour of individual channel species. The

HH-type state transition graph is unlikely to be the true graph underlying the behaviour of

any existing ion channel, given its exceptionally regular hypercube topology. Nonetheless,

the HH model is a robust tool to approximate “macroscopic” currents, and is able to do so

using more readily acquired data. Both model formulations are therefore of use.

1.7 Modelling the Electrical Properties of the Myometrium

The approaches to modelling the behaviour of a system of ion channels can be applied

to investigating myometrial electrophysiology. Several models have been produced. Such

models can provide valuable insight into the electrical properties of the myometrium, which

may not be immediately apparent due to the complexities of the non-linear system that

describes the dynamics. These models can be used to support and quantify hypothesis

that may be investigated experimentally. Table 1.4 summarises recent models that have

been developed.

1.7.1 The Tong Model

Tong et al. (2011) developed, and went on to refine (Tong et al., 2014), a model of electrical

excitability within the uterus. This was done using models for conductances taken from

the literature, that were fitted to data from a combination of rat, mouse and human

myometrium. Within this model, 14 currents were included. Potassium currents were

described macroscopically. This simulated conductance repetoire was reported to include

all key conductances that were involved in the myometrial action potential. Calcium

dynamics in this model were simulated to account for influx through the VGCCs (L and

T type) and efflux through the extruders PMCA and the Na-Ca exchanger.

However, conductances such as the SK channels were omitted. Furthermore, the sodium

currents in the model (INa) disrupted the resting membrane potential and baseline cal-

cium. In order to reconcile the simulations with the physiological observations, the sodium
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currents were removed. This lead to the model stabilising with an RMP of −54mV and

an intracellular calcium of 116nM. Furthermore, the reversal potential of the calcium ion

used differed between the two calcium channels (+45 and +42 mV for the L and T type

channels respectively).

This model was able to reproduce spike type action potentials, and short duration plateau

type action potentials, of approximately 2 seconds in length. Following manipulation of

the kinetics of potassium currents (Tong et al., 2014), to create a hypothetical very slow

acting current (IK1), plateau type action potentials could be generated, of 50 seconds in

duration. Patterns of bursting superimposed upon the plateau were also produced.

To further characterise the slow potassium current under investigation, IK1 was partially

substituted for currents corresponding to specific electrogenic entities identified within the

myometrium. One such conductance of interest was the human ether-á-go-go channel

(hERG). This was incorporated by taking published models from the literature. The

model for hERG used comprised 2 activation gates and a single inactivation gate; this is

not sufficient to fully describe the complex behaviours exhibited by this channel (Wang

et al., 1997). By specifically adjusting the magnitude of the current carried by the hERG

channel, the ability of the model to produce spiking waveforms over the plateau could

be modulated; increasing the hERG current increased the amount of spiking observed,

while decreasing it changed the waveform to a more tonic plateau type waveform. This

is consistent with the effects of hERG inhibition with dofetilide in human myometrium

(Parkington et al., 2014).

Ultimately, this model suggests that an additional process, or thus far unidentified, delayed

potassium current, is required for the termination of the plateau type action potential. Its

use of macroscopic currents, along with the fact that it is fitted to data from predominantly

rodent sources, and the poor handling of sodium currents and calcium dynamics, limit the

ability to translate the observations into the human myometrium, however.
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1.7.2 The Testrow Model

Testrow et al. (2018) further developed the model previously established by Tong et al.

(Tong et al., 2011, 2014). They introduced updated formulations for several currents, such

as the L-type calcium current and IK2. They were also able to incorporate the previ-

ously excluded sodium current without disruption to the RMP and baseline calcium. The

models calcium handling capabilities were also significantly improved upon, describing de-

tailed mechanics for calcium uptake into intracellular stores via the SERCA pump, and

its release via the RyR. Using this updated calcium handling system, they were able to

produce physiologically plausible calcium transients when driving the calcium model with

a range of different types of experimentally recorded action potentials. There was still a

significant discrepancy which arose when comparing simulated to observed calcium traces,

however. This suggests that further understanding of the calcium handling processes that

occur within cells is required in order to be able to describe it in sufficient detail mathe-

matically.

This model grossly recapitulated several physiological phenomena. The action potential

was abolished by removal of the L-type calcium current, consistent with the experimental

observation of the effect of the L-type channel antagonist nifedipine. Conversely, increas-

ing the magnitude of the L-type current promoted depolarisation, and ultimately increased

contractility, By empirically adjusting various conductances simultaneously, specifically re-

ducing the L-type current by 80%, voltage gated potassium currents by 40%, and calcium

gated potassium currents by 10%, the effect of oestradiol treatment was approximated.

When a simulated current of 0.4 pA/pF was applied to cells, in the absence of oestradiol

treatment this elicited the firing of a burst of action potentials. With the conductome

modified as described, a plateau type action potential was instead observed. While the

ability of the model to reproduce specific waveforms was poor in these simulations, the

overall pattern of behaviour was consistent with the experimental observations. This sug-

gests that this model may be a useful tool to investigate the mechanisms that underlie
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broader changes that occur within the myometrium under the effects of hormonal and

other stimuli.

1.7.3 The Atia Model

In order to investigate myocyte excitability in human tissue, Atia et al. (2016) developed

an entirely novel approach to defining the myometrial conductome, and with it produced

the most detailed model of the electrical properties of the myometrium to date. Using

transcriptomic data from Chan et al. (2014), they identified all of the known conductance

species that could be assembled by the cells. As this data includes other cell types within

the myometrium, such as immune cells and vascular tissue, there may have been some

species included within this list that were not present within the USMC population. How-

ever, at term, the USMC would be the dominant cell type within the samples taken due

to the hypertrophic and proliferative changes that occur within the myometrium. Further-

more, this list could be further curated based upon experimental work that confirmed or

refuted the presence and role of a given channel. It is also challenging to determine pre-

cisely which configuration of channels with assembled subunits is present and active within

the myocyte. This work considers every known ion channel that can be assembled from

the various constituents that were identified at the transcriptomic level for which models

and information on the gating variables were available.

This analysis produced a potential conductance repertoire of 27 conductances, including

voltage gated calcium channels, several different classes of potassium channel (Kv, BK and

SK), as well as the CaCC, and ion pumps. As the currents carried by each individual

species is challenging to isolate and quantify experimentally, the conductome as a whole

was fit to the experimental data available.

Each conductance was modelled by searching the literature for previously developed models

describing the ion channel function. This model could then be driven by experimental

time series data that records behaviour of interest within the myocyte, such as an action
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potential or other period of electrical activity. From this simulation, the current that would

pass through the individual species was predicted, to produce a “virtual” current trace.

This was performed for all of the potential conductances identified. While the behaviour

of the system as a function of time is non-linear, the current sum itself is linear, as it is

simply the addition of the individual conductances. In a system with n conductances, the

an observed voltage trace (Vm) can be generated by the weighted sum of the individual

conductances,
dVm
dt

= −
n∑

i=1

κiIi. (1.23)

In this equation, each current (Ii) was weighted by factor κi, which corresponds to the

density of that channel at the membrane. Linear algebra was used to solve the equation

and estimate values for the κ values of each channnel (stored in the vector κ⃗). Due to

the high dimensionality of having multiple unknown channel densities, and thus numerous

free parameters, the solution to such an equation does not yield a unique result. Multiple

permutations of channel densities would be capable of reproducing the experimental data.

Logical constraints can be applied upon the possible solutions in order to identify physi-

ologically plausible conductomes that fit the data. These included non-negativity, as ion

channels cannot have a negative density, or conduct current in the opposite direction to

that which they are supposed to, and physiologically plausible upper bounds, based upon

the maximal currents observed within cells. Finally, within this parameter space, Atia

et al. (2016) identified the conductome that contained the fewest individual entities. This

is rational, as evolution would drive cells to make efficient use of resources; however, other

selection pressures may be at work, which would favour redundancy and adaptability to a

wider range of situations. Therefore, further experimental data to constrain the parameter

space further would produce a more accurate estimate of the true conductome.

Multiple vectors reproduce the observed data equally well. This means that alterations

to the levels of single channel, such as deletion, may be compensated for by shifts in the

densities of other channels. Atia et al. (2016) quantified the magnitude of the compen-
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sations needed to achieve this. Thus, if deletion of a channel can be compensated for by

modest adjustments to the expression of other channels, then it is considered functionally

redundant. This analysis was performed to evaluate the importance of channels hERG and

BK. It was observed that while deletion of BK channels could be compensated, deletion

of hERG could not. This was consistent with the known role of hERG in returning the

membrane to RMP, and the hypothesised role of BK channels in preventing uterine exci-

tation during quiescence, but being downregulated at the time of delivery, and not playing

an essential role in the action potential.

Using this model, the authors also investigated hypotheses as to the mechanisms underlying

the initiation of the action potential. Of particular interest was the potential role identified

for the CaCC, which is discussed further in Section 1.8.

This model was limited by the basic calcium dynamics it included, with only influx through

L and T type channels, and a single first order calcium extrusion term incorporated. This

modelling was also based upon observations of a single event, within a single cell. This

limits the ability to generalise and reproduce their conclusions.

1.8 The Calcium Activated Chloride Channel

We have previously suggested that the calcium-activated chloride channel (CaCC) may

carry a current that is important for myometrial contractility (Dunford et al., 2020). The

calcium activated chloride current was initially observed in the early eighties (Barish,

1983). However, the molecular basis of the conductance was only identified decades later,

with three classes of channels observed to carry the current: the anoctamins (Schroeder

et al., 2008), bestrophins (Tsunenari et al., 2006; Barro-Soria et al., 2008), and the chloride

channel accessory (CLCA) (Agnel et al., 1999). Due to the role of calcium as a ubiquitous

signaling molecule, these channels are able to perform a range of functions across different

cell types (Berg et al., 2012). Anoctamin 1 (ANO1), in particular, has been observed to
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regulate excitability, and thereby contractility, in many other smooth muscle types (Zhu

et al., 2015; Cobine et al., 2017; Danielsson et al., 2015). Of specific interest here, recent

work has also highlighted the potential role of the anoctamin class of channels, particularly

ANO1, in promoting the contractility of the myometrium (Bernstein et al., 2014; Danielsson

et al., 2018). The functional properties of the ANO1 channel, and this recent evidence of its

pro-contractile role in the myometrium, suggest that it is a candidate to carry the current

responsible for the initiation of the myometrial action potential.

1.8.1 Structure and Function of Anoctamin 1

Anoctamin 1, also referred to as Transmembrane Protein 16A (TMEM16a), is a protein

that is able to form a CaCC. In humans, it is a 114 kilo-Dalton protein, that was initially

believed to comprise 8 transmembrane domains (Katoh and Katoh, 2003). Proteins in the

TMEM16 family were originally proposed to act as a calcium dependant lipid scramblases,

based upon homology to the Nectria haematococca lipid scramblase nhTMEM16 (Katoh

and Katoh, 2003), which proved true for many of them (Falzone et al., 2018) However, it

was later demonstrated that TMEM16a (Schroeder et al., 2008; Yang et al., 2008; Caputo

et al., 2008) and b (Pifferi et al., 2009) (ANO1 and 2 respectively) functioned as calcium

activated chloride channels . Other proteins within the broader TMEM16 family have

been demostrated to function as both lipid scramblases and ion channels (Malvezzi et al.,

2013).

Individual ANO1 proteins dimerise to form a CaCC (Sheridan et al., 2011). More recent

studies have demonstrated more detailed insight into its structure and function. These

have revealed that there are in fact 10 transmembrane domains (Brunner et al., 2014).

The structure of ANO1 has been now been resolved in using cryo electron microscopy

(Dang et al., 2017; Paulino et al., 2017). Both the N- and C-terminus are located within

the cytoplasm, and the transmembrane domains are joined by a series of alternately ex-

tracellular and intracellular loops . Figure 1.14
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The ANO1 transcript undergoes alternative splicing, giving rise to numerous isoforms

(Ferrera et al., 2009). These splice variants have markedly different electrophysiological

behaviours. Exon 6B, which contributes to the N terminal region prior to the first trans-

membrane domain, can be removed by splicing, and the expressed protein lacking this seg-

ment was observed to be dramatically more sensitive to intracellular calcium. In addition,

the sequence 444EEEEEAVK451, located in in the first intracelluar loop, was demonstrated

to play a key role in the channel sensing intracellular calcium and membrane voltage (Xiao

et al., 2011). Deletion of the motifs 444EEEE447 and 448EEEEEAVK451 abolished the sensi-

tivity of the channel to voltage and calcium respectively. This suggests that these residues

play key roles in the gating of the chanel (Peters et al., 2018). It has also been demon-

strated that PIP2 binding plays an important role in ANO1 gating, with PIP2 application

attenuating inactivation (De Jesús-Pérez et al., 2018).

Alternate splicing can give rise to different ANO1 isoforms, with exons 10, 13, 13b (in mice

only), 14, 15 and 18 all potentially being skipped, as well as truncation of the protein at

the N- and C- terminus by tandem splicing at exons 1 and 21. Intron retention events

may also occur. These isoforms are differentially expressed across different tissue types,

and may therefore contribute to cell specific function (Ferrera et al., 2009). Chan et al.

(2014) observed that only reads corresponding to the full length transcript were detected in

samples collected from expectant mothers at term. However, the depth of sequencing and

low abundance of the transcript may have limited the ability to detect rare splice variants.

The full length protein coded for by this transcript is well characterised electrophysiolog-

ically, and a detailed empirical state transition model has been developed to describe its

behaviour (Contreras-Vite et al., 2016). These are shown in the appendices.

1.8.2 The Role of Anoctamin 1 in Cells

ANO1 plays a number of roles within different cells, and such such has been investigated

as a potential therapeutic target in a number of conditions (Shi et al., 2020). In the
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xenopus oocyte, in which the CaCC was first observed, it has recently been identified as

the conductance responsible generating the fertilisation potential to prevent polyspermy

(Wozniak et al., 2018). Within airway smooth muscle, ANO1 also plays a role in maintain-

ing tone (Danielsson et al., 2015); indeed, in mice with a homozygous deletion of ANO1,

tracheal collapse was observed due to inability to maintain airway patency (Rock et al.,

2008). Within the interstitial cells of Cajal in the intestinal smooth muscle, it acts as a

pacemaker, enabling rhythmic contraction that causes peristalsis (Zhu et al., 2015), and

also in maintaining tone in the anal sphincter (Cobine et al., 2017).

ANO1 has also been demonstrated to potentially have a potentially important role in SOCE

(Forrest et al., 2010). It has been demonstrated that ANO1 is an essential component of

certain cell specific SOCE pathways (Crottès et al., 2019). Yet another potential role

for ANO1 may be related to its recently demonstrated localization to the mitochondrial

membrane (Cypress et al., 2019), and implication in mitochondrial signaling pathways

(Zeng et al., 2018). Thus, ANO1 may be involved in numerous different signalling pathways

within the cell.

1.8.3 The Role of Anoctamin 1 in the Myometrium

Calcium activated chloride currents have described at the electro-physiological level in

the myometrial cells obtained from rats. In order to isolate the currents, the membrane

potential of cells was held at -60mV, and a depolarizing step (ranging from -50 to +60mV)

was applied. This leads to opening of the L-type channel and calcium efflux. The increase

in intracellular calcium gates the opening of the CaCC. Once the potential is returned to

-60mV, the L type channel rapidly closes. Intracellular calcium remains high, however,

as extrusion and uptake into stores occur over a longer timeframe, and apparent rates are

further slowed by buffering. During this period, a “tail current” is observed, as chloride ions

are carried across the membrane by the CaCC. These currents are illustrated in Figure 1.15.

These currents were observed in approximately 1/3 of myometrial cells. It was therefore
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suggested that these may represent a subpopulation of electrogenic cells responsible for

initiation the widespread excitation (Jones et al., 2004).

Figure 1.15: Tail currents observed in rodent myometrium. Figure taken from Jones et al. (2004).
A: i- a voltage step from a holding potential of −60mV to a step potential ranging from −50 to
+60mV in 10mV increments was applied for 100ms, before returning to the holding potential. ii-
Current recordings during the voltage clamp protocol identified a calcium current (filled square),
attribute to the L-type calcium channel opening, a late outward current (filled circle) and tail
current (empty circle), that was attributed to the calcium activated chloride channel. B: i- a
voltage step from a holding potential of −60mV to a step potential of 0mV, for 100ms, followed by
a further step to potential ranging from ˘100 to +80mV in 20mV increments. ii- Current recordings
during the voltage clamp protocol observed tail currents.

Initial work by Song et al. seemed to implicate the CLCA channel as the entity responsible

for this myometrial CaCC current (Song et al., 2009). However CLCA subunits were

notably absent from RNA sequencing data of human myometrial tissue(Chan et al., 2014).

Based upon the evidence that ANO1 may play a role in regulating contraction in other

smooth muscle types (Zhu et al., 2015; Cobine et al., 2017; Danielsson et al., 2015), its role

in uterine smooth muscle has been investigated. Anoctamins 1 and 2 were identified as

being expressed in human and mouse myometrial cells. Their presence at the protein level

was confirmed using immunofluorescence and western blotting (Bernstein et al., 2014).

Both of these proteins have been demonstrated to be able to form CaCCs (Galietta, 2009).

A spontaneous transient inward current (STIC) was observed in isolated mouse USMCs
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using patch clamp electrophysiology. This current was consistent with being carried by the

chloride ion, and was enhanced by oxytocin, and eliminated by benzbromarone (a potent,

but non-specific, inhibitor of ANO1 and ANO2). Removal of calcium from the buffer also

significantly reduced the magnitude of these currents (Bernstein et al., 2014). Further

studies demonstrated that these STICs were also eliminated by the addition of a highly

specific inhibitory antibody against ANO1 (Hyuga et al., 2021). This collectively suggests

that USMCs express the required components to form an ANO1 and ANO2 CaCC, and

that a functional ANO1 CaCC is present at the cell membrane. Given the absence of other

proteins known to form CaCCs in the RNA sequencing data from myometrial biopsies, it

is therefore inferred that the ANO1 forms the main CaCC in human USMCs.

Pharmacological inhibition of the anoctamin channels using tannic acid or benzbromarone

reduces the magnitude and frequency of calcium fluxes in cultured murine myocytes in

response to oxytocin stimulation. Supporting this observation, the force generated by ex

vivo strips of mouse myometrium (again when stimulated by oxytocin) was also attenuated

following inhibition with tannic or niflumic acid (Bernstein et al., 2014). However, these

antagonists are non-specific. Whilst they are known to inhibit both ANO1 and ANO2,

they are known to inhibit other chloride channels as well. Furthermore, these expression

studies were performed using non-pregnant human myometrial samples, and the functional

studies were done using non-pregnant murine tissue. Due to the significant changes to

the myometrium that occur throughout gestation, these findings may not be applicable

to the physiology observed during pregnancy. In order to further determine the role of

these channels, and the translatability of these observations to humans, Danielsson et al.

(2018) observed that ANO1 expression was significantly increased in non-pregnant human

myometrial tissue compared to pregnant (from patients at term but not in active labor).

This downregulation regulation may be inconsistent with ANO1 playing a pro-contractile

role. Expression of ANO1 was maintained at the protein level, however, as visualised

by immunohistochemistry. Other members of the anoctamin family, of particular note
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ANO2, did not share this shift in expression. Administration of benzbromarone, an ANO1

inhibitor, reduced frequency and force of myometrial contractions in isolated strips of

human uterine smooth muscle (Hyuga et al., 2018). These samples were taken from patients

at term, although not in active labor, during elective caesarian section.

To specifically evaluate the effect of ANO1, siRNA mediated knockdown has been used.

The ratio of filamentous actin (f-actin) to globular actin (g-actin) (F/G actin ratio) is a

proxy measure of contraction in muscle. Treatement of cells with ANO1-targeting siRNA

abolishes oxytocin induced increases in the F-/G-actin ratio. This further suggests that

ANO1 may play a role in the pro-contractile pathways (Danielsson et al., 2018).

Despite this evidence supporting the role of ANO1 in promoting uterine contractility, in

vivo studies in a mouse model has called this into question (Qu et al., 2019). Amongst

gravid and non-pregnant mouse myometrium, ANO1 was not detected by immunohisto-

chemistry. Cre-mediated conditional knockdown (Floxxed ANO1, and Cre expressed under

the smooth muscle actin promoter) was used to evaluate the role of ANO1 in the murine

myometrium. No alteration in reproductive phenotype at a whole organism levelwas ob-

served; pregnancy length and gestation outcomes were the same in ANO1 knockout mice

compared to controls. Myography experiments using intact tissue samples from ANO1

and control mice showed no difference in contraction frequency or force compared to one

another. Calcium imaging of cultured cells also revealed no significant changes in the

waveforms of the calcium transients observed. This suggested that ANO1 does not appear

to have a role in promoting the contraction of the myometrium. However, flaws in the

experimental methodology may have biased this conclusion. Inadequate controls in the

immunofluorescence studies mean the absence of ANO1 cannot be determined with any

certainty. Indeed, this finding directly contradicts previous observations of ANO1 in human

myometrial tissue (Danielsson et al., 2018), and the studies own detection of ANO1 at the

mRNA level. Crucially, the penetrance of the knockout to the uterine myocytes was not

confirmed, but rather inferred from studies in other smooth muscle types. Furthermore, the
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control mice used are not wild type, but, rather, were heterozygous for floxxed ANO1, and

also expressed Cre. This means that they may therefore have also been subject to partial

knockdown of ANO1. These factors may have meant that, in both conditional knockout

and control mice used, a supra-critical, yet lower than native, amount of ANO1 persisted

in the myometrium, which meant that depolarization could still occur. The use of a higher

penetrance knockout may therefore be necessary to discern a phenotype. Therefore, these

studies are insufficient to conclusively disprove the involvement of ANO1 in the excitation

of the uterine myocyte. Further work, with improved experimental design, using a better

gene-editing approach in a mouse model with a higher penetrance knockout are warranted

to determine ANO1’s potential role in uterine excitation-contraction coupling.

1.8.4 The Potential Mechanism of ANO1 in Promoting Myometrial Con-
tractility

It has been suggested that ANO1 may increase myometrial excitability by acting as a cru-

cial link between the g-protein coupled phospholipase-C (PLC) pathway and subsequent

depolarization of the membrane due to calcium influx (shown in Figure 1.2). An ini-

tial depolarisation may induce a small upswing in the membrane potential, exceeding the

threshold and triggering an action potential. The identity of the conductance(s) responsi-

ble for this in the myometrium has not yet been determined. It is has been hypothesised

that ANO1, as a calcium activated channel, may be activated by the oxytocin mediated

release of calcium from intracellular stores (Atia et al., 2016). This would in turn depo-

larize the membrane slightly, and gate the L-type calcium channel to produce the action

potential.

ANO1 has been demonstrated to associate with the IP3R, tightly coupling the CaCC it

sources of local calcium release. This is observed within transfected HeLa cells overex-

pressing ANO1 (Cabrita et al., 2017), and in mouse dorsal root ganglia neurons expressing

endogenous ANO1 (Jin et al., 2013). In the myometrium, such an association would allow
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ANO1 to function efficiently as a signal transducer between receptor signaling and electri-

cal pathways. Such a microdomain may also include the OTXR, given that ANO1 forms

complexes with the other GPCRs belonging to the same subfamilly (Gq), the bradykinin

receptor-2 and protease-activated receptor-2 within lipid rafts in the plasma membrane

(Jin et al., 2013). The OTXR and the downstream components of the signaling pathway

(IP3R and ANO1) may therefore localise in close spatial proximity to one another, to

enable efficient and specific signaling.

Different microdomains may occur within different cells types, however. Wang et al. (2016)

performed studies in smooth muscle myocytes isolated from rat cerebral arteries. Amongst

these cells, ANO1 was observed to associate with the canonical transient receptor potential

protein 6 (TRPC6). This is a cation channel primarily, selective to calcium ions. In

keeping with this, this complex promoted depolarization, and thus vasoconstriction, of

the myocytes. It was proposed that TRPC6 allows a transient influx of calcium ions into

the cell, which is locally sensed by ANO1. TRPC6 is also present in the myometrium

(Dalrymple et al., 2002b; Chan et al., 2014); therefore, such a complex may form with

ANO1. It appears that the microdomains formed by ANO1 are highly cell-type specific,

and depend on its exact role within the signaling pathways within that tissue. Thus, further

investigation to characterize the nature of protein complexes containing ANO1 within the

uterine myocyte is warranted.

Atia et al. (2016) evaluated the hypothesis that ANO1 initiates the depolarization of the

membrane. By coupling a subpopulation of the models total calcium activated chloride

channels (5% of the total) to a rapid increase in calcium (consistent with being in close

proximity to a local puff/spark event), a sufficient depolarization was generated to induce

action potentials. This observation was made with simulated channel densities that were

plausible physiologically, of approximately 800 channels at the outer membrane of each

cell. Below this cut-off, a sub threshold depolarization is observed, which is insufficient to

generate an action potential. This application of their model by Atia et al. was limited,
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however, by the use of an old model for the CaCC currents, and speculation about the

nature and magnitude of calcium signaling events that occur within the myometrium.

Experimental quantification is needed to further validate this hypothesis, and to refine

predictions made..

Alternative explanations for the apparent pro-contractile role of ANO1 within the my-

ometrium also exist, such as an involvement in SOCE (Forrest et al., 2010; Crottès et al.,

2019). Indeed, it has been proposed that SOCE contributes significantly to raising intracel-

lular calcium (Noble et al., 2014; Wakle-Prabagaran et al., 2016). This therefore represents

a potential mechanism by which ANO1 may modulate myometrial contractility. There may

also be an involvement in mitochondiral function (Cypress et al., 2019; Zeng et al., 2018),

as both calcium homeostasis and contraction are metabolically demanding processes. As a

calcium activated channel carrying a depolarizing current, ANO1 may simply act as a pos-

itive feedback mechanism to sustain and/or amplify the action potential, maintaining the

plateau phase of the action potential (Young and Bemis, 2009). It may prevent excessive

depolarisation and enable the return to RMP following the firing of the action potential

(Dayal et al., 2019). Finally, it may also play a role in the propagation of calcium signals

between adjacent cells, and signalling across gap junctions. Ultimately, it is possible that

ANO1 promotes uterine contractility via multiple distinct pathways simultaneously.

In conclusion, evidence exists to support the role of ANO1 in the excitation, and thereby

contraction, of the myometrium. Whilst the exact mechanism by which it does so re-

mains unclear, it is possible that it is responsible for the anion conductance that initiates

depolarization of the myocyte. ANO1 may therefore represent a promising target for

pharmacological intervention with tocolytic or tocotrophic drugs. Indeed, several of these

agents have been evaluated ex vivo, with benzbromarone proving to be most effective at

reducing contractility in isolated strips of pregnant human myometrium (Hyuga et al.,

2018). However, many of these agents act non-specifically, with many other effects, which

impairs definitive confirmation of ANO1’s role, and would likely impair the clinical efficacy
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of these compounds. More recently, small molecule inhibitors have been designed to specif-

ically target ANO1, with little effect even on the structurally similar ANO2 (Seo et al.,

2016). Therefore, such compounds have strong potential as therapeutic agents, to arrest

preterm delivery, or, conversely, similarly designed agonists may be able to accelerate a

pregnancy that is not progressing, preventing dystocia. They may also be potent tools with

which to investigate the myometrial function of ANO1 in a range of model systems.

71



1. Introduction

𝛼!

C
𝛼"
V

C
𝛼# 	
V

𝛼$ 			𝛼"!	 𝛼% 	 𝛼& 	
C
𝛼' 	
V

C
𝛼( 	
V

C
𝛼) 	
V

C
𝛼* 	
V

	𝛼(+

	𝛼'+

C
𝛼"
V

C
𝛼# 	
V

𝛼* 			𝛼) 	 𝛼( 	 𝛼' 	
C
𝛼& 	
V

C
𝛼% 	
V

RL

V595

N542

A

B

C

Figure 1.14: A: Illustrative representation the initially proposed structure of the ANO1 subunit
embedded in the plasma membrane, showing the cytoplasmic N- and C- termini, transmembrane
domains 1-8, the adjoining intra- and extracellular loops and reentrant loop (RL).
B:Revised structure of ANO1 determined by xray crystallography revealed a more complex or-
gansisation, with 10 transmembrane domains and additional domains within loops and at the N
and C terminus (not shown). Based upon Brunner et al. (2014). C: Reconstruction of the as-
sembled ANO1 channel using cyro-electron microscopy, form various perspectives. The channel
pore (orange) is lined with residues N542 and V595 (purple), that affect selectivity for the chloride
ion and channel gating. Other residues have also been demonstrated to affect just channel gating
(magenta) and ion selectivity (green). Adapted from Dang et al. (2017).
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1.9 Project Aims and Hypotheses

1.9.1 Aims

The aims of this thesis are:

1. To develop a mathematical model of the electrical properties of the myometrium.

2. To use modelling approaches to interrogate potential mechanisms by which ANO1

may contribute contractility and excitability within the myometrium.

3. To evaluate the use of a novel immortalised myometrial cell line as a model system

in which to investigate myometrial physiology.

4. To experimentally investigate the role of anoctamin 1 within the myometrium.

1.9.2 Hypothesis

It is hypothesised that:

1. ANO1 promotes uterine contractility, and targeted deletion or inhibition will lead to

a reduction in excitability of cells and tissue.

2. ANO1 couples signalling through the PLC pathway to electrical excitation of the

cell.

3. ANO1 contributes to the action potential waveform within the myometrium.
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Chapter 2

Mathematical Models

2.1 An Overview of Mathematical Models Employed

2.1.1 Modelling the Behaviours of Individual Currents

As previously described in Section 1.5, the behaviour of individual conductance species

can be modelled in two main ways: using the formulation described by Hodgkin and

Huxley (HH models), and also as Markov chain (MC) state transition models. A detailed

comparison between the two approaches is carried out in Dunford et al. (2019). In brief,

HH models are computationally efficient, and can reproduce behaviours of conductances

to a reasonable degree. MC models are more computationally expensive, but may account

for the physical processes that lead to channel opening in greater detail, and reproduce

aspects of ion channel behaviour that cannot be accounted for using a HH model.

In the Hodgkin-Huxley formulation, we consider a channel species i, with m gates, each

which may have distinct kinetic properties. The channel is open if, and only if, all of the

gates are open. As each gate (j) is assumed to operate independently, the open probability

of the conductance (Pi) is given by the product of the individual gate open probabilities,

Pi,j :

Pi =

m∏

j=1

Pi,j . (2.1)

The steady state of each gate for each conductance (Pi,j,∞) is given by a function of

its gating variables. These are primarily the membrane potential (Vm), and intracellular

calcium ([Ca2+]i), however other variables may be considered. These can include the
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concentration of various ligands (such other ions, lipids or other signalling molecules), or

other stimuli such as temperature or mechanical force. Thus,

Pi,j,∞ = f(Vm, [Ca2+]i . . . ). (2.2)

The gate’s open probability at a given time (Pi,j) will relax towards this steady state

at a rate dependent upon Pi,j and Pi,j,∞ themselves, and the time constant of the gate,

τi,j :
dPi,j

dt
=

(Pi,j,∞ − Pi,j)

τi,j
, (2.3)

where τi,j is also a function of variables,

τi,j = f(V, [Ca2+]j . . . ). (2.4)

In Markov chain kinetic models, a channel of species i may occupy one of m different states.

These are commonly referred to as open (O), closed (C) or inactivated (I). Each state

represents a conformation of the channel, as it interacts with its gating parameters. As

the channel must be open to carry a current, the open probability (Pi) of a conductance

described by a Markov chain is given by the sum of the fractional occupancies of the open

states,

Pi =

m∑

j=1

Oi,j . (2.5)

An ODEs is formulated for each state (Pi,j) in these models. In such ODEs, kj→l represents

the hazard rate for channels transitioning into state j from state l, and kj→l represents the

channel transition rate into state l from state j. The rate of change in the probability of

a channel of species i occupying state j (Pi,j) is given by the equation

dPi,j

dt
= −

m−1∑

l=1

kj→lPi,j +

m−1∑

l=1

kl→jPi,l. (2.6)

The Markov chain model describing channel i can be expressed as the dot-product of
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transition matrix Ci and state matrix Si,

dS⃗i
dt

= Ci · S⃗i. (2.7)

The transition matrix Ci has dimensions m×m, and state vector S⃗i is a column vector of

length m. In vector S⃗i, each element corresponds to the fractional occupancy of a state in

the model,

S⃗i = {Pi,1, Pi,2, . . . Pi,m}T . (2.8)

In matrix C, each row (j) corresponds to a state, and the lth element of this row represents

the transition rate from state l into j, or, in the case of the jth element, the transition rate

for leaving state j.

Due to conservation of probability, the sum of the columns in C must be equal to 0, and

the sum of S⃗i is equal to 1. At the steady state, there is no net change in the channel

distribution, as the system is at equilibrium. Thus,

Ci · S⃗i = 0. (2.9)

As C can be calculated from the gating parameters, the equation can be solved to determine

the steady state distribution of the channel (S⃗i,∞). This is done by calculating the leading

Eigenvector of the change matrix, λ:

S⃗i,∞ =
λ∑m

j=1 λj
(2.10)

We also use the row vector O⃗ of length m, which contains a 1 for indices corresponding to

an open state, and a 0 otherwise. The open probability of the channel can be given by the

dot product,

P⃗i = O⃗i · S⃗i. (2.11)

Non-time dependent currents that arise due to ionic pumps (NaK, pmCa, NaCaX) and
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entities whose behaviour has not yet been evaluated in sufficient temporal resolution to

construct full models (TRPC6) are also considered. The open probabilities of such channels

are given simply as a direct function of the variables that regulate them, such as membrane

potential, or ligand concentration (such as intracellular calcium):

Pi = f(Vm, [Ca2+]i . . . ). (2.12)

Each individual ion channel of a given species (xi,j) can be either open or not open (i.e.

closed or inactivated). This can be represented as xi ∈ {0, 1}, where 1 indicates a channel

that is open and 0 that the channel is closed or inactivated. P (xi,j = 1) represents the

probability of an individual channel of species i being open at a given time. The kinetics

of the channel will determine how rapidly it switches between open and closed states. Due

to the law of large numbers, as the number of channels of a particular species (yi) becomes

larger, the observed fraction of open channels will become a closer approximation of the

true open probability. Thus, in a system with yi channels of species i,

As yi → ∞,
∑yi

j=1 xi,j

yi
→ Pi. (2.13)

In these simulations, we assume that, for each conductance, the total number of entities

belonging to that species (yi) is sufficiently large that this approximation is valid. The

equations describing the gating f the individual entities considered are included in Appendix

A.

2.1.2 The Atia Model of Uterine Excitability

The model of myometrial excitability proposed by Atia et al. (2016) is used as the basis

of this work. This is discussed previously in Section 1.7.3, and is described here in further

detail. In this model, there are n conductances. The conductances considered by Atia
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et al. (2016) are show in Figure 2.1. (Atia et al., 2016) initially considered an even greater

potential repertoire of potassium conductances within the myometrium. Many were then

eliminated from the model due to lack of evidence at the protein or functional level in

myometrium despite investigation. Of the remaining conductances that we consider, there

was not evidence of further redundancy or absence found in the literature, and so the

repertoire of potassium channels could not be further condensed.

Each conductance (i) carries a unique current, that is based upon its open probability (Pi),

the unitary conductance of the channel (gi, pS), the abundance of the channel (κi, pF-1)

at the membrane, and the electrochemical gradients driving the ion that the channel is

permeable to (Ei). This is described as

Ii = κigiPi(V − Ei), (2.14)

where Ei is the reversal potential for the ion to which channel i is permeable. The unitary

conductance of the individual entities and the equations determining the open probability

of the channel are taken from the literature. This information is included in Appendix A.

Vm is either fixed based upon experimental recordings of time series, or calculated using the

current sum equation in free running simulations. The reversal potentials are either fixed

(EK , ECl, ENa) or calculated based upon the variable intracellular calcium ([Ca2+]i, ECa).

The reversal potential for the ion X is given by the Nernst equation,

EX =
RT

zXF
Ln
[
[X]o
[X]i

]
(2.15)

The final parameter κi is left free, and fitted to experimental data in subsequent chap-

ters.
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Figure 2.1: Illustrative representation of the entities considered by Atia et al. (2016) in con-
structing their model. A: Conductances identified in RNA sequencing by Chan et al. (2014) and
in the literature, and initially considered. B: Final conductance repertoire used in the model.

The membrane potential (Vm) can be determined by the sum of the currents carried by

the individual conductances. According to the current sum equation:

C
dVm
dt

= −
n∑

i=1

Ii. (2.16)

In this model, we assume that the entire membrane is homogeneous, and consider a repre-

sentative 1pF section. With channel densities and currents reported as values per pF, the

term C is eliminated. Integration of the simulated currents with respect to time produces
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virtual charges (Qi), that can summed to determine the voltage.

Vm = V0 −
n∑

i=1

Qi. (2.17)

Using the equations for each individual different conductance species, the behaviour of the

individual channels is simulated to predict the average virtual cumulative charge carried

through an individual channel from species i, Q̂i,

Q̂i =

∫ t

0
giPi(Vm − Ei). (2.18)

The total charge carried by this species (Qi) is determined by the channel density of the

species, κi, which represents the amount of channel i that is at the membrane forming

functional channels. Thus,

Qi = κiQ̂i. (2.19)

Substituting this into Equation 2.17,

Vm = V0 −
n∑

i=1

κiQ̂i. (2.20)

For each channel, we simulate the unitary virtual charge as described in Equation 2.18, at

time t, from t = tmin to t = tmax, sampled at ts time points. Vector Q⃗i is a row vector of

length ts containing this data. Let Qmat be a matrix with n columns, where the ith column

contains the corresponding time series of Q⃗i. This produces the ts × n matrix,

Qmat =




Q⃗1

Q⃗2

...

Q⃗n




T

. (2.21)

If we let κ⃗ be a column vector of length n with the ith element containing the densities of

80



2. Mathematical Models

each entity (κi) then

V⃗0 −Qmat · κ⃗ = V⃗m, (2.22)

where V⃗m is a column vector containing the time series voltage data, and V⃗0 is a vector

of length ts with each element equal to V0. If we let ∆⃗V = V⃗m − V⃗0, the equation can be

solved,

−Qmat · κ⃗ = ∆⃗V . (2.23)

This equation can be solved in the least squares sense to find values for the channel densities

(κ⃗), however when the rank (r) of Qmat is smaller than n (in this case the number of

conductances being considered), as is generally the case, there is no unique solution. The

kernel of Qmat can be used to obtain all of the different combinations of channel densities

that satisfy Equation 2.23, and thus are are equally compatible with the observed data.

This is done using the singular value decomposition (SVD) method (Golub and Reinsch,

1970) to calculate the Moore-Penrose inverse. By SVD, matrix Qmat is expressed as

Qmat = U ·Σ · V T . (2.24)

In this equation, Qmat is the ts × n matrix that we wish to decompose. U is a ts × ts

matrix. Σ is a ts×n diagonal matrix, and V T is an n×n matrix. The final n− r columns

of V constitute an orthonormal basis for the kernel of Qmat.

The diagonal values in the Sigma matrix (Σ) are known as the singular values of the

original matrix. These singular values are arranged in descending order. The columns

of U are called the left-singular vectors of Qmat, and the columns of V are called the

right-singular vectors. We consider the first r singular values, where the value r is chosen

such that r ∈ Z and the (r + 1)th singular value is approximately equal to 0. From Σ, we

select the first r rows and columns, and produce a square r × r matrix D. We let Vr be

a matrix containing the first r columns of V , and Ur be a matrix containing the first r

columns of Ur, and discount the remaining n−r columns. As r → n, Ur ·D ·V T
r → Qmat.
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The pseudo inverse of matrix Qmat (Q−1
mat) is given as

Q−1
mat = Vr ·D−1 ·UT

r . (2.25)

Thus, Equation 2.23 can be solved to find a set of values for κ⃗, which we term κ⃗+r :

κ⃗+r = −Vr ·D−1 ·UT
r · ∆⃗V . (2.26)

This solution for kappa represents just one potential way for the cell to reproduce the

observed behaviour. These values may not represent the true physiological values, or even

a physiologically feasible conductome, however, as they may not all be positive, or may be

implausibly abundant.

We consider alternative solutions to the equation, which will reproduce the data to the

same degree of accuracy. The final n − r columns of V (V(n−r)) span a null space. The

sum of κ+r and any linear combination of the null space vectors produces a new vector, κ̂r,

which is equally compatible with the data, and which gives the same approximation for

the sampled values of the adjusted membrane potential (∆V ). We let γ⃗ be a row vector

of length n− r which contains weighting coefficients of each null space vector.

κ̂r = κ⃗+r + γ⃗ · V(n−r). (2.27)

Thus, the kappa vector has no unique solution, but an optimised solution can be deter-

mined subject to imposed constraints, such as maximum channel density, non-negativity

and, as performed by Atia et al. (2016), molecular parsimony, using as few channels as

possible.

2.1.3 Global Parameters Used in the Models

The following parameters are defined globally, and used within multiple equations through-

out the models. These parameters we used by Atia et al. (2016) based upon standard
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experimental conditions in which the data was obtained, which typically aim to reproduce

the physiological environment in vivo as much as possible, through the use of physiological

saline solutions and heated chambers for experimentation.

Restricted and dynamic spaces within the interstitium and cells themselves were not con-

sidered as part of this model. These may be modified by movement and contraction of the

tissue, as well as ionic fluxes across the membrane. This may therefore have a profound

impact on the current that carried. However, there is lack of experimental data to describe

this in the myometrium, and such experiments would be technically challenging to perform

to determine the relevant concentrations, volumes and time dependent changes. For sim-

plicity, the extracellular ionic concentrations are included in the model as constants.

Table 2.1: Global parameters used in the model, taken from Atia et al. (2016).

Notation Definition Value/Units
Global Variables:
V Membrane potential mV
[Ca2+]i Intracellular calcium µM
ECa Calcium reversal potential mV
Ii Current carried by entity i fA/pF
Global Constants:
F Faraday’s Constant 96,485Cmol-1

R Gas constant 8314 mJK-1

T Temperature 310 K
[Ca2+]o Extracellular calcium 1.8mM
[Na+]o Intracellular sodium 12.11mM
[Na+]i Extracellular sodium 140mM
[K+]i Intracellular potassium 90mM
[K+]o Extracellular potassium 4.5mM
[Cl-]i Intracellular chloride 80mM
[Cl-]o Extracellular chloride 140mM
zNa Charge of sodium ion +1eV
zK Charge of potassium ion +1eV
zCa Charge of calcium ion +2eV
zCl Charge of chloride ion −1eV
ENa Sodium reversal potential +65mV
EK Potassium reversal potential -80mV
ECl Chloride reversal potential -15mV
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2.1.4 One and Two Pool Models of Calcium Release

Dupont et al. (1990) produced a two pool model to describe the release of calcium from

intracellular stores to produce calcium oscillations. In this model, there are variables for

cytoplasmic ([Ca2+]i) and stores ([Ca2+]s) calcium. This minimal model is governed by

the pair of ODEs:

d[Ca2+]i
dt

= v0 + v1βIP3R − v2 + v3 + kf [Ca2+]s − k[Ca2+]i,

d[Ca2+]s
dt

= v2 − v3 − kf [Ca2+]s. (2.28)

The rate of uptake into stores (v2) is given by the Hill equation, and is dependent upon

cytoplasmic calcium.

v2 = vm2
[Ca2+]ni

(kn2 + [Ca2+]ni )
. (2.29)

The rate of calcium induced calcium release (v3) is dependent upon both cytoplasmic and

stores calcium, and is given by the equation

v3 = vm3 ·
[Ca2+]ms

(kmR + [Ca2+]ms )
· [Ca2+]pi
(kpA + [Ca2+]pi )

. (2.30)

This was further developed to produce a one pool model to describe similar phenomena

(Dupont and Goldbeter, 1993). In this model, the same ODE system is used. However,

parameters are adjusted, and calcium induced calcium release is also dependent upon the

saturation of the IP3R (βIP3R):

v3 = βIP3R · vm3 ·
[Ca2+]ms

(kmR + [Ca2+]ms )
· [Ca2+]pi
(kpA + [Ca2+]pi )

. (2.31)

In each of these models, both cytosolic and stores calcium are assumed to be homogeneous

and well mixed, and the effects of diffusion and spatial constraints are not considered. This

model was further developed to produce a system of partial differential equations, which

accounted for diffusion in 2 dimensions. For the purposes of this work, the former model
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is used, as there was limited experimental evidence to suggest diffusion had effects on a

physiologically relevant timescale. These models were not fitted directly to experimental

data, but reproduced physiological phenomena reasonably well, based on observtaions in

a variety of cell types, such as mammalian hepatocytes and xenopus oocytes.

Table 2.2: Parameters used in the one and two pool calcium models as developed by Dupont
et al. (1990); Dupont and Goldbeter (1993)

Notation Definition Value/Units
Variables:
[Ca2+]i Intracellualr calcium µM
[Ca2+]s Stores calcium µM
v2 Calcium rate uptake into stores µM min-1

v1 Caclium release from stores µM min-1

βIP3R Activation of the IP3R
A Cytosolic IP3 µM
Constants in
Two/One pool Model:
v0 Background calcium influx 1µM min-1

v1 IP3 mediated Calcium release from stores 0/7.3µM min-1

vm2 Max stores uptake 65µM min-1

vm3 Max Stores release 500µM min-1

k Calcium extrusion rate 10min-1

k2 Threshold constant reuptake 1µM
kR Threshold constant, release 2µM
kf Constant SR leak 1 min-1

m Hill coefficient for CICR 2
n Hill coefficient for calcium reuptake 2
p Hill coeffcient for IP3 4
DCa Calcium diffusion coefficient 40µ2s-1

DA IP3 diffusion coefficient 200µ2s-1

kA Threshold constant IP3R activation 0.9µM
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2.1.5 Computational Methods

In order to perform the simulations, equations were entered into Wolfram Mathematica

(Version 12.2, Wolfram Research, Inc). Differential equations (ODEs and PDEs) are solved

numerically using the function NDSolve. This function switches between backward differ-

entiation formulas and Adams’ multistep methods depending on the stiffness of the system.

The function FindFit was used to perform least-squares fitting to experimental data. To

perform the SVD, the function SingularValueDecomposition was used. Based upon

the output from this, the function LinearProgramming was used to identify optimal

solutions for γ⃗ that satisfied the constraints that were imposed.

Annotated Mathematica notebooks containing code used will be uploaded at the following

URL: https://github.com/j-dunford/PhDThesis.git
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Chapter 3

Model Development and

Optimisation

3.1 Reproducing the work of Atia et al. (2016)

Using the equations for the conductances described in the Appendix A, the methodology

described by Atia et al. (2016) was used to recreate a model of uterine excitability. The

published data traces describing intracellular calcium and membrane potential, shown in

Figure 3.1 are used to gate each of the conductances previously described. The full list of

conductances used is shown in Figure 2.1. In line with the work of Atia et al. (2016), the

Type I and II gap junctional currents (Gap1 and Gap 2) are also considered here. By gating

the conductance models using the experimental data, the time series of the open probability

of each species can be calculated. From this open probability, the average current passing

through an individual channel of each species can be simulated. This is referred to as a

“virtual current”. The virtual currents are numerically integrated with respect to time,

to produce virtual cumulative charges that are transferred across the membrane. These

virtual charges are shown in Figure 3.2.
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Figure 3.1: Voltage and calcium time series produced by Atia et al. (2016) and used to produce
a model of myometrial excitability. A: Estimated intracellular calcium (nM), B: Membrane poten-
tial (mV) recorded by micropipette impalement. Both recordings were taken from the same cell
simultaneously.
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The SVD approach is used to reconstruct the waveform as the product of the individual

virtual charges. Figure 3.3A shows the waveform reconstructed using increasing singular

values. The singular values themselves decrease with increasing rank (Figure 3.3B). In-

creasing the number of singular values used increases the resemblance of the reconstructed

trace to the original dataset. Calculating the sum of squares between the reconstructed

and original trace for the first r provides a measure of how well the data is reproduced

(Figure 3.3C). It can be seen that singular values 5 and 11 lead to a notable reduction in

the sum of squares. Using the first 5 (r = 5) singular values, a waveform consistent with

that produced by Atia et al. (2016) was generated (Figure 3.3D).
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Figure 3.2: Virtual charges carried by the entities considered in the Atia model. Each charge
was calculated as the integral of the simulated current. Graphs are for illustrative purposes, and
show the current transferred (fC, y-axis) against time (ms, x-axis).
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Figure 5.1: Observed voltage with the estimated fit.
Black: the observed voltage trace. Blue: fit with general least-squares estimate (b =
+ +

Pn�r
j=1 �jv

0
j ). Green: fit with the constrained least-squares estimate satisfying the

non-negativity criterion (b = p +
Pn�r

j=1 �jv
0
j ) .

5.1.1 Imposing the forcing function

The channel densities are the sole unknown parameters, after estimating all kinetics

of the various conductances from the literature. We used the native cell behaviour

combining the simultaneously acquired data sets (V and [Ca2+]i as a function of

time) to drive the gating kinetics of each entity in our model. The gating time

series obtained are then used to calculate the individual currents (a selection of

which is shown in Figure 5.2). Integrating the individual currents we obtain the

virtual charges, which combine additively to give the membrane potential according

to equation (3.14). From these virtual charges we construct the m⇥n matrix W , as

described in Chapter 3 where m is the number of data points and n is the number

of entities.

5.1.2 Solution via SVD

To obtain the least-squares solution of equation (3.19), the matrix W is factorised,

using SVD, into three matrices as exhibited in equation (3.2). The SVD produces

two orthogonal matrices and one diagonal matrix. The first orthogonal matrix U

is defined by the left singular vectors of the matrix W while the second orthogonal

matrix V the right singular vectors. The rank of the matrix W, r, can be deduced

from the number of non-zero singular values.
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Figure 3.3: .

Singular value decomposition of the virtual charges considered by Atia et al. (2016). A:
Reconstruction of the original trace considering the r largest singular values. As r increases,
the time series is reproduced more accurately. B: Left- Plot of the log of the single values,
showing how they decrease. The final singular value (r = 31) is 0 (not shown due to the
Log scale) Right- Plot of the sum of squares of the differences between the reconstructed
traces and the original data. As the value of r is increased, the quality of the reconstructed
trace improves. Large increases in the quality of fit are seen at certain values of r, such as
r = 5. This correlates well with the traces shown in A. C: Reconstruction of the trace as
performed by Atia et al. (2016). Black: original data, blue: best fit via SVD, green: best
fit subject to non-negativity constraints. 91
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Feasible conductomes that could be produced using the null space were then investigated.

Conservative upper bounds for the conductances were taken from Atia et al. (2016), and

are given in Table 3.1. Subject to non-negativity criteria and these upper bounds, no

compatible parameter space could be identified that reproduced the waveform to a degree

of accuracy comparable with that reported by Atia et al. (2016).

Table 3.1: Upper bounds for channel densities proposed by Atia et al. (2016).

Potential conductance species Number of channels/pF
Kv2.1 17
Kv2.1/9.3 11.2
Kv2.1/6.1 37
BK 1500
BKβ1 700
BKβ3 4
BKβ4 2
SK2 366
SK3 1590
SK4 14
hERG 69.2
Kv4.1 14
Kv4.3 19
Kv4.3+KCNE3 191
Kv4.3+KChIP2b 15
Kv4.3+KChIP2d 10
Kv4.3+KChIP2b+KCNE3 26
Kv3.4 42
Kv7.1 101
Kv7.4 16

Ultimately, the only way in which this could be achieved was by including the gap junction

equations that were initially incorporated, but were reported as 0 in the final fits for the

conductome that were adopted. The formulation of these equations in their model suggests

that there is a cell coupled to the one is being observed by gap junctions, that experiences

an identical membrane potential, offset by an arbitrarily small time interval (in this case

5ms). This potential difference gates and ultimately drives a current through the gap

junction. This handling of gap junctions in this way is unlikely to accurately represent
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physiology. More importantly, as the data is form a single, isolated cell, there would be no

adjacent cells present for gap junctions to connect to. This assumption, and the inclusion

of Gap junctions, is therefore clearly erroneous.

Furthermore, the origin of the trace in question (Figure 3.1) is unclear. Though it was

reported to be the result of spontaneous electrical activity, there is no evidence of any

initiating step to activate the voltage gated channels that would be expected to produce the

initial upswing. The charge transfer that arises as a result of the L type calcium channel

opening can only occur only after the membrane has depolarised. This can be seen in

Figure 3.4, where the increases in the gradient occur after the depolarisation begins. The

calcium waveform is, in fact, somewhat similar to that produced by Shmigol et al. (1998)

in previous work, which was achieved by imposing a voltage step from −80 to 0mV. In the

trace used by Atia et al. (2016), each upswing has a gradient of approximately 30pA/pF.

This may be consistent with an injected current being used to produce this trace. This is

not described by the authors however. Due to the inconsistencies regarding the provenance

of the data, its use in the modelling is questionable, and the ultimate conclusions drawn

from the model may not be valid.
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Figure 3.4: Simulated plots of the cumulative charge from the L and T type calcium channels
in response to the experimental time series from Atia et al. (2016). Shown is the original voltage
trace (dark blue), and the simulated charge transferred through voltage gated calcium channels.

As part of their model, Atia et al. (2016) also describe a basic calcium handling model for
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their system. This is given by the equation

d[Ca2+]i
dt

= γLI[L-Type] + γT I[T-Type] − λ[Ca2+]i. (3.1)

In this model, there is calcium entry via the L and T type calcium channel, and extrusion

which is dircetly dependent upon the free cytoplasmic calcium ([Ca2+]i).

This calcium model was tested to validate that it did indeed reproduce the experimental

data as reported. Using the values for γL, γT and λ fit by Atia et al. (2016), and the Vm

trace provided by Atia et al. (shown in Figure 3.1), the intracellular calcium transient

in response to the electrical stimulus was simulated. The calcium waveform was poorly

reproduced, and did not align well with the experimental data (Figure 3.5A). Recalculating

the best fit for the 3 free parameters, the waveform was again poorly reproduced (Figure

3.5B). While this calcium model was reported to describe free calcium, it produced a less

poor to the fluorescence signal (Figure 3.5C).
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Figure 3.5: The calcium model proposed by Atia et al. (2016). A: The fit produced using the
parameters taken from Atia et al. (2016). B: Refitting the parameters in the model to the data
failed to produce an acceptable fit. C: A marginally better fit to the fluorescence time series was
observed, but the data was still not well reproduced.

This ultimately suggests that the model in the form published by Atia et al. (2016) did

not function as reported. In light of the numerous issues identified, further work was

undertaken to correct and further develop the model.
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3.2 Voltage Gated Calcium Channels in the Myometrium

The model used to describe the current carried by the L-type calcium channel in the

Atia model was based upon data taken from Shmigol et al. (1998). In those experiments,

calcium currents were measured, and the L- and T- type currents were not evaluated

separately. The authors state that the current was entirely ablated by nifedipine, however

do not present this data. The kinetics for activation and inactivation proposed based

upon these measurements were markedly different to those reported by Yang et al. (2011),

who evaluated various combinations of L-type calcium channel subunits. In particular,

inactivation was shifted to much more negative voltages in the observations of Shmigol

et al. (1998). This may be a result of interactions with other unidentfied subunits within

the USMC, or may be due to simultaneous observation of a current through the T-type

calcium channel. Such a current would be present at more negative potentials, and rapidly

inactivate at less negative potentials, and so may account for this observation. When

the Vm and [Ca]i data provided by Atia et al. (2016) (Figure 3.1) is used to gate the L-

type calcium channel, then a large baseline current leak also observed, shown in Figure

3.6.
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Figure 3.6: Simulated L- and T-type calcium currents based upon the models used by Atia et al.
(2016)

The L-type current simulated by the model used by Atia et al. (2016) was not consistent

with the properties and function of the L-type channel reported elsewhere. According to
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these simulations, the L-type channel produces a large baseline leak of calcium into to

the cell, which would have a significant effect on baseline calcium; this is suggested to

be the role of the T-type calcium channel int he myometrium, however (Blanks et al.,

2007b) We consider alternative models for the L-type calcium channel, based upon the

kinetics described by Yang et al. (2011), with equations presented in the Appendix A,

for combinations of subunits present in the RNA sequencing of intact myometrial biopsies

(Chan et al., 2014). The kinetics for these conductances are given in Section A.1.1.

Blanks et al. (2007b) investigated the calcium current in freshly dissociated USMCs, and

described both the whole current and a nifedipine insensitive component. The former

was attributed predominantly to both the L- and T- type channels, while the latter was

attributed to the T-type channel alone. Further currents were measured using a higher

holding potetial, to inactivate and eliminate the T type current. Using this data, under

the assumption that the currents measured are exclusively the result of the L- and T- type

calcium channels, we deduce IV-curves for each conductance (Figure 3.7).
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Figure 3.7: Experimentally determined IV curves for the isolated L and T type currents in the
uterine myocyte. Taken from Blanks et al. (2007b). A: i- Calcium currents were measured by
stepping from a holding potential of -80mV a step potentials of -60 to +60 mV (circles). The
nifedipine blocked a component of this current (attributed to the L type calcium channel). ii-
The T-type current component was extracted from the published data (shown is the current in
pA/pF). B: i- Calcium currents were measured by stepping from a holding potential of -50mV a
step potentials of -60 to +60 mV (circles). The nifedipine blocked a nearly all of this current,
suggesting that it was carried almost entirely by the L-type calcium channel. This is consistent
with the inactivation of the T-type current at the higher holding potential. ii- The L-type current
component was extracted from the published data (shown is the current in pA/pF).

For the T-type calcium channel, the model described in Section A.1.2 is subjected to simu-

lated voltage steps from a holding potential of -80mV in 10mV increments, to replicate the

experimental protocol (Figure 3.8A). The peak channel open probability of the channel

is obtained from these traces, and from this the peak current per channel is calculated

(Figure 3.8B). ECa is deduced from the experimental data. The unitary current is multi-

plied by the channel density (κ[L-Type]), which is determined by least squares fitting to the

experimental data. The channel density is estimated as 4.5 channels per pico-Farad.
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Figure 3.8: Simulated voltage clamp experiments for the T-type calcium current. A: Simulations
of voltage steps from -80mV to different stepping potentials cause opening and rapid closing of
the channel. B: The peak open probabilities (i) and unitary currents (ii) were calculated from
these simulations. C: The current per channel was scaled by free parameter κ[T-type] and fit to the
experimental data. This estimated a channel density of 4.5 channels pF-1.
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For the L-type calcium channel, we consider the 6 different ion channel complexes that are

present within the USMC based upon the work of Chan et al. (2014). Whilst these subunits

are present at a transcriptional level, the precise configuration that assembles to form the L-

type channel in the myometrium is not known. For each potential subunit combination, the

simulated voltage clamp protocol is repeated, and the IV-curves constructed (Figure 3.9A).

From these IV curves, the channel complex comprising α1C+β1+α2δ+γ4 best described

the experimental data, with a channel density of 2.0 channels/pF. The channel density

value calculated from IV curves in a similar fashion to this was too low to produce valid

action potentials in the Tong model, however. It was suggested his may have been due to

rapid changes to the cells conductome that lead to the eventual loss of the current. We

therefore use this value as a lower bound for the channel density.
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Figure 3.9: A: Simulated IV curves of the different L-type channel configurations that are po-
tentially present in the uterine myocyte. B: The best fit was obtained using the α1C+β1+α2δ+γ4
configuration, with a channel density of α1C+β1+α2δ+γ4 pF -1.

There may be further calcium currents present, such as a background leak and that carried
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by the TRP channel family. The current may also arise due to the presence of a heteroge-

nous collection of L-type channels, with different channels comprising different subunit

combinations. In order to more precisely define the calcium channel conductome, SVD

fitting could be used to identify potential combinations of channel complexes that could

produce the observed data. However, such experimental data was not available at the time

of writing. Given the ultimate similarities in the current traces ultimately produced by

the different complexes considered, the calcium L type calcium current was modelled by

the α1C+β1+α2δ+γ4 exclusively.

3.3 Modelling Calcium Handling in the Uterine Myocyte

3.3.1 Calcium Buffering

Calcium buffering through binding to proteins in the cytosol plays an important part in

homeostasis. In previous models of the uterine myocyte, calcium buffering has been han-

dled superficially, with minimal explanation given for the use of arbitrary buffering factors

(Tong et al., 2011), or the unstated incorporation of such buffering processes in other fitted

parameters (Atia et al., 2016). Within the cytoplasm, the total calcium ions ([Ca]2+]cyt)

can be free ([Ca]2+]FREE
cyt ) or bound to buffering proteins ([Ca]2+]BOUND

cyt ). Thus,

[Ca2+]cyt = [Ca2+]FREE
cyt + [Ca2+]BOUND

cyt . (3.2)

The dynamics of the free calcium are given by

d

dt
[Ca2+]FREE

cyt = Φpore +Φbuffer, (3.3)

Where Φpore represents the sum of the fluxes of calcium into the cytosol through voltage

gated channels and release from stores, as well as the active extrusion and reuptake pro-

cesses. Φbuffer represents the binding and unbinding of calcium ions to buffer molecules.

The fluxes contributing to Φpore are discussed in Section 3.4. We describe the dynamics of
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the buffer-bound calcium compartment by

d

dt
[Ca2+]BOUND

cyt = −Φbuffer. (3.4)

If there is a single buffer present, which buffers by single site independent binding, we have

the schematic

[Ca2+]BOUND
cyt

k2−⇀↽−
k1

[B]U + [Ca2+]FREE
cyt , (3.5)

where [B]U represents unoccupied calcium binding sites in the buffer. The concentration

of the total number of potential binding sites [B]T is given by

[B]T = [B]U + [Ca2+]BOUND
cyt . (3.6)

Thus, Φpore is given as

Φbuffer = −k1([BT ]− [Ca2+]BOUND
cyt )[Ca2+]FREE

cyt + k2[Ca2+]BOUND
cyt . (3.7)

In this system, [Ca]2+]BOUND
cyt will relax towards a steady state, obtained by solving Equa-

tion 3.7 for Φbuffer = 0,

[Ca2+]BOUND
cyt,∞ =

[B]T [Ca2+]FREE
cyt

[Ca2+]FREE
cyt + k2/k1

. (3.8)

In this equation, k2/k1 represents the dissociation constant of the buffer. If we as-

sume that the transition rate constants k1 and k2 are sufficiently rapid (i.e. that bind-

ing and unbinding occur instantaneously), then by the quasi steady state assumption

([Ca2+]BOUND
cyt = [Ca2+]BOUND

cyt,∞ ), we substitute Equation 3.8 into Equation 3.3,

[Ca2+]cyt = [Ca2+]FREE
cyt +

[B]T [Ca2+]FREE
cyt

[Ca2+]FREE
cyt + k2/k1

. (3.9)
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This is solved for [Ca2+]FREE
cyt , giving

[Ca2+]FREE
cyt =

[Ca2+]cyt − [B]T −
√(

[Ca2+]cyt − [B]T − k2
k1

)2
− 4[Ca2+]cyt

k2
k1

2
. (3.10)

Equation 3.9 can be differentiated with respect to time, and substituted into Equation 3.2

to yield
d

dt
[Ca2+]FREE

cyt =
Φpore

1 + ([B]Tk2/k1)
(
[Ca2+]FREE

cyt + k2/k1

)−2 . (3.11)

If we assume that the calcium concentrations that will be observed are sufficiently low that

buffer is never appreciably saturated (i.e. that [Ca2+]FREE
cyt ≪ k2/k1 and [Ca2+]BOUND

cyt ≪

[B]T ), then [Ca2+]FREE
cyt + k2/k1 ≈ k2/k1, and

d

dt
[Ca2+]FREE

cyt =
Φpore

1 + ([B]Tk1/k2)
. (3.12)

We define the buffering factor β as

β = (1 + [B]T /KD)
−1, (3.13)

and substitute into Equation 3.12 to obtain

d

dt
[Ca2+]FREE

cyt = βΦpore (3.14)

If there are multiple (nB) buffering proteins present, as is almost certainly the case in a

complex biological system, then the contribution of each of these species to the overall

buffering is given by

d

dt
[Ca2+]FREE

cyt =
Φpore

1 +
∑nB

i=1

(
([B]

(i)
T k

(i)
2 /k

(i)
1 )
(
[Ca2+]FREE

cyt + k
(i)
2 /k

(i)
1

)−2
) . (3.15)

The denominator in this equation represents the sum of the buffering from each con-

ductance species, which is based upon the amount of it in the cytoplasm ([B]
(i)
T ) and
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its affinity for free calcium ( k(i)2 /k
(i)
1 ). For each buffering species, the assumption that

[Ca2+]FREE
cyt ≪ k

(i)
2 /k

(i)
1 may or not be valid. Many different calcium buffering proteins are

present within myocytes, including the proteins that for the contractile apparatus (Shan-

non et al., 2000). Due to a lack of experimental data regarding the buffering processes in

the USMC, we assume that buffering is performed by a single, homogeneous species, that

is itself at a constant concentration, and that it all occurs rapidly, and instantaneously

reaches a steady state; slow buffering processes are not considered.

Daub and Ganitkevich (2000) measured the properties of calcium buffering within smooth

muscle myocytes from the guinea pig bladder. They estimated lower bounds of the prop-

erties of calcium buffers present, suggesting a total buffering capacity of 530µM and an

affinity of 16µM. Using these values, the buffering factor is calculated as β = 0.029. This

is a consistent order of magnitude with the value of 0.015 used by Tong et al. (2011). How-

ever the discrepancy may represent differences in the cell type or species, or be a result of

Tong et al. fitting β as one of multiple free parameters to their data. Alternatively, the

values proposed by Daub and Ganitkevich (2000) as a lower bound may be a significant

underestimate of the buffering which occurs. The use of the parameters proposed by Daub

and Ganitkevich (2000) was evaluated by simulating how the buffering capacity changed

with increasing free calcium (Figure 3.10). This demonstrated that the buffering capactity

changed only modestly across a range of physiological free calcium concentrations (from

0-2µM). Indeed, across this range free and bound calcium were approximately linearly cor-

related. In order to more explicitly account for buffering, the buffering factor could be

fitted as a linear function of free calcium with the gradient kβ ,

β = (1 + [B]T /KD)
−1 + kβ [Ca2+]FREE

cyt . (3.16)

However, this is computationally expensive, and ultimately has minimal effect on the

calcium handling simulations. Based upon this, we adopt a constant value for the buffering

factor of β = 0.029.
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Figure 3.10: Simulated properties of calcium buffering within the uterine myocyte, and the
relationship of bound an unbound calcium. A: The buffering factor (black line) increases with
increasing free calcium, reflecting increased saturation of the buffer (i). The relative difference
between the dynamic (black line) and fixed (grey, dashed line) is relatively minor throughout
much of the expected range of calcium concentrations (ii). B: i- There is a subtly non-linear
relationship between the free cytosolic calcium and the total calcium present (bound and unbound).
ii- Within a physiologically reasonable range of calcium concentrations (dashed square in ii), a linear
approximation holds reasonably well.

3.4 Calcium Fluxes

3.4.1 Calcium Flux at the Membrane

Tong et al. (2011) modelled calcium dynamics in the myometrium with the equation

JCa, mem =
CmAcβ(ICaT + ICaL + INSCC,Ca)

zCaV Fc
,

d[Ca]i
dt

= JCa, mem − JNaCa − JPMCA. (3.17)

In this model, JCa,mem represents the total calcium flux across the membrane through

ion channels. CmAcβ is a scaling constant to account for the geometry of the cell, and

is discussed later in this section. ICaT and ICaL are the currents through the T- and L-

type channels respectively, while INSCC,Ca is the flux through non-specific cation channels.

105



3. Model Development and Optimisation

JNaCa and JPMCA are fluxes due to extrusion by the NaCaX and PMCA pumps.

From the Tong model, we take the equations used to define the fluxes due to the action of

the PMCA and the NaCaX pumps. The PMCA was modelled as a single Hill equation for

calcium binding, with a KD of 500nM (Figure 3.11A), while the model for the NaCaX was

more complex, and in these simulations dependent on the variables of intracellular calcium

and membrane potential (Figure 3.11B). The maximal fluxes for these pumps (J̄[PMCA] and

J̄[NaCaX]) were fitted to data from Shmigol et al. (1998). Using these models, we observe

that, with the range of calcium concentrations expected within the uterine myocyte, there

is in fact relatively little activity of NaCaX (Figure 3.11B.ii). This contrasts with the

findings of Taggart and Wray (1997), who described an important role of NaCaX activity.

A more detailed model of NaCaX activity within the uterine myocyte may be needed to

better describe its activity within this specific cell type. In the absence of such information,

we adopt the value of J̄[NaCaX] from Tong et al. (2011), and a calculate a new value for

J̄[PMCA] from our experimental data.
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Figure 3.11: Properties of fluxes arising as a result of the calcium extrusion pumps PMCA and
NaCaX. A: The relative flux from PMCA is described by the Hill equation for calcium binding
(i). Also shown is the absolute value of the flux considering the value of maximim flux (J̄[PMCA] =
0.35nM ms-1) proposed by Tong et al. (2011). B: i- The dependence of the NaCaX pump on
membrane potential and intracellular calcium. ii- The absolute values of the calcium flux through
NaCaX based upon the value of maximim flux (J̄[NaCaX] = 0.35nM ms-1) proposed by Tong et al.
(2011) across all (top) and physiologucally relevant (bottom) concentrations of cytosolic calcium.

We consider the calcium entry into the cell, which occurs due to flux through the voltage

gated calcium channels (J[L-type] and J[L-type]). Current densities for these channels have

been estimated in previous sections. Thus,

JCa = J[L-type] + J[L-type] (3.18)

The fluxes are calculated from the estimated currents as described by Tong et al. (2011),
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grouping constants together as a flux factor (kJ):

kJ =
βCaCmAc

VczF
,

JCa = kJICa. (3.19)

In this equation, βCa is the buffering factor (i.e. the fraction of calcium that is unbound,

previously calculated as 0.029), Cm is the capacitance of the plasma membrane per unit

area (1µF cm-2, and Ac/Vc is a scaling factor to account for the geometry of the myocyte.

Tong et al. (2011) report a value of Ac/Vc of 4cm-1. Based upon estimated dimensions of

a myometriocyte of 100-300µM long, and 10-20µM in radius, and assuming cylindrical or

ellipsoid geometry, we estimate a more appropriate value of 2500cm-1. The source of this

error, and its implications in the work of Tong et al., is unclear.

We fix the value of κ[T-type] based upon our previous calculations, and fit the parameters

κ[L-type] and J̄[PMCA] to the data time series from Atia et al. (2016), based on the model

described in Equation 3.4.1. This produces a reasonable approximation of the observed

data (Figure 3.12). The value determined from this fit for the L-type channel density is

dramatically different to that calculated previously (Section 3.2). When fitting their L-

type calcium conductance to similar experimental data, Tong et al. (2011) also encountered

a similar problem, that values of L-type current density derived from IV curves did not

produce sufficient current or calcium flux to recreate physiological phenomena, namely the

action potential. To fix this, they arbitrarily increased the L-type current density until

it did. This discrepancy may be due to the experimental approach, or rapid rundown of

the observed L-type current during the experiments to determine the IV curves. We use

the value κ[L-type] = 10.5 channels/pF in the remainder of our simulations. The value of

J̄[PMCA] = 0.59 is broadly consistent with that used by Tong et al. (2011).
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Figure 3.12: Further constraining of the L-type current and PMCA extrusion rate to fit experi-
mental data from Atia et al. (2016). A: κ[L-type] and J̄[PMCA] were fit to the experimental data as
free parameters. This reasonably reproduced the data series. B: Plot of the simulated steady-state
calcium flux through voltage gated calcium channels as a function of membrane potential. Of
note is the plateau at low potentials, which is consistent with the hypothesised role of the T-type
channel in maintaining baseline calcium at rest (Blanks et al., 2007b).

3.4.2 Release of Calcium from Intracellular Stores

We also consider the additional handling process of calcium uptake into the sarcoplasmic

reticulum. This is carried out by the SERCA pump. We adopt a model for this calcium flux

by Shannon et al. (2000), who described a model of bidirectional flux between the cytoplasm

and sarcoplasmic reticulum in the ventricular cardiac myocyte, which are modelled as

separate compartments. This model predicted uptake from the cytosol into the SR against

its concentration gradient; however, at higher SR calcium concentrations, there was also

a flux from the SR into the cytosol. At the reported concentrations of cytosolic and

SR calcium within the uterine myocyte (Shmigol et al., 2001), this reverse pumping was

negligible, and the total flux could be well described by the Hill equation with an EC50 of

290nM:

J[SERCA] = J̄[SERCA]
1

1 + ([Ca]cyt/EC50)
0.75 . (3.20)

The behaviour of this pump is shown in Figure 3.13. A value for the maximum calcium

uptake via SERCA (J̄[SERCA]) in the myometrium was not available. Shannon et al. (2000)

reported a value of 137nM/ms amongst the cardiac myocyte. This is significantly greater

than the fluxes used for PMCA and NaCaX in the Tong model, and is likely due to the
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much more rapid calcium cycling which occurs over intervals of < 1 second in the cardiac

myocyte, but which occur over many seconds of minutes in the myometrium.
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Figure 3.13: Properties of the SERCA pump. i: The SERCA pump model by Shannon et al.
(2000) predicted dependence of SERCA flux on calcium concentration in the cytosol and lumen
of the SR. However, at a generous range of physiologically relevant SR calcium concentrations
in the uterine myocyte (Shmigol et al., 2001), there was minimal effect of this. ii: We assume
the the SERCA pump is dependent solely upon cytoplasmic calcium concentrations, and can be
represented by a simple Hill equation for cytoplasmics calcium.

The release of calcium from intracellular stores within a line of immortalised USMCs was

observed experimentally (described further in Chapter 6). Using this data, we estimate

intracellular calcium concentrations in cells following 100nM oxytocin stimulation using

the equation

[Ca]est = KD
f − fmin

fmax − f
, (3.21)

where the KD of the dye used (Calbryte 520) was 1200nM. Traces are shown in Figure

3.14. In a dataset of 10 cells from a single dish, mean peak calcium was 338nM, and resting

calcium was 103nM. The events observed lasted approximately 15-20 seconds.
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Figure 3.14: Experimentally observed calcium transients in cultured, immortalised uterine my-
ocytes (MyLA cells, see Chapter 6). A: i- Raw fluorescence traces from n = 10 cells measured by
widefield microscopy. ii- Estimated calcium concentrations (nM). B: Representative traces showing
waveform in individual cells .

Traces from cells in which oscillations were observed (discussed and traces shown in Chap-

ter 6) were not consistent with the pattern of oscilations produced by the two pool model

(Dupont et al., 1990), but could be reproduced reasonably well by the one-pool calcium

model (Dupont and Goldbeter, 1993). Representative simulations from both of these mod-

els are shown in Figure 3.15. We incorporate the one pool model into our simulations.
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Figure 3.15: Representative simulations produced using the one and two pool models of intra-
cellular calcium oscillations. Simulations show cytoplasmic (green) and SR (red) calcium in the
two pool (Dupont et al. (1990), A) and one pool (Dupont and Goldbeter (1993),B) models. Sim-
ulations performed using the two pool model produce sustained oscillations of a mostly consistent
amplitude. The one pool model produces a single large transient, followed by a train of oscillations
of a much lower amplitude.

We first consider the intracellular calcium at rest, based upon the model proposed by

Dupont and Goldbeter (1993). In this model, there are 3 calcium compartments: cyto-

plasmic ([Ca]cyt), the sarcoplasmic reticulum ([Ca]cyt) and extracellular ([Ca]ext). This is

shown in Figure 3.16. The fluxes between the cytoplasm and extracellular compartment

are given by v0, assumed to be a leak out of the cell through the voltage gated calcium

channels, and k, which represents the extrusion by PMCA, in addition to minor amounts

of extrusion by NaCaX. In order to better represent the cellular processes in these simula-

tions, we consider extrusion based explicitly on J[PMCA] and J[NaCaX], and influx calculated

from JCa, assuming a resting membrane potential of Vm = −60mV. The two fluxes are at
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equililbrium, such that

v0 = JCa,

k = J[PMCA] + J[NaCaX],

JCa = J[PMCA] + J[NaCaX]. (3.22)

We assume that v0 is the product of calcium entry through the L- and T-type calcium

channels, for which we have estimated channel densities. We also assume a constant

resting membrane potential of −60mV, and [Ca]cyt of 100nM under these conditions. The

influx through L and T type calcium channels is assumed to be constant, and that changes

in Vm and ECa are negligible. For the fluxes between the cytosol and the SR, the system

assumed to be at equilibrium, with a resting [Ca]sr=1000nM, based upon the value reported

by Shmigol et al. (2001). Uptake from the cytosol to the SR occurs under the action of

the SERCA pump, as described in Equation 3.20. Therefore,

v2 = J̄[SERCA]
[Ca]cyt

0.75

2900.75 + [Ca]cyt
0.75 = 1000kf . (3.23)

This further simplifies to
0.328

1000
J̄[SERCA] = kf . (3.24)

This reduces the number of free parameters in the model such that only J̄[SERCA] is not

defined thus far. We then consider the additional flux, v3, which accounts for the IP3

mediated release of calcium from intracellular stores via the IP3R. We adopt the equation

used in the one pool model, and postulate an additional calcium dependent inactivation

process to account for the bell shaped calcium dependency of the IP3R (Parker and Ivorra,

1990; Iino, 1990; Bezprozvanny et al., 1991). This is given by the equation

v3 = v̄3βIP3R · [Ca]cyt
2

2502 + [Ca]cyt
2 · [Ca]sr4

10004 + [Ca]sr4
·
(
1− [Ca]cyt

2

5002 + [Ca]cyt
2

)
. (3.25)
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Figure 3.16: Schematic representation of the 1 pool model by Dupont and Goldbeter (1993).
v0- Calcium leak into cell, k- calcium extrusion at membrane via pumps, v2- calcium uptake into
stores, v3- release of calcium from stores via IP3 gated channels (IP3R), kf - rate of ungated calcium
leak from SR into cytosol.

βIP3R represents the level of saturation of the IP3R by its ligand, which is used as a stim-

ulatory input with a value of 0 or 1 in these simulations. v̄3 is the maximum flux through

the IP3R, and is a free parameter. We adjust the two free parameters (J̄[SERCA] and v̄3)

and simulate calcium responses within the cells. These parameters were arbitrarily set to

a combination of values that subjectively correlates reasonably well with the data. Sub-

ject to the fixed parameters previously described, however, the simulated trace could not

reproduce sustained oscillations. The waveform of a single response correlated reasonably

well to experimental data, however (Figure 3.17). Further experimental work to estimate

these parameters, and to incorporate a more detailed model of IP3 mediated calcium re-

lease (Hituri and Linne, 2013), may produce a more accurate and representative fit. This

model reproduced calcium transients that were consistent with experimental observations,

and so this was used further.
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Figure 3.17: Simulated calcium transients produced by the two pool model. A: Simulated calcium
transient (dotted line) and representative trace from experimental data (black line). B: Simulated
drop in SR calcium concentration following release into stores. Simultaneously acquired experi-
mental data was not available for this, but it was approximately consistent with the observations
of Shmigol et al. (2001).

This model also predicts a small, transient reduction in cytosolic calcium following de-

pletion of stores. This arises as there is a reduced leak from the stores, and so baseline

calcium is not maintained. This is not consistently observed experimentally in our record-

ings, however it has been observed elsewhere (Shmigol et al., 2001), but not reported in

detail. The depletion of stores may stimulate SOCE in the uterine myocyte, which could

compensate for this in cells. Incorporation of SOCE into this model would allow more

accurate representation of the calcium handling.

The properties of 3 models of the 3 entities respponsible for calcium removal from the

cytosol are consistent with their proposed roles, with SERCA playing a role in maintaining

the baseline/resting calcium levels, with pump activity increasing rapidly with cytoplasmic

calcium concentration in the resting range. PMCA will be active in returning the calcium to

baseline following a calcium transient, while NaCaX is only activated at the very extremes

of intracellular calcium concentrations, such as during voltage gated calcium entry. Due

to the EC50 of the Hill equation describing PMCA activity, there is an almost linear

dependence on calcium through much of the physiologcal calcium range. The activity of

PMCA acting alone could therefore be approximated by a first order decay process. This
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supports the validity of the simple extrusion model proposed by Atia et al. (2016).

3.5 Modelling Calcium Dynamics in the Uterine Myocyte

Based upon this work, we define a model for calcium dynamics in the uterine myocyte,

given by the equations

d

dt
[Ca]cyt = J[Ca] − J[NaCaX] − J[PMCA] +

V3 + kf [Ca]sr − V2
σsf

, (3.26)

d

dt
[Ca]sr = σsf (V2 − V3 − kf [Ca]sr). (3.27)

The values of the constants and definitions of the parameters are given in Table 3.2.

Table 3.2: Notation for the Calcium Handling Model

Notation Definition Value

κ[L-type] L-type channel density 10.5/pF
κ[T-type] T-type channel density 4.6/pF
J̄[NaCaX] Maximum extrusions rate of NaCaX 3.5.nM/ms
J̄[PMCA] Maximum extrusion rate of PMCA 0.59nM/ms
VM3 Maximum release rate through IP3R 0.6nM/ms
kf Rate constant for background leak from SR 3.28× 10−4ms-1

VM2 Maximum uptake by SERCA 0.1nM/ms

σsf
Scaling factor for calcium capacity of cytosol
vs SR

0.6

Calcium Compartments

[Ca]cyt Cytoplasmic calcium concentration -nM
[Ca]sr SR calcium concentration -nM

Calcium Fluxes

JCa Entry through voltage gated channels
J[NaCaX] Extrusion by NaCaX
J[PMCA] Extrusion by PMCA
V2 Uptake via SERCA
V3 Release via IP3R
kf [Ca]sr Leak from SR to cytosol
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Experimental data that quantitatively measures intracellular calcium and membrane po-

tential in the uterine myocyte is technically challenging to obtain and scarce. Using this

calcium model, we consider alternative electrophysiological observations, and simulate cal-

cium dynamics. Figure 3.18 shows a recording from a micropipette impalement of a my-

ometrial strip that is producing an action potential. This recorded by Dr Conor McCloskey,

and was an observation of a spontaneous action potential in term myometrium (39 weeks

gestation) and not in active labour. Details of the experimental techniques used to obtain

this recording are given in McCloskey et al. (2014).

Using this data, we suppose an initial stimulus occurs at t = 26000ms. This leads to

local calcium release, resulting in a small transient. Simultaneously, a current begins the

depolarisation of the membrane. Once this current brings the membrane potential to

threshold, the upswing of the action potential fires, due to opening of the L-type voltage

gated calcium channel. This leads to significant further calcium influx. At the end of the

action potential, membrane potential returns to normal, or may hyperpolarise further, and

calcium is extruded from the cytoplasm to also return to baseline levels.
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Figure 3.18: Simulated calcium transients based upon membrane potential recordings from mi-
cropette impalement of an intact human term myometrial strip. A: Micropipette recording of
calcium transient observed in human myometrium recorded by McCloskey et al. (2014). B: Simu-
lated cytoplasmic calcium concentration. C: Simulated SR caclium concentration.

When this voltage trace is used to drive the calcium model, a cytoplasmic calcium transient

that is consistent with the expected behaviours is observed (Figure 3.18). Quantitative

data to determine the magnitude of these transients in intact tissue was not available,

however. Thus, it is unclear if this truly represents the calcium concentrations within the

myometrium during the action potential.

This model produces a further prediction, that the sarcoplasmic reticulm may act to

“buffer” the rise in intracellular calcium during voltage gated calcium entry. While the

dynamics of SR calcium during stimulation have been observed in isolated rat myocytes

(Shmigol et al., 2001), reports such experiments in intact human tissue could not be iden-

tified in the literature.
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In the rodent myometrium, the ryanodine receptor is suggested to have a role in calcium

release and CICR (Martin et al., 1999), however there has been no evidence for this in

human myometrium. The IP3R is the principle source of flux out of the SR. This receptor

becomes deactivated at the cytoplasmic calcium concentrations modelled here, and which

are physiologically plausible in cells experiencing an action potential. Thus, the SERCA

pump, which will be near saturation, will act unopposed to sequester calcium into the SR.

Furthermore, the calcium concentration gradients between the SR and cytosol may in fact

become reversed, leading to a reversal of the flux through any open channels that may

be present. Thus, experiments to quantitatively evaluate cytoplasmic and SR calcium in

USMCs and intact myometrial strips undergoing calcium mediated depolarisation may be

warranted to validate these predictions.

3.6 Parameter Estimation and Selection of a Plausible My-

ometrial Conductome

Using the new dataset of the membrane voltage recording and the simulated calcium dy-

namics, we go on to simulate the individual conductances in the myometrial conductome.

As the precise mechanism underlying the termination of the plateau phase are not known,

we truncate the trace, and do not consider the repolarisation and termination of the ac-

tion potential. The truncated traces for membrane potential and intracellular calcium are

shown in Figure 3.19.
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Figure 3.19: Truncated voltage (left) and calcium (right)traces used for fitting of conductances.
The truncated traces began at t = 19, 000ms, and end at t = 50, 000ms. The time interval
chosen contains a period at a baseline RMP of −60mV and cytoplasmic calcium concentration of
approximately 100nM, followed by an initial perturbation, that produces a slow depolarisation and
release of calcium from stores. This gives rise to the action potential, and an associated increase
in Vm and intracellular calcium.

The identity of the depolarising conductance that initiates the action potential is also

not known. The initial depolarisation begins at t ≈ 26000ms, and the upswing of the

action potential begins at t ≈ 30000ms. The initial depolarisation is a change in voltage

of +10.4mV over approximately 4000ms. This equates to a net current of just 2.6fA/pF.

We consider an injected current that is equivalent to this, and retrospectively consider

conductances that may carry it. The step function used to produce this current was also

weighted by its own density factor when estimating the conductome. This is because, due

to the nature of the non-linear system, the depolarisation caused by the initial stimulus

would gate the other conductances, which may attenuate or exaggerate the resultant change

in Vm. We also consider an additional current IK, Leak, which arises due to the leak of

potassium ions through ligand gated and other channels that are not explicitly accounted

for in the simulated conductance repertoire. The current and charge traces are shown in

Figure 3.20.
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Figure 3.20: Current and cumulative charge traces for additional hypothesised currents contribut-
ing to the trace. A: An square pulse of 2.6fA/pF was used to account for the initial depolarisation.
B: A background potassium leak was also included, to account for the flux of potassium ions
through ligand gated and other channels not expliciitly accounted for.

For the voltage gated calcium channels, we adopt the channel density values calculated

in Section 3.5. For the pump NaCaX, we adopt the values of the peak calcium flux used

by Tong et al. (2011), and calculate the charge transfer using the conversion factor k−1
J .

The NaK pump model, and its peak conductance, is again taken from Tong et al. (2011).

The traces of these conductances, and the charges that they transfer, are shown in Figure

3.21.
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Figure 3.21: Current and cumulative charge traces for conductances for which estimates are
available for the absolute densities and magnitudes of the resultant currents. L- and T-type
calcium currents were determined based on our previous estimates in this chapter. The currents
from the NaCaX and NaK pumps were calculated based on the parameters and equations given
by Tong et al. (2011).

These charges are summed, and subtracted from the change in voltage trace (∆V ). This

leaves a time series that is equivalent to the sum of the charges from the remaining con-

ductances, which we term ∆VK . This is shown in Figure 3.22.
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Figure 3.22: Adjusted voltage traces used for fitting of current traces. A: ΔV was calculated as
Vm(t)− Vm(0). B: We subtract the defined conductances (Shown in Figure 3.21) , and get a new
trace termed ∆Vk to which the remaining conductances can be fit.

The remaining conductances to be incorporated are the potassium channels that were de-

tected in the transcriptomic data. The open probabilities, virtual currents and cumulative

charges for each of these conductances are shown in Figure 3.23.
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Figure 3.23: Traces showing the open probabilities (A), simulated currents (B), and cumulative
charges transferred (C) through the 4 of the 20 potassium conductances considered. Shown are
traces for the BKα, Kv2.1/6.1, Kv4.3+KCHiP2b and Kv7.4 channels as examples. This figure
shows illustrates how the virtual charges are produced, to better visualise reconstruction of the
original waveform.

We refit the conductomes to ∆VK as per the SVD method, as described by Atia et al.

(2016). We consider the SVD of the matrix Qmat, containing the cumulative charges

in each column. In this case, there are 22 columns, corresponding to the 20 potassium

channels, injected current and potassium leak.

Qmat = U ·Σ · V T . (3.28)

The reconstruction of the trace from the r largest singular values is shown in Figure 3.24.
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Figure 3.24: A: Reconstruction of the trace ∆V from the r largest singular values. The trace is
well reproduced even at low values of r. B: Plot of the Log10 of the singular values (Left). The
reconstructed traces using the top r singular values are compared to the original trace, and the
sum of squares of the differences is plotted (right).

This is used to determine the pseudoinverse of Qmat, and to calculate κ̂ as described in

Section 2.1.2. We then formulate a search for alternative κ combinations that can reproduce

the data. These comprise the sum of κ̂ and any linear combination of null-space vectors

(Vn−r),

ˆ̂κ = κ̂+ Vn−r · γ. (3.29)

While the “true” null space is clear, due to the singular values in the diagonal of Σ

(σ1, . . . σn, which are stored in column vector σ⃗) being 0, low singular values may also

be effectively negligible. We consider the entirety of matrix V , and weight the elements of
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3. Model Development and Optimisation

γ⃗ by the corresponding singular value. We then seek to minimise the objective function,

I, subject to the constraints γ⃗ ∈ Rn−r and ˆ̂κ ≥ 0:

I =

n∑

i=1

|γi|σi = γ · σ. (3.30)

This allows objective fitting to the experimental data, instead of making an an arbitrary

decision of where the null space begins, as was done by Atia et al. (2016).

500 1000 1500 2000 2500 3000
Time (ms)

-5000

-4000

-3000

-2000

-1000

�VK (mV)
�V Fit

Figure 3.25: Reconstruction of the ∆Vk trace from the potassium conductances.

In the work of Atia et al. (2016), the final conductome selected was the one containing

the smallest number of ion channels, based on the rationale that it is advantageous for a

cell to be efficient with its available resources. However, evolutionary pressures may favour

redundancy as well as parsimony, and other factors are likely be present, and so this may

not be a true representation of a cell’s conductome. Additional data, such as measure-

ments of pooled macroscopic currents, may be used to further constrain the parameter

space of feasible conductomes. This was not available in further developing this model,

however.

The increased weighting of the Iinj suggests that an increased current to that initially

hypothesised is needed, in order to overcome the damping effect of the potassium channels.

The new injected current equates to 102.6fA/pF, which is still physiologically plausible.
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3. Model Development and Optimisation

The remaining conductances are all consistent with the upper bounds calculated by Atia

et al. (2016)

The fit to the ∆VK trace obtained here was good in parts of the trace that corresponded

to the cell at rest (at RMP), during the initial depolarisation and during the upswing of

the action potential. However, the quality of the fit was poor during the upswing of the

action potential. This suggests that conductance repertoire considered, specifically the

models for the individual potassium conductances used, are not sufficient to explain the

potassium currents that occur in these cells. Nonthesess, the conductome estimated here

is able to reproduce the observed data with reasonable fidelity, and represents a realistic

approximation of what may be present in cells. This conductome is shown in Table 3.3.

The calcium model and channel density sets described here are used in the forward running

simulations.
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3. Model Development and Optimisation

Table 3.3: Estimated myomertrial conductome using the SVD method

Entity Channel Density (κ, pF-1)
BK alpha 0.9285
BK Beta 1 0.2138
BK Beta 3 0.4262
BK Beta 4 0.0031
Kv2.1 3.3471
Kv2.1/6.1 2.0367
Kv2.1/9.3 9.5487
Kv3.4 0.5464
Kv4.1 1.0760
Kv4.3 1.35381
Kv4.3+KChIP2b 0.8785
Kv4.3+KChIP2d 0.8615
Kv4.3+KCNE3 0.6647
Kv4.3+ KChIP2b+KCNE3 0.3615
Kv7.1 0.4699
Kv7.4 1.3808
Kv11.1/hERG 0.4424
SK2 0.9756
SK3 0.5457
SK4 0.1198
Iinj 39.4880
IK,leak 1.6794
Previously defined Channel Densities
L-type VGCC 10.5
T-type VGCC 4.5

127



Chapter 4

Model Simulations and

Predictions

4.1 Validation of the Model

In order to assess the ability of the model to replicate experimental observations a physio-

logical behaviours of the cell, simulations were performed in which the membrane potential

was fixed and the cells were exposed to a series of voltage steps. The voltage clamps and

simulated calcium transients produced are shown in Figure 4.1. Repetitive depolarising

steps from −60 to −20mV and back of 0.5s duration produced a staircase like rise in

intracellular calcium, similar to that described by Shmigol et al. (1998). Other stimuli,

such as a prolonged depolarisation and rapid steps superimposed over a rapid depolarisa-

tion also produced calcium transients that were physiologically plausible, and qualitatively

consistent with expected experiemntal observations. Further work performing simultane-

ous voltage clamp and calcium imaging would allow more robust, quantitative validation

of these simulations, however this data was not available, and these experiments could not

be performed.
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Figure 4.1: Simulated calcium transients under imposed voltage clamp conditions. A: Following
repetitive voltage steps from −60 to −20mV for 500ms and back, the model produced a staircasing
rise in intracellular calcium. B: A voltage step from −60 to −20mV an back lasting 4000ms
produced a smoother rise in simulated intracellular calcium. C: A prolonged voltage step from
−60 to −40mV with superimposed higher frequency steps to −20mV again produced a staircasing
rise in intracellular calcium. These calcium transients are be physiologically viable, and consistent
with experimental observations (Blanks laboratory, unpublished data)

.

With the calcium handling and electrical components of the model defined, free running

simulations were carried out. In these simulations, in the absence of any external input,

the model equilibrated at an RMP of -59mV, with a cytoplasmic calcium concentration of

93nM, and an SR calcium concentration of 999nM. This is consistent with physiological

observations (Shmigol et al., 2001; Parkington and Coleman, 2001). These simulations are

shown in Figure 4.2.
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Figure 4.2: Membrane potential and calcium concentrations under resting conditions. The model
equilibrated to an RMP of -59mV (left), with a cytoplasmic calcium concentration of 93nM, and
an SR calcium concentration of 999nM.

Two types of action potentials have been described in human myometrium, burst and

plateau types (Izumi et al., 1995). The experimental data used to estimate the myometrial

conductome is an observation of the latter. The mechanisms underlying the termination

of the plateau type action potential are unclear. We consider two scenarios:

1. Following the upswing of the action potential, the membrane potential adopts a new

steady state at a depolarised potential, and will maintain this indefinitely, until a

further stimulus repolarises the cell, returning it to RMP. This may be consistent

with the physiology underlying the plateau type action potential.

2. The action potential fires, and is stable around a depolarised potential only tran-

siently, and will rapidly repolarise to RMP. This is consistent with a burst type

action potential.

We add an injected current to the model, and evoke action potential like phenomena.

These are observed as an all-or-nothing response once currents of 70fA/pF or greater over

a duration of 2000ms were applied. Below this value, sub-threshold perturbations were

observed.

Having generated waveforms that broadly resemble the plateau type action potential, the

channel density of the delayed rectifier hERG was increased. Cellular heterogeneity and

the expression of relatively increased repolarising conductances amongst subpopulations
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Figure 4.3: Firing of the action potential following injection of current. A: Injected currents used
to generate AP waveforms. Pulses were 2000ms in duration and varied in amplitude (40, 60 and
70fA/pF shown). B: Sub threshold stimulations fail to evoke an action potential. Above threshold,
AP waveforms that exceed the magnitude of the initial stimulus are observed. C: The peak rate
of voltage rise was approximately 8mV/ms.

131



4. Model Simulations and Predictions

of cells may represent a potential mechanism underlying the differences between the burst

and plateau type myometrial action potentials that have ben reported in the myometrium

(Nakao et al., 1997). The model was simulated as previously described (70fA/pF, 2000ms),

and the action potentials generated. Increased densities of the hERG channel ultimately

lead to a premature termination of the plateau, and the re-stabilisation at the RMP follow-

ing withdrawal of the initiating stimulus. This was due to the membrane potential falling

below the threshold needed to continue to activate the L-type calcium channel.
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Figure 4.4: Alteration of the waveform by increasing the density of hERG. Once hERG density
was increased above a threshold, which lay within plausible channel densities, the plateau phase
of the action potential is terminated, leading to the production of brief action potentials similar to
the burst type potentials seen in a subpopulation of uterine myocytes.
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We also consider the scenario that the hERG channel density is not constant, and may

increase over the duration of the action potential due to increased trafficking to the mem-

brane, or due to other processes such as unbinding of inhibitory proteins. Increasing the

speed at which hERG density is increased at the membrane reduces the duration of the

action potential. The action potential terminates with a rapid drop to RMP, as opposed to

a gradual relaxation. This is consistent with experimental observations, and suggests that

dynamic modulation of channel density, on a timescale of tens of seconds, may represent

a mechanism by which action potential duration is regulated. The hERG channel density

as a function of time and simulated action potentials are shown in Figure 4.5.
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Figure 4.5: Transient plateau type action potentials produced by increasing the density of the
heRG channel. At a constant hERG channel density, the action potential continues indefinitely,
and does not return to RMP. The hERG channel density was set to increase in a linear fashion
following the initiation of the AP. The rate at which it rose was adjusted (middle column), and
this determined the duration of the AP. APs with a duration of 1 minute could be simulated in
this fashion (bottom row).
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4.2 Computational Investigations into the Potential Role of

ANO1 in the Myometrial Action Potential

We consider the potential role of ANO1 within the myometrium. We adopt the 12-state

kinetic model for ANO1 open probability by Delgado-Ramírez et al. (2018), and drive it

using the recorded voltage and simulated calcium traces previously described. The reversal

potential of the chloride ion within the myometrium is not known. Hyuga et al. (2021)

observed spontaneous transient inwards currents consistent with ANO1, that reversed at a

membrane potential of −7.5mV, compared to their predicted ECl of −13.8mV. Tong et al.

(2011) use an ECl value of −27mV in their simulations, based on estimates of intracellular

and extracellular chloride ion concentrations. We consider a range of potential reversal

potentials between −15 and −30mV, and see marked variability in the resultant current

carried by the channel. As the plateau potential lies within the span of the possible val-

ues for ECl, the current may be repolarising or depolarising. It is also very likely that

ECl varies over time, as a result of chloride flux across the membrane altering intracel-

lular concentrations. Thus, at any time, the current be anywhere within the predicted

range.

Prior to the start of the action potential, the channel is predicted to carry a depolarising

current (regardless of ECl, due to the relatively low RMP of -50 to -60mV). This current

may be sufficient to depolarise the membrane to a higher (less negative) potential, where

the L-type calcium channel can be activated. Following the firing of the action potential,

the current is reduced, as Vm becomes much closer to ECl. Calcium influx into the cell

through the L -type calcium channel raises intracellular calcium, and gates the ANO1

channel, causing further opening of the CaCC. This increases the current carried by the

channel; however, uncertainty regarding ECl makes this hard to estimate accurately. For

subsequent simulations, we ultimately adopt a value of −20mV for simplicity, based on

estimated intracellular concentrations of [Cl]Ext of 130mM and [Cl]Cyt of 60mM.
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Figure 4.6: Properties and behaviours of the ANO1 channel based upon simulations. A: De-
pendence of P[ANO1] on membrane potential and intracellular calcium. B: Open probability of the
ANO1 channel when driven by the experimental voltage trace and simulated calcium trace. This
is shown for both the initiation of the action potential(left) and the waveform in in its entirety.
C: Simulated unitary currents carried by the ANO1 channel, and the variation as a result of the
value of ECl used. The shaded area suggests plausible bounds for the ANO1 current.

With the model in the free running configuration, we simulate the release of calcium from

intracellular stores at t = 1000ms. In the absence of ANO1, this is not coupled to an

appreciable change in membrane potential. The channel density of ANO1 is increased, and

it was observed that above a channel density of 7 channels per picofarad, or approximately

980 channels per cell, action potentials were triggered. At greater channel densities, the AP

is triggered more rapidly, as threshold is reached sooner, and the waveform appears more

stable, with a shorter period of oscillation around the plateau potential. These simulations

are shown in Figure 4.7.
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Figure 4.7: ANO1 can trigger an action potential in response to the release of calcium from
intracellular stores. The density of ANO1 channels was varied within a physiologically plausible
range. At a channel density of 7 channels/pF or greater, calcium release evoked an action potential.
Further increasing the ANO1 density to 10 channels/pF, or greater still, reduced the time until
the AP was triggered. The AP waveforms observed showed reduced oscillations compared to those
seen with an injected current.

Using the conductome with an increased hERG density that produced burst type action

potentials, action potentials were triggered using an injected current. The ANO1 channel

density was increased, and above a modest level of just 0.3 channels per picofarad (42

channels per cell) the plateau type action potential was restored.
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Figure 4.8: ANO1 may stabilise the AP waveform. The conductome configuration that produces
burst type action potentials was stimulated with an injected current consistent with that used
previously. The channel density of ANO1 was subtly increased. The presence of ANO1 at a density
of greater than 0.2 channels/pF prevented the repolarisation to RMP. At sufficient densities, it also
rapidly dampened the oscillations seen in this model, suggesting it further stabilises the plateau
phase of the AP.
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4.3 Discussion and Implications of Simulations

The model was able to produce calcium transients that were consistent with reported phe-

nomena in myometrial tissue (Loftus et al., 2014), and were logically consitentent with the

expected observations, and the simulations performed by Testrow et al. (2018). However,

there is distinct lack of quantitative data available describing the calcium concentrations

within intact tissue. Thus, it is unclear whether these simulations truly reflect the calcium

concentrations observed within cells in that environment. The predicted calcium concen-

trations in the range of 1-2µM are physiologically plausible, but experimental validation is

needed.

The simulated calcium may indeed exceed the observed calcium levels within the my-

ometrium. This may be due to errors in the various spatial constants or channel densities.

Quantitative measurements of calcium dynamics within intact myometrium using ratio-

metric dyes is warranted to provide the data needed to refine these simulations.

Reports on the dynamics of the SR in intact human myometrial tissue were not found in

the literature. In isolated rat uterine myocytes, agonist induced calcium transients that

are driven by the release of calcium from intracellular stores are accompanied by reciprocal

emptying of the SR stores (Shmigol et al., 2001). However, in cells that are experiencing

calcium entry through VGCCs, as is observed in intact tissue, the events in the SR are

unclear. Indeed, Shmigol et al. (2001) reported that there was no change in SR calcium

during short duration (<10 second) spontaneous action potentials. This model predicts

that during prolonged calcium elevations, the SR calcium will in fact increase, taking

up cytoplasmic calcium and buffering it. This is consistent with the observation of SR

calcium increasing during depolarisation and calcium entry due to KCl (30mM) mediated

depolarisation of the rat myocyte (Shmigol et al., 2001). This initially counter intuitive

prediction is based upon the fact that the SERCA pump will actively take calcium up from

the cytosol into the SR throughout the action potential. The IP3R receptor inactivates
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above modest calcium concentrations around 500nM, reducing the release from stores.

Furthermore, given the modest SR calcium concentrations of 1µM reported (Shmigol et al.,

2001), the flux through the IP3R may even be reversed. As evidence for calcium induced

calcium release in human myometrium has not been reported, there is no further mechanism

mobilising calcium from the stores into the cytosol. Thus, unopposed uptake via SERCA

may give rise to the observed buffering effect. Experimental validation of this is clearly

warranted.

Following the termination of the AP, there is a decline in cytoplasmic calcium, as the

calcium is extruded by pmCa and NaCaX (Figure 3.18). The IP3R may still be stimulated

by accumulated IP3, leading to emptying of stores. These simulations do not account for

changes to IP3 concentration due to receptor internalisation or IP3 degredation. However,

if stores are depleted, SOCE may occur, and this current may stimulate subsequent action

potentials. This may represent another potential mechanism of pacemaking within the

myometrium.

In the forward running simulations produced by this model, in the absence of any driving

voltage or calcium stimulus, the system reached equilibrium and reasonable values for

Vm and cellular calcium concentrations. However, the action potentials produced by this

model were profoundly different to those seen in human myometrium. The rate peak

rate of rise of the simulated waveforms was approximately 8mV/ms. This is consistent

with those seen in action potentials observed in murine myometrium (5-10mV/ms), but

greatly exceeded the value of 1mV/ms reported in human myometrium (Parkington and

Coleman, 2001), and the observed in the experimental data shown in Figure 4.1 of 0.8mV.

The membrane potential at the peak of the action potential was around +30 to +40 mV.

This again exceeded that seen in human myometrium, which does not exceed 0mV, but

may be more consistent with the peak depolarisations seen in other species (Parkington

and Coleman, 2001). The waveforms oscillated around an apparent steady state consistent

with the plateau potential (−20mV). This behaviour is again inconsistent with human

140



4. Model Simulations and Predictions

myometrium, which does not produce further spike like activity during the action potential.

These experimental observations suggest that there is a highly delicate balance between

the inhibitory and excitatory conductances in the human myometrium, even during the

upswing of the action potential, as the net depolarising current is relatively small compared

to that seen in the rodent. Previous models of myometrial excitability have been based

upon the rodent (Tong et al., 2011; Testrow et al., 2018). The greater rates of voltage

rise, and a greater abundance of experimental data, may have contributed to these models

being able to reproduce the action potentials with greater fidelity.

The poor reproduction of physiological AP waveforms may arise due to the limited data

available regarding the potassium currents in human myometrium. While the calcium

currents can be isolated experimentally, and reasonable estimations regarding their den-

sities produced based upon this and observions of ion fluxes, the same is not true for

the potassium currents. Of the various potassium conductances considered, there are few

that simulations predicted would rapidly activate in response to the start of the action

potential (see Figure 3.23). Those that did produced relatively small unitary currents, and

so, at reasonable channel densities, there was insufficient repolarising current that could

act against the depolarisaing current by the L-type calcium channel. The Kv2.1 and 9.3

heteromeric ion channel may play an important role in stopping this current; Indeed, Atia

et al. (2016) reported that this channel was essential (as opposed to being functionally

redundant) to their model. However, the simulations performed here, it was not present at

sufficient densities. No additional conductances that have been characterised and/or iden-

tified as important were identified in the RNA sequencing data of the human myometrium

(Chan et al., 2014) had been omitted. This may reflect the limitations of the models

of the considered conductances to recapitulate the behaviours specifically within the my-

ometrium. Within specific cell types, ion channels may interact with additional auxiliary

subunits and accessory proteins, or undergo post translational modification. The resultant

channel that is present within the uterine myocyte may not have been characterised at an
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electrophysiological level, and may have different kinetic properties to the channels that

the models used are based upon. The conductances identified and modelled may not be

adequate to collectively describe the potassium currents in the human myometrium to a

sufficient degree of accuracy.

Atia et al. (2016) were nonetheless able to produce stable, plateau type action potentials

using their original model. However, the duration of the plateau did not exceed 10-15

seconds, and the rates of rise were not reported. Furthermore, the resting membrane

potential was approximately −45mV, and the APs themselves reached −10 to −15mV

(which was reasonable), before settling at a plateau of −30mV, which is slightly lower than

expected (Parkington and Coleman, 2001). This suggests that the method of Atia et al.

(2016) may not truly be able to reproduce the myometrial conductome as accurately as

the authors suggested. This may be due to the individual entities comprising it not being

known in sufficient detail.

This ultimately limits the use of this model, and that proposed by Atia et al. (2016), in

predicting physiological behaviours, as the simulation does not truly reflect the cellular

environment. However, given that the calcium currents are defined with a reasonable

level of accuracy, the steady states at RMP and during the plateau of the AP can be

deduced, as the depolarising currents must be equal to the repolarising potassium currents.

Thus, insights may still be gained from the use of this model. In future attempts to

model the human myometrium, it may be more appropriate to use models describing

the macroscopic potassium currents. This would ensure that the models truly reflect the

electrophysiological properties of the currents within the myometrium, and may ultimately

allow for more accurate reproduction of the human myometrial action potential waveform.

The application of the SVD method, as described by Atia et al. (2016), can then be used

to further evaluate the molecular basis of these currents, and better define the currents

from the individual entities that contribute to them.
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Nonetheless, waveforms that represent the plateau and bust type action potentials (Izumi

et al., 1995) were generated. The mechanisms that cause repolarisation following the

plateau phase of the AP are not known. Indeed, there are no conductances within the

modelled conductome that would give rise to a current that would repolarise the cell over

the experimentally observed timecourse of the plateau action potential. It is possible

that gradual increase in calcium concentration may gate BK channels. However, in these

simulations, calcium reaches a stable plateau over 15-20 seconds, significantly less than

the 1 minute or greater duration of the myometrial action potential. Thus, it is possible

that the conductances modelled are at a relatively stable equilibrium during this plateau,

and require a further stimulus to repolarise the membrane. This may arise due to build

up, or depletion, of additional ligands, or changes to other gating variable (such as pH, or

ATP).

Similarly, the electrophysiological basis of the differences between plateau and burst type

action potentials (Izumi et al., 1995) are not determined. Increasing the hERG current is

able to alter the AP waveform to more resemble the burst type. However, similar observa-

tions can be made using other slowly activating repolarising currents, such as the BK or

SK channels (not shown). We also consider the possibility that certain channel densities

do not remain constant throughout the action potential. Neuronal and cardiac action po-

tentials occur over much shorter timescales, and so this assumption is reasonable in those

cells. However, due to the extended duration of the myometrial AP, there is sufficient time

for trafficking and internalisation to occur. Increasing the hERG density over the duration

of the AP, representative of increased trafficking of the channel to the membrane, is able to

terminate the AP in a fashion consistent with experimental observations. This represents

a plausible mechanism by which AP duration can be regulated. As previously discussed,

these observations could be replicated using other potassium conductances. Coupling of

channel density to phenomena associated with the action potential, such as intracellular

calcium or membrane potential, may provide a more detailed negative feedback loop which
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regulates the duration of the depolarisation. Experimental investigation of this hypothesis

is warranted, however it may be technically challenging.

In order to investigate the potential role of ANO1 in the myometrium, we used the most

detailed kinetic model available (Contreras-Vite et al., 2016). This describes the ANO1

channel specifically, as opposed to the unspcicifed CaCC model produced by Arreola et al.

(1996), that was used in the simulations by Tong et al. (2011); Atia et al. (2016). As

previously described (Section 1.8), ANO1 is a likely candidate for carrying the CaCC in

the myometrium. Due to uncertainty around the chloride reversal potential, the ANO1

current is challenging to predict. This suggests that the channel may contribute to the

initial depolarisation of the myometrium to trigger the action potential, and that it may

also exert an effect during the plateau, when it will stabilise the plateau around the chloride

reversal potential, as is observed in the myometrial action potential. Because of this, it

was not practical to include it in the initial estimation of the conductome, as with the

potassium conductances. Instead, we consider the estimated conductome, and adjust the

ANO1 channel density empirically. Due to the relatively low value of P[ANO1] at rest, and

the closeness of the plateau to ECl, the conductance may have minimal contribution to the

waveform both at rest and during the plateau. The seemingly minor contributions of ANO1

to the current during these two states, and the ability of the model to reproduce AP-like

waveforms in its absence suggest that it may in fact be functionally redundant. It may

however play a role in the tranisition between RMP and the plateau phase. Due to these

challenges, and limitations in the model itself, quantification of the functional redundancy

of ANO1 as performed by Atia et al. (2016) was not possible. We then performed forward

running simulations to investigate the mechanisms by which ANO1 could contribute to the

myometrial action potential.

Atia et al. (2016) described coupling of the ANO1 channel to local releases of calcium,

consistent with that observed in sparks through the ryanodine receptor. Such local release

has not been observed within the human myometrium, however. We therefore consider
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only global releases of calcium, that the entire population of ion channels is exposed to

simultaneously. However, there may still be local coupling of ANO1 to the locations of

calcium release, such as by forming complexes with the IP3R (Cabrita et al., 2017). This

may reduce the amount of ANO1 that is needed to exert an effect, due to seeing more

rapid, or higher, calcium elevations. Detailed, high speed imaging of calcium signals in

the human myometrium, with the ANO1 distribution simultaneously, would be needed to

determine if this occurs.

In our simulations, reasonable channel densities of ANO1 (7 channels per pico farad) were

able to trigger depolarisation, in response to global calcium signals consistent with those

observed in cultured immortalised uterine myocytes. Using a value of capacitance for the

uterine myocyte of 140pF per cell (Blanks et al., 2007a), this suggests a total number of

channels in the cell of 980. This was similar to the value of 800 channels/cell predicted by

Atia et al. (2016), using their model of the CaCC with local calcium coupling, but is based

on a more detailed understanding of the calcium signalling processes in the myometrium.

This therefore supports the hypothesis that ANO1 may provide a link between oxytocin

signalling and the action potential.

We also consider other potential roles for ANO1 in the myometrium. Young and Bemis

(2009) suggetsed that the CaCC in rat myometrium may play a role in stabilising the

action potential, and prolonging the duration of excitation and ultimately contraction.

Using the conductome that produces burst type action potentials, it is observed that an

increase to the ANO1 channel density does indeed restore stability to the plateau. At

greater densities, this is more pronounced. This suggests that the ANO1 current may

inhibit, or restore stability following, the bursting on top of the plateau that is seen in

the rodent myometrial AP. Due to the burst type AP in this model being produced by

the increase in hERG density to just above the threshold to prevent the plateau type AP,

only a relatively small current is needed to restore the plateau. This is reflected in the

relatively low densities of ANO1 needed to achieve this. In reality, the inhibitory potassium
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conductances may be much greater, and thus require an even greater chloride current to

counteract them. The simulations in Figure 4.5 suggest that the a gradually increasing

repolarising current may eventually reach a threshold and terminate the AP. Addition of

an ANO1 to this current would raise this threshold, increasing the duration of the AP by

delaying repolarisation. These simulations ultimately support the hypothesis that ANO1

stabilises the AP, and may prolong its duration. Indeed, the increased stability seen in the

APs when ANO1 is present suggest that it may not be functionally redundant, and does

indeed play an important role in regulating the properties of the action potential.

4.3.1 Hypotheses Based Upon Simulations

Based upon these simulations, we identify potential roles for ANO1 in the electrophysio-

logical behaviour of the uterine myocyte. We hypothesise that:

1. ANO1 may play a role in initiating the action potential, coupling the chemical and

electrical signalling in the myometrium. This would lead to it regulating the likeli-

hood, and frequency, of contractions occurring.

2. ANO1 may stabilise the AP, preventing its termination and prolonging its duration.

This would affect the duration, and total force generated by, contractions.

4.4 TRPC6: An Alternative Candidate for the Initial De-

polarisation and the Initiation of the Myometrial Action

Potential

We also consider alternative mechanisms by which the AP can be triggered. TRPC1 and

TRPC3–7 channels are reported to be present in human myometrium (Yang et al., 2002;

Ku et al., 2006; Dalrymple et al., 2002a), while TRPC1–2 and TRPC4–7 are present in

rat myometrium (Babich et al., 2004). TRPC1 has been implicated in SOCE (Murtazina

et al., 2011). Mechanical stretch increases TRPC3 and TRPC4 expression (Dalrymple

et al., 2007). Knockdown of TRPC4 and TRPC6 using siRNA has been shown to reduce
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the amplitude of calcium transients observed in cultured uterine myocytes (Ulloa et al.,

2009; Chung et al., 2010). This suggests that these channels in particular contribute to

calcium fluxes following agonist stimulation. Blockade of the rat TRPC4/5 like channel

has also been demonstrated to reduce spontaneous contraction of the myometrium (Chung

et al., 2014).

Members of the TRP family of proteins are present in the RNA sequencing of the my-

ometrium performed by Chan et al. (2014). Most notably, these are TRPC6, and TRPC4.

TRPC4 associated protein (TRPC4AP, a modulatory subunit of TRPC4) was also present.

The TPMs for these channels are shown in Table 4.1. Both of these channels are reported

to be gated by DAG (Svobodova and Groschner, 2016).

Table 4.1: TPM values of key TRPC channels and associated proteins in the myometrium. Data
from Chan et al. (2014).

Channel Term not in labour Term labour
TRPC4 33.85± 14.36 19.52± 6.91
TRPC4AP 63.60± 6.93 75.30± 10.62
TRPC6 5.50± 2.93 4.99± 1.26

Soboloff et al. (2005) investigated the role of endogenous TRPC6 channels in A7r5 smooth

muscle cells. TRPC6 was knocked down using siRNA, which did not affect the expression

levels of each of the other TRPC channels. This is important, as with TRPC6 knock-

out experiments in animal models, the knockdown was compensated for by expression of

closely structurally and functionally related TRPC channels, such as TRPC3 or 7. In

these experiments, a non-selective cation current with a current–voltage relationship close

to that of known TRPC6 channels was observed within cells following treatment with

oleoyl-2-acetyl-sn-glycerol (OAG), a membrane permeant analogue of DAG. Further phar-

macological characterisation of this current suggested that it was consistent with TRPC6;

it was sensitive to inhibitors of Src kinase and it was strongly inhibited by activation of

protein kinase C (PKC), which is known to inhibit TRPC channels. This current was

substantially reduced following siRNA treatment, along with expression of TRPC6 at the
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protein level.

The calcium transients observed in response to vasopressin treatment (which acts via

GPCR signalling) in the absence of extracellular calcium were identical between siRNA

treated and untreated cells. However, upon adjustment of the extracellular calcium to

3mM, the calcium transients were reduced by approximately 50% amongst cell treated

with TRPC6 targetting siRNA; This suggests that release of calcium from intracellular

stores may still take place. However, the calcium entry in response to OAG was not signif-

icantly altered by TRPC6 knockdown. OAG induced Ca2+ entry was almost completely

inhibited by blocking the L-type calcium channel, however, indicating Ca2+ was entering

through L-type voltage-dependent Ca2+ channels.

The authors suggest that the incomplete knockdown of TRPC6 was not sufficient to pre-

vent it from carrying sufficient current to activate the L-type calcium channel, which is

responsible for the majority of calcium entry. Their crude calculations suggested that a

90% reduction in TRPC6 channel density, in line with that observed following siRNA me-

diated knockdown, would still allow a sufficient current to depolarise the membrane and

activate L-type Ca2+ channels. However, these calculations did not account for the com-

plexities of the non-linear system. Thus it was hypothesised that there was still sufficient

depolarization to gate the L type calcium channel. Furthermore, the non-specific cation

influx caused by the opening of the TRPC6 channel would also comprise the sodium ion,

resulting in a reduced change to the overall calcium transient. While these experimental

findings were not sufficient to justify their conclusions, it does raise the possibility that the

TRPC6 channel may act as a link between PLC-induced DAG generation and the activa-

tion of L-type calcium channels, and subsequent entry of extracellular calcium. Further

experiments to evaluate the effects of complete genetic deletion or specific pharmacological

inhibition are needed to determine if TRPC6 is indeed the entity linking these phenomena,

and if this is also the case within the myometrium. Figure 4.9 illustrates the proposed

coupling of GPCR signalling to the calcium entry through the L-type calcium channel by
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TRPC6.

Figure 4.9: The proposed coupling of GPCR signalling to the calcium entry through the L-type
calcium channel by TRPC6. A GPCR agonist (such as oxytocin) binds to its receptor. This
activates phospholipase-C, which cleaves PIP2 into IP3 and DAG. TRPC6 is activated by DAG,
resulting in sodium entry, membrane depolarization and activation of Ca2+ entry though L-type
voltage-activated Ca2+ channels.

TRPC4 has a complex channel structure, and poorly understood mechanisms of gating

(Vinayagam et al., 2020). It is present in the myometrium at high abundance, along

with its regulatory subunit, making it a promising candidate, however. Due to a lack

of sufficient information in the literature regarding its kinetics, it could not be included

in these simulations. We therefore consider only TRPC6 as an alternative candidate to

initiate depolarisation.

We adopt a model of TRPC6 suggested by Itsuki et al. (2014), which is gated by cyto-

plasmic DAG and PIP2 concentrations ([DAG] and [PIP2]). The open probability of the
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TRPC6 channel is given by the equation

P[TRPC6] =

(
K1 ·

K2

[DAG]2
+

K2

[DAG]
+K1 ·

K2

[DAG]2
· K3

[PIP2]
+

K2 ·K3

[DAG][PIP2]
+

K3

[PIP2]
+ 1

)−1

.

(4.1)

The open probability as a function of the gating variables is shown in Figure 4.10A. This

equation was not time dependant, as the channel dynamics were relatively fast compared

to the changes in PIP2 and DAG concentrations, and so the channel was assumes to relax

to the steady state instantaneously. For simplicity, we assume that the only ion carried

by this channel is Ca2+. As a non-specific cation channel, Na+ and K+ ions will also

contribute to the current. More detailed modelling in future may necessitate the inclusion

of other cation fluxes, and potentially dynamic modelling of the ionic concentrations within

the cell. This is beyond the scope of this work, however. The current through the channel

is given by the equation

I[TRPC6] = κ[TRPC6]g[TRPC6]P[TRPC6](V − ECa). (4.2)

We adapt a model of DAG and PIP2 cycling also proposed by Itsuki et al. (2014). Due to

errors in the writing up of the equations in the publication, we describe the concentration

of the two ligands simplistically, using the following system of ODEs:

d

dt
[PIP2] = −ki[PIP2],

d

dt
[DAG] = ki[PIP2] − kii[DAG]. (4.3)

The constants in this model are give in Table 4.2. The time series of PIP2 and DAG are

shown in Figure 4.10B, and are consistent with the traces presented by Itsuki et al. (2014)

despite minor modification. The simulated time series of these ligands is used to drive the

model of TRPC6, and produce a current pulse.

We hypothesis that, in the uterine myocyte, oxytocin stimulation leading to PLC mediated
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Figure 4.10: Properties and gating of the TRPC6 channel. A: Open probability of the TRPC6
channel as a function of the concentrations of its ligands DAG and PIP2. B: Conversion of PIP2 to
DAG (starting at t = 1000ms) leads to opening of the TRPC6 channel. Assuming Vm = −60mV
and Vrev = ECa = +135mV , a single TRPC6 channel carries a substantial depolarising current.

cleavage of PIP2 may gate the TRPC6 channel. At sufficient channel densities, this may

provide an alternative potential mechanism to initiate the myometrial action potential.

We introduce the TRPC6 current (I[TRPC6]) to the model, driven by the PIP2 and DAG

model, and vary the channel density. Action potential waveforms were observed at channel

densities greater than the relatively low level of 0.2 channels/pF, equivalent to just 28

channels/cell. This is consistent with the observations of Soboloff et al. (2005), who also

calculated that relatively low density of TRPC6 channels would be needed to trigger an

action potential.

These simulations suggest that the TRPC family of proteins, and specifically TRPC6, is

a promising alternative candidate to ANO1 as the entity that couples oxytocin signalling

and the PLC pathway to initiate the myometrial action potential.
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Table 4.2: Notation for the TRPC6 cation channel

Notation Definition Value
gTRPC6 Unitary conductance 35pS
κTRPC6 Channel Density -
K1 KD for DAG1 60µM
K2 KD for DAG2 30µM
K3 KD for PIP2 2µM
ki PIP2 lysis rate 1 s-1

kii DAG degradation rate 0.03s-1

State variables
P[TRPC6] Open probability
[DAG] Cytoplasmic DAG concentration µM
[PIP2] Cytoplasmic PIP2 concentration µM
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Figure 4.11: Simulating the effect of TRPC6 channel density on the production of the action
potential. In the absence of TRPC6 (top), the initial release of calcium and DAG does not lead to
any change in membrane potential. When relatively small amounts of TRPC6 are present (middle),
sub-threshold depolarisations are produced, but there is no evidence of an action potential. Once
the TRPC6 density is sufficient (bottom), the action potential is triggered.
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4.5 The Potential Role of TREK-1 in the Termination of the

Uterine Action Potential

The TWIK related K+ channel (TREK1) is tandem pore potassium channel (Fink et al.,

1996). It was present in human myometrium at relatively low TPMs of 1.82±2.77 in sam-

ples from patients at term not in labour, and 1.23±0.67 in samples from patients in active

labour at the time of biopsy collection (Chan et al., 2014). Other studies have observed

that its expression is significantly up-regulated during preganncy (Buxton IL, 2010). It has

been observed at the protein level in human myometrium (Bai et al., 2005). Currents from

this channels have been reported in human (Heyman et al., 2013) and murine myometrium

(Monaghan et al., 2011), confirming that it is assembled into functional channels, and that

it will contribute to myometrial electrophysiology.

In our model, currents carried by TREK1 were absorbed into to IK, leak. These channels

have complex gating mechanics (Mathie et al., 2010), interacting with ligands such as

arachadonic acid (Lee et al., 2011). Of further particular interest are its gating properties

in response to intracellular pH and mechanical stretch (Maingret et al., 1999), as well as

its reported inhibition by PIP2 (Cabanos et al., 2017).

Heyman et al. (2013) suggested that the role of the channel in the myometrium was to

maintain resting membrane potential, and to carry a hyperpolarising current in response

to increasing tension, which may arise due to the onset of contractions. This was consis-

tent with their observation that methionine treatment depolarised strips of murine my-

ometrium.

We consider the possibility that a population of TREK1 channels open in response to

the threefold stimulus of PIP2 depletion, mechanical stretch and intracellular acidification.

Based upon the work of Itsuki et al. (2014), PIP2 appears to be quite rapidly depleted

in response to PLC mediated conversion into DAG. Mechanical force and intracellular

acidification, however, will develop over a much longer time course. The force transmit-
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ted through the individual uterine myocytes on a cellular level could be estimated from

experimental data. The effect of contractile activity on intracellular pH has long been

established (Harrison et al., 1994). Sufficiently detailed models describing the gating of

TREK1 in response to these variables could not be found in the literature, however. Fur-

thermore, there are conflicting reports regarding the unitary conductance of the channel,

with it being originally described as having a unitary conductance of 14pS (Fink et al.,

1996), but the higher value of 88.5pS also being reported (Blin et al., 2016).

In order to model the TREK1 current, we assume that the TREK1 channel is entirely closed

at rest, due to inhibition by PIP2, and that PIP2 is depleted instantaneously, concurrently

with stimulation. We then conjecture that the channel open probability relaxes towards

P[TREK1] = 1 under the influence of intracellular acidification and force generation by the

muscle. Thus, the kinetics of the channel are described by the ODE

d

dt
P[TREK1] =

1− P[TREK1]

τ[TREK1]
. (4.4)

We assume a value for τ[TREK1] of 30 seconds, in line with the duration of the myome-

trial action potential. The simulated timecourse of TREK1 opening is shown in Figure

4.12.

We adopt the value of g[TREK1] measured by Blin et al. (2016), and calculate the current
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Figure 4.13

carried by TREK 1 as

I[TREK1] = κ[TREK1]g[TREK1]P[TREK1](V − EK). (4.5)

Simulations producing plateau type action potentials were run, and the channel density

of TREK1 (κ[TREK1]) was adjusted. The results of these simulations are shown in Figure

4.13 At sufficient densities, above the low level of 0.055 channels per picofarad, equivalent

to approximately 8 channels per cell, the simulated action potential is terminated within

a time period that is consistent the human myometrial action potential.

This ultimately suggests that a slowly activating conductance that carries a repolarising

current which increases throughout the action potential, in response to gating variables
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such as intracellular pH or cellular tension, may regulate the duration of the myometrial

action potential. Indeed, mechanical stretch has been proposed to play an important role

in signal transmission at the organ scale across the uterus (Young and Barendse, 2014).

These simulations suggest that such mechanotransduction represents a mechanism that

may also regulate the duration of the action potential.

Based upon its reported biophysical properties and gating, TREK1 is a candidate for

this conductance. Further experimental studies, using either pharmacological inhibition of

TREK1 (Ma et al., 2020) or mouse model with constitutive (Du et al., 2016) or inducible

(Abraham et al., 2018) TREK1 deletion would be able to provide further insight into

the potential role of this channel, and in particular its role in regulating action potential

duration.
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Chapter 5

Experimental Materials and

Methods

5.1 Methods

5.1.1 Cell Culture

MyLA cells were generated by the laboratory of Professor Anne Straube (Warwick Medical

School) as previously described (O’Hare et al., 2001). Cryopreserved MyLA cells at passage

5, following culture at 33°C, were provided by Dr Ayan Dirir. These cells were thawed

and cultured at 37°C for experimentation, or 33°C and subsequently refrozen to maintain

stocks. MyLA cells were cultured in a 1:1 mix of DMEM and F-12 media, supplemented

with 10% foetal bovine serum (FBS) and 1% penicillin and streptomycin, in a humidified

environment at 5% CO2. Cells were grown to 70-80% confluence, and passaged every 5-7

days. Passaging was performed by washing with sterile PBS, and incubation in the presence

of 0.25% trypsin for 5 minutes at 37°C. Trypsinisation was halted with the addition of an

equal volume of complete media. The resultant cell suspension was centrifuged at 200g

for 5 minutes, before removing the supernatant, resuspending the cell pellet in complete

media and reseeding at the desired density for experimentation or further culture (typically

1 in 10 for the latter). Cells were used up to passage 15, and no differences in growth rate

or cell morphology were observed during this time. Frozen cell stocks were prepared by

resuspending pellets in freezing medium (90% FBS + 10% DMSO) and gradual freezing in

isopropanol at −80°. Frozen cells were then transferred into liquid nitrogen for long term
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storage.

5.1.2 RNA Extraction, Sequencing and qRT-PCR

MyLA cells were grow to confluence on a 6 well plate. RNA extraction was performed by

phenol chloroform extraction, using TRIreagent (Sigma), as per the manfacturer’s proto-

col. RNA quantity and purity was measured by the 260nm absorbance, and the 260/230

and 260/280nm ratios. RNA sequencing was performed by Source Bioscience. Reverse

transcription was performed using the QuantiTect reverse transcription kit (Qiagen), as

per the manufacturer’s protocol using random hexamers. Quantitative reverse transcrip-

tion polymerase chain reaction (qRT-PCR) was performed using the TaqMan reagents,

with probes targeting ANO1 and RPL19. Thermal cycling and fluorescence detection was

performed with a 7500 Real-time PCR System (Applied Biosystems). Relative gene ex-

pression levels were calculated using the 2-ΔΔCT method (Livak and Schmittgen, 2001).

PCR products were run on a 3% agarose gel in TBE buffer, at 120V for 30 minutes. Ad-

ditional RNA pooled from primary cultured uterine myocytes was provided by Dr Ayan

Dirir, from which cDNA was generated in the same way.

5.1.3 RNAseq Analysis

The raw reads data was received from Source Bioscience. The reads were aligned to the ref-

erence genome GRCh38, and transcripts per million were calculated as previously described

(Koch et al., 2018). RNA sequencing data from primary uterine myocytes performed by

Dirir (2019) was used as a control. Differential gene expression analysis between the two

groups was performed using DeSeq2 (Love et al., 2014).

5.1.4 Buffer and Solution Preparation

Modified Krebs Henseleit buffer with TES (Krebs-TES) contained NaCl 133mM, KCl

4.7mM, CaCl2mM 2.5, MgSO4 1.2mM, KaH2PO4 1.2mM, D-glucose 11.1mM and TES

10mM. The pH was adjusted to 7.4 with the addition of NaOH. Krebs-TES without cal-
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cium (Ca-free Krebs-TES) contained NaCl 133mM, KCl 4.7mM, MgSO4 1.2mM, KaH2PO4

1.2mM, D-glucose 11.1mM, TES 10mM, and EGTA 10mM. The pH was adjusted to 7.4

with the addition of NaOH.

Modified Krebs-Henseleit buffer with bicarbonate (Krebs-HCO3) contained NaCl 115.0mM,

KCl 2.5mM, CaCl2mM 1.9, MgSO4 2.5mM, NaHCO3 25.0mM, NaH2PO4 1.4mM and D-

glucose 5.6mM. The pH was adjusted to 7.4 with the addition of HCl.

Oxytocin stocks of 2mM in 1% acetic acid were stored at -20°C. This was added to the

Krebs buffer at the required concentrations. Ani9 stocks of 10mM in DMSO were prepared

and stored at -20°C. The final solution of Ani9 was prepared at 1µM concentration, in 0.25%

ethanol and 0.01% DMSO.

5.1.5 Live Cell Calcium Imaging

MyLA cells were grown to confluence in complete media on glass bottom colagen coated

dishes (Mattek). The media was then changed to DMEM/F-12 mix supplemented with

2% FBS and 0.1% penicillin/streptomycin (Langan et al., 2017). Cells were cultured under

these serum starved conditions for 48 hours prior to experimentation.

Prior to imaging, cells were loaded with the calcium sensitive dye Calbryte 520 AM (Liao

et al., 2021) at a concentration of 5µM in serum starved media, for 1 hour at 37°C, followed

by 15 minutes at room temperature. The media was then changed to modified Krebs-

TES buffer. Cells were imaged using an Olympus IX-85 microscope, controlled using

MicroManager (Edelstein et al., 2014). Illumination was provided by a ThorLabs DC4100

led stack, and a GFP filter set. Images were captured with an Zyla sCMOS camera (Andor)

camera and 20x 0.4NA lens, at a frequency of 1Hz, with an exposure time of 500ms.

Imaging was performed within a heated chamber (at 37°C). Reagents were added to the

dishes via manual pipetting, or alternatively through the use of a heated perfusion system

(TC1000) depending on experiment design. For the latter, cells were continuously per-
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fused with Krebs buffer at a rate of 2-3ml per minute. This allowed the same dish to be

sequentially treated with multiple reagents, and washed out between image captures.

For the oxytocin dose response curves, MyLA cells were first imaged at baseline for 3

minutes (180 seconds). Oxytocin solutions in Krebs buffer ranging in concentration from

10pM to 100nM in half Log10 steps were prepared. Cells were imaged for 4 minutes (240s),

with oxytocin administered at the 30s timepoint. A response was typically seen at 60-90

seconds due to the delay in perfusion. Following imaging with each dose, the oxytocin

was washed out with Krebs buffer for 5 minutes, and imaging was repeated for the next

dose. Acetic acid at the same dilution without the oxytocin was used as a vehicle control.

Following the final 100nM oxytocin treatment, cells were treated with 10µM ionomycin,

added via pipetting, to confirm calcium entry and dye fluorescence.

5.1.6 Image Analysis

Calcium imaging time series were processed in ImageJ. Rectangular regions of interest

(ROIs) were defined within the cytoplasm of individual cells. The signal intensity for each

ROI within each frame was extracted, and a time series plotted. Background fluorescence

was measured as an ROI in a region with no cells present, and subtracted from the traces.

Further analysis of traces was performed in Wolfram Mathematica. Fluorescence was nor-

malised to F0, which was determined either as the minimal fluorescence value in the trace,

or by a rolling ball algorithm depending on the extent of bleaching and baseline shift in

that observation. The peak normalised fluorescence was determined. The fluorescence in-

tegral and rate of fluorescence rise were calculated using the built in mathematica functions

“NIntegrate” and “ND” respectively. Oscillations were counted as elevations in relative fluo-

rescence above an arbitrary threshold of 1.15 and subsequent fall below this threshold, over

the 120 second period following the initial response. Oscillation counting was automated

with a custom Mathematica script. Frequency was calculated as the number of oscillations

recorded divided by the 120s time interval.
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5.1.7 Immunocytochemistry

For immunocytochemistry (ICC), cells were grown to confluence on 25 mm glass coverslips

in a 6 well plate. Both serum starved and cells grown in complete media were used. Wells

were washed twice with PBS, and the PBS was discarded. Cells were fixed using ice cold

100% methanol, at -20°C for 10 minutes. The cells were then blocked with 10% goat serum

in PBS for 30 minutes. Cells were washed with 1% goat serum/PBS. The primary antibody

was diluted a solution of 1% goat serum/PBS to the required concentration. Cells were

incubated overnight at 4°C in primary antibody solution. Following this, cells were washed

using 1% goat serum/PBS. The secondary antibody was diluted in a solution of 1% goat

serum/PBS, and the cells were incubated with the secondary antibody for 1 hour at room

temperature, away from light sources. The cells were washed using PBS twice, and the

final wash discarded. The residual PBS was gently removed using tissue paper, before

mounting onto slides with one drop per coverslip of VECTASHIELD Hardset Antifade

Mounting Medium with DAPI. Wash steps used 2.5ml/well of PBS, and incubation steps

used 500µl of antibody solution.

Following staining, slides were imaged using a PerkinElmer UltraVIEW VoX inverted con-

focal microscope. Illumination was achieved with a 405nm (DAPI) or 488nm (AlexaFluor

488) laser and a dichroic mirror, and exposures of 500ms for each. Images were captured

with 425-60nm and 525-550nm emission filters respectively, using Nikon 60x oil immersion

lens (1.4 numerical aperture) and focussing onto a Hamamatsu Orca-R2 interline CCD.

Images were processed using ImageJ.

5.1.8 Molecular Biology

DNA fragments to insert into vectors were amplified from templates by PCR. This was

performed using Phusion polymerase, as per the manufacturers protocol. Thermal cycling

was carried out in a Veriti 96 Well Thermal Cycler (Applied Biosystems). Annealing

temperatures were set based upon the predicted melting temperatures of the primer sets.
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PCR products were extracted using the QIAquick gel extraction kit. DNA concentrations

were measured using 260nm absorbance.

Restriction digests were carried out using 1µg of DNA, with 1µl of restriction enzyme, in

a final reaction volume of 50µl of 1× CutSmart buffer. Reactions were incubated for 15

minutes at 37°C. Digest products were run on a 2% agarose gel for 1 hour at 120 volts in

TBE buffer.

Ligation was performed with T7 DNA ligase. Reactions used 50ng of destination vector

and 37.5ng of insert, with 1µof T7 ligase, in a reaction volume of 20µl. Reactions were

incubated at 25°C for 30 minutes.

The ligation reaction was transformed into DH5α as follows: DH5α cells were thawed on ice.

5µl of ligation was added to 50µl of cells and gently mixed. Transformation reactions were

incubated on ice for 30 minutes. Cells were heat shocked for 20 seconds at 42°C, and then

placed on ice for 2 minutes. 950µl of warm SOC media was added to the transformation

mix, and the tubes were incubated at 37°C for 1 hour, and shaken at 225rpm. 100-200µl

from each transformation on was spread onto pre-warmed selective 15% LB agar plates,

that were incubated overnight at 37°C. Multiple colonies were selected from the overnight

plates, and expanded into 5ml cultures (at 37°C, 225rpm). Plasmids were extracted from

expanded cultures by miniprep (GenElute Plasmid Miniprep, Sigma Aldrich) and screened

by restriction enzyme digest as previously described. Colonies that showed the predicted

digest productsc were further expanded to a volume of 50ml, and plasmids extracted by

midiprep (GenElute Endotoxin-free Plasmid Midiprep). Glycerol stocks were prepared

from these cultures for long term storage at -80°C. Plasmid sequence was confirmed by

sequencing (Source Bioscience).

5.1.9 Transfection

Chemical transfection of cultured cells was performed using GeneJuice, as per the manu-

facturers protocol. Electroporation was performed using the Lonza Smooth Muscle trans-
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fection kit, using the Amaxa nucleofector 2b, following the protocol below.

MyLA cells were grown to 60-70% confluence in a 75cm2 flask at 37°C, in complete media.

These cells were sufficient for 3 transfection conditions- the construct/plasmid of interest

(ANO1-mCh), the empty Vector (pmCh-N1) and a sham transfection (no vector, 20µl

NFW). Cells were washed with PBS 3 times, before being incubated in 3ml of 0.25% trypsin

for 5 minutes. Trypsinisation was arrested with the addition of 3ml complete media. The

cell suspension was centrifuged at 200g for 5 minutes. The supernatant was removed, and

the pellet resuspended in 300µl nucleofection buffer. The resuspended cells were divided

between 3 DNAase/RNAase free Eppendorf tubes. 1µg of the endotoxin free plasmid, in a

volume of not more than 20µl (or 20µl NFW for the sham) was added to each tube. The

contents of each Eppendorf were transferred to a cuvettes. Samples were transfected using

the Lonza Nucleofector 2b with protocol A-33. Immediately following electroporation,

500µl calcium free DMEM was added to each cuvette. The reaction was incubated at 37°

C for 10 minutes, to allow the cells to recover. Each reaction was transferred into 2 glass

bottom dishes, and the media adjusted to DMEM/F-12 with 20% FBS + 1% penicillin

and streptomycin. Dishes were incubated at 37°C for 24 hours. At this point, the media

was changed for DMEM/F-12 with 2% FBS + 0.1% penicillin and streptomycin. Cells

were cultured in this low serum media for a further 48 hours prior to calcium imaging, as

previously described.

5.1.10 Biopsy Collection

Myometrial biopsies were collected from pregnant women at term (> 37 weeks gestation),

who were not in active labour. Biopsies were taken from the midline excision at the

time of elective lower segment caesarean section. The medical indications for the elective

caesareans were: placenta previa, breech presentations, and previous caesarean sections.

Biopsies were also taken from elective caesareans for non-medical reasons due to maternal

wish. Emergency caesarean due to failure to progress was excluded as an indication for
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biopsy collection. Biopsies were transferred immediately into chilled Krebs-TES buffer,

and stored at 4°C overnight prior to performing organ bath experiments the following

day.

5.1.11 Organ Bath Myography

Muscle strips approximately 8x1.5x1.5mm were mounted in 4 ml organ bath chambers

heated to 37° C (DMT Flatbed) in Krebs-TES buffer for isometric force recordings. Force

was measured with FT03C transducers (Grass Instrument Co, Quincy, Mas) and recorded

digitally with MacLab Chart software (ADInstruments Ltd, Oxfordshire, UK). Strips were

held under 2 mN tension and allowed to equilibrate for 90-120 min, wherein spontaneous

contractions were observed. Strips that failed to contract spontaneously were excluded.

The contracting agent (100nM oxytocin) was added directly into the organ bath. Contrac-

tility was measured over a 30 minute period, followed by a 20 minute wash. The inhibitor

(Ani9) was added, and the baseline recordings and oxytocin challenge repeated. At the end

of the experiment, a stimulation of KCl 40 mM was applied to confirm the viability of the

strips. Strips that did not respond to KCl were excluded from the final analysis. For each

period of observation, frequency, mean amplitude (peak height), duration of individual

contractions as well as area under the curve (AUC) (integral) during the 30 minutes be-

fore oxytocin stimulation and 30 minutes preceding was calculated using LabChart v8.1.16

software.

5.1.12 Animal Studies

SM22α:CreERT2/SM22α:CreERT2 mice (Kühbandner et al., 2000) were crossed with the

ANO1FL/FL mouse (Matchkov et al., 2020), and the offspring were further crossed to

produce a breeding colony of mice with the genotype SM22α:CreERT2/,SM22α:CreERT2

ANO1FL/WT genotype. This breeding colony was crossed again with the ANO1FL/FL mice,

to produce a litter which was predicted to contain 50% SM22α:CreERT2/WT, ANO1FL/WT

and 50% SM22α:CreERT2/WT, ANO1FL/FL mice. Mice for experiments were provided by
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the Gallos Laboratory, and all experiments involving animals were carried out in line with

local guidelines.

5.1.13 Mouse Genotyping

Tail clippings were collected from mice within the first 2 weeks of life. Genomic DNA was

isolated using the Qiagen genomic DNA extraction kit, as per the manfacturer’s protocol.

The presence of the floxed ANO1 allele (ANO1FL) was determined by PCR, using a 3

primer strategy, with primers ANO1CR, ANO1WF and ANO1FF. Primers were designed

by Dr Dingbang Xu, Columbia Medical School. The presence of the SM22α:CreER allele

was also determined by PCR with a 3 primer strategy, with primers RF67, RF90 and

SC135.

Thermal cylcling followed the protocol shown in Table 5.1. PCR products were run on a

2% agarose gel stained with ethidium bromide for 1 hour at 120V and visualised under UV

illumination.

Table 5.1: PCR protocol for ANO1FL and SM22α:CreER genotyping in mice.

Step Temp (°C) Time Note

1 94 2 min

2 94 20 sec
3 65 20 sec -0.5 C per cycle, 10 cycles
4 68 10 sec

5 94 15 sec
6 60 15 sec 28 cycles
7 72 10 sec

8 72 2 min
9 10 hold

5.1.14 Mouse Tissue Organ Bath

Nulliparous female mice aged <6 months at the time of beginning the experiment were

used. In the experiments using rings from non-pregnant mice, 3 doses of 1mg of tamoxifen
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suspended in oil or vehicle were injected intraperitoneally on day 0, 1 and 2. Mice were

sacrificed at day 11 by pentobarbital injection and cervical dislocation. Mice were dissected

as described in Pang et al. (2014). The uterus was excised, and mesenteric attachments

were removed. 5mm circular segments of intact uterine rings were cut from the uterine

horn above the bifurcation.

In experiments using pregnant mice, nulliparous females were first housed overnight with

males. Pregnancy was determined through identification of mucus plugs the following day

(counted as day 0.5), and by serial weight monitoring. 3 doses of 1mg of tamoxifen sus-

pended in oil or vehicle were injected intraperitoneally on day 7.5, 8.5 and 9.5 of pregnancy.

Mice were sacrificed on day 18.5 of pregnancy as previously described. Uteri were excised,

and pups euthanised by decapitation. Longitudinal strips of myometrium 10 × 1 × 1mm

were excised from the uterus.

Ringed segments or longitudinal strips of myometrium were hung in 8ml organ baths (DMT

Tissue Organ Bath 720MO Danish Myo Technology, Denmark). Organ bath experiments

were carried out in Krebs-HCO3 buffer. Unused myometrial rings and strips were taken for

RT-PCR and protein extraction. The buffer was warmed to 37°C and continuously bubbled

with 95% O2 and 5% CO2. Force was measured and recorded using BioPac hardware and

AcqKnowledge 3.7.3 software (Biopac Systems, Inc., Goleta, CA).

Uterine rings from non-pregnant mice were equilibrated to 1.0 gram of tension for 1 hour,

during which time the buffer was replaced every 20 minutes. The bath solution was then

adjusted to 40mM KCl, to induce contractions as a positive control. This was washed, and

baseline contractility was recorded for 1 hour. Oxytocin was added to a concentration of

10nM, and contractions recorded for a further 1 hour, and before adjusting to 100nM, and

recording for a further 1 hour.

Strips from uteri of gravid mice were equilibrated to 0.2 gram of tension for 1 hour, during

which time the buffer was replaced every 20 minutes. The bath solution was then adjusted
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to 40mM KCl, to induce contractions as a positive control. This was washed, and baseline

contractility was recorded for at least 20 minutes. Oxytocin was added to a concentration of

10nM, and contractions recorded for a further 20 minutes, and before adjusting to 100nM,

and recording for a final 20 minutes.

Myograph traces were analysed using custom scripts written in Mathematica. In brief,

baseline was determined using a low pass filter, and subtracted from the trace to account

for it not reaching isometric tension during equilibration and subsequent baseline shift. The

contractility of each trace was then measured over the 30 minute period either immediately

prior to oxytocin stimulation (baseline) or following addition of 10 or 100nM oxytocin.

Peaks were identified as events that exceed and then return to below a threshold empirically

determined for each trace, to capture all contractions. Frequency was calculated in Hertz

(Hz). The amplitude of each identified event was also measured, and the intervals between

events determined. The variability (standard deviation) in the interval between events in a

single trace was calculated and normalised to mean contraction interval. This was used as a

measure of the regularity of contractions. The area under the curve (integral force) was also

calculated as a measure of overall contractile activity. Amplitude and integral force were

then normalised to the initial KCl response to account for sample size variability.

5.1.15 qRT-PCR for Knockout Penetrance

Total RNA was extracted from samples using TRIzol (Ambion-Applied Biosystems) ac-

cording to the manufacturer’s protocol. RNA quantity and purity was measured by the

260nm absorbance (Beckman Du 640). Extraxcted RNA was diluted in RNAse-free water

to a final concentration 500ng/ µl and stored at -80°C.

cDNA synthesis was performed using the Super Script VILO complementary DNA (cDNA)

synthesis kit (Invitrogen, Carlsbad, California). 2µg of RNA was reverse transcribed in a

20µl reaction, which was then diluted into 100µl. Polymerase chain reaction was performed

with 5 µl cDNA using the Advantage 2 PCR Kit (Clontech) on an MJ Research PTC-200
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Peltier thermal cycler (Bio-Rad, Hercules, California). Forward and reverse primers were

designed to be specific for the wild type Ano transcript (ANO1-WT-Fwd and ANO1-WT-

Rev), or for the truncated ANO1 transcript produced following Cre-mediated excision of

exon 7 (ANO1-Trunc-Fwd and ANO1-Trunc-Rev). These primers were again designed by

Dr Dingbang Xu, Columbia Medical School. GAPDH was used as a housekeeping gene.

Relative gene expression levels for GAPDH and ANO1 were calculated using the 2-ΔΔCT

method (Livak and Schmittgen, 2001).
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5.2 Materials

5.2.1 Chemicals and Reagents

5.2.2 Antibodies

Table 5.3: List of antibodies used

Antibody Origin Fluorophore Number Manufacturer Dilution

ANO1 Rabbit Polyclonal N/a ab53212 Abcam 1/250
Anti-Rabbit
IgG H&L Goat Polyclonal AlexaFuor488 ab150077 Abcam 1/500
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Table 5.2: List of general chemicals and compounds used.

Chemical/Compound Manufacturer Reference Number
Agar Formedium AGR05
Agarose Appleton AG001
Ampicillin Formedium AMP100
Ani9 Sigma-Aldrich SML1813
CaCl2.2H2O Fisher Scientific 223506
Calbryte 520 AM Stratech 20651-AAT
Chloroform Acros Organics 423555000
D-glucose Fisher Scientific 346351
DMSO Sigma-Aldrich 276855
EGTA Sigma-Aldrich 324626
Ethanol Fisher Scientific 54159
Ethidium Bromide Sigma-Aldrich E1510
GeneJuice Sigma-Alrdrich 70967
Glycerol Sigma-Aldrich G7893
Goat Serum Sigma-Aldrich G9023
Ionomycin Sigma-Aldrich I9657
Isopropanol Sigma-Aldrich 563935
Kanamycin Formedium KAN0025
KCl Fisher Scientific PG333-500G
KH2PO4 Sigma-Aldrich P5655
Luria Broth Formedium LBX0102
MgSO4 Sigma-Aldrich M7505-500G
NaCl Fisher Scientific S/3160/60
NaH2PO4 Fisher Scientific S369-500
NaHCO3 Fisher Scientific 10020510
NaOH Fisher Scientific S/4880/60
Nuclease Free Water Invitrogen AM9932
Oxytocin Sigma-Aldrich O3251-500IU
Phosphate buffered saline Oxoid BR014G
SOC media Fisher Scientific 15544034
TBE buffer Fisher Scientific B52
TES Sigma-Aldrich T1375
TRIreagent Fisher Scientific 15596026
Trizol Sigma-Aldrich T9424
VECTASHIELD Hardset
Antifade Mounting Medium
with DAPI

Vector Labs H-1500-10
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5.2.3 Primers

Table 5.4: TaqMan Assay details for the qRT-PCR of ANO1 and housekeeper RPL-19.

Transcript Assay Number Amplicon Length Sequence

ANO1 Hs00216121 75BP cggtttgttggacgcccgggcgactacgtgtacatttt
ccgttccttccgaatggaagagtgtgcgccagggggc

RPL19 Hs02338565 127BP
agcggaagggtacagccaatgcccgaatgccagagaag
gtcacatggatgaggagaatgaggattttgcgccggcgc
tcagaagataccgtgaatctaagaagatcgatcgccaca
tgtatcacag
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Table 5.5: List of primers used.

Primer Name Sequence Notes

JRD055 tcagatccgctagcgctaccggactcagatctcgagctca
GCCACCATGAGGGTCAAC

ANO1 insert
amplification

JRD056 tggatcccgggcccgcggtaccgtcgactgcagaattcga
AGGACGCCCCCGTGGT

JRD070 gtcgacGGTACCgcgggcccgAGACCC
accggtcgccaccatggtga

mCherry insert
amplification

JRD071
accggtGGATCCcgggcccgcGGGACT
gtcgactgcagaattcg
CTTGTACAGCTCGTCCATGCCG

RF67 CCCTCAGAGTGGAAGGCCTGCTTA Mouse cre genotyping,
common forward

RF90 ACTCACCACACCATTCTTCAGCCACA WT reverse
SC135 CTGGCGATCCCTGAACATGTCCAT Cre Reverse

ANO1CR AGGGACACCTTCCTACTGGACTTACAA ANO1 genotyping,
common reverse

ANO1WF AGTGGATTTACAGCCAGGGGTTTTACAT WT forward
ANO1FF GCAAGGGGGAGGATTGGGAAGACAATA Floxed reverse

ANO1-WT
-Fwd

AAATCCTGAAGAGAACAACGTGCACCA ANO1 WT
qRT-PCR forward

ANO1-WT
-Rev

ACTTGCCCATTCCTCATACAGGAGTTT ANO1 WT
qRT-PCR reverse

ANO1-Trunc
-Fwd

CGACCTGACTGACAGGGACTCTTT ANO1 truncated
qRT-PCR forward

ANO1-Trunc
-Rev

CGTGCAGAGGGTATGCAGCTGAGTAT ANO1 truncated
qRT-PCR reverse

GAPDHfwd GACAAAATGGTGAAGGTCGGTGTGAA GAPDH housekeeper,
forward

GAPDHrev AGTGGAGTCATACTGGAACATGTAGAC
CATGTAG

GAPDH housekeeper,
reverse
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5.2.4 Vectors

Table 5.6: List of vectors used

Plasmid Insert Selection Origin

pmCh-N1 None Kanamycin Royle Laboratory

pcdna3.1+/c-(k)dyk ANO1 Ampicillin Genscript
Clone ID: OHu26085D

5.2.5 Molecular Biology Reagents

Table 5.7: List of reagents used in molecular biology and cloning

Reagent Manfacturer Reference number

Phusion DNA polymerase New England Biolabs M0530L
Eco-R1 HF New England Biolabs R3101S
KpnI-HF New England Biolabs R3142S
XhoI New England Biolabs R0146S
AgeI-HF New England Biolabs R3552S
NheI-HF New England Biolabs R3131S
CutSmartBuffer New England Biolabs B7204S
T7 ligase New England Biolabs M0318S
DH5a competent cells
(subcloning efficiency) ThermoFischer 18265017

Hyperladder 1kb Meridian Bioscience BIO-33053
Ultra-Low range DNA ladder Invitrogen 10597012
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5.2.6 Kits

Table 5.8: List of kits used.

Kit Name Manufacturer Part Number

QIAquick Gel Extraction Qiagen 28704
QuantiTect Reverse Transcription Qiagen 205311
GenElute Plasmid Miniprep SigmaAldritch PLN70-1KT
GenElute Endotoxin-free Plasmid Midiprep SigmaAldritch PLED35-1KT
Basic Nucleofector Kit for
Primary Mammalian Smooth
Muscle Cells

Lonza VPI-1004

Super Script VILO cDNA Synthesis Invitrogen 11754050
Advantage 2 PCR Clontech 639207
DNeasy Blood & Tissue Kit Qiagen 69504

5.2.7 Cell Culture Reagents

Table 5.9: List of reagents used in cell culture.

Reagent Manufacturer Reference Number

DMEM (High Glucose with GlutaMax) Fisher Scientific 11574516
DMEM (High Glucose, no calxcium) Fisher Scientific 21068028
Ham’s F12 Nutient Mix Fisher Scientific 10404972
Foetal Bovine Serum,
Heat Inactivated Merck F9665-500ML
Penicillin-Streptomycin-Glutamine
(100x) Fisher Scientific 12090216

Trypsin 0.25% EDTA Fisher Scientific 25200072

174



Chapter 6

Characterisation of a Novel Line of

Immortalised Uterine Smooth

Muscle Cells

Summary

Monolayer cell culture is a widely used experimental technique. When investigating my-

ometrial physiology, this approach is limited due to changes that occur to cells outside of

the in vivo environment. These changes include a transition to a more myofibroblastic

phenotype, and a loss of key electrogenic entities and the current they carry.

In this chapter, a novel line of myometrial cells is investigated. This cell line has been

suggested to retain key cellular functions, in particular expression of the L-type VGCC, that

would make it a powerful model system. This cell line is characterised at a transcriptional

level using RNA sequencing, and functionally through the use of calcium imaging and

administration of GPCR agonists such as oxytocin. This ultimately determined these

cells were unlikely to be electrically active. However, they retained many key features of

native myometrium and a smooth muscle phenotype, including responsiveness to oxytocin

and expression of key smooth muscle markers. These cells will therefore have further use

as a model system to investigate chemical signalling and metabolic processes with the

myometrium.
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6.1 Overview

Culture of isolated cells as a monolayer is a widely used model system to interrogate bio-

logical phenomena. This approach is used extensively to study the uterine myocyte (Ilicic

and Paul, 2018). In order to produce such cultures, myometrial biopsies are typically

obtained from the lower uterine segment of term pregnancies during elective Cesarean sec-

tion. These biopsies are dissected, and enzymatically digested using collagenases. The

resultant suspension is then pipetted into culture medium containing 5% FBS to disperse

myometrial cells and arrest digestion. Further enrichment of the USMC cell population

can be performed by passing cells through a sieve with large pore diameter of 70 µm, and

subsequent centrifugation. Finally, cells are plated into culture flasks containing appro-

priate medium, typically supplemented with 5% FBS and antimicrobial agents. Cells are

then incubated at 37°C in 95% air plus 5% CO2.

The culture of primary USMCs was first described by Casey et al. (1984), who reported

that cells were stable in culture for up to a year; however this was based solely upon

observations of the gross morphology of the cells. Mosher et al. (2013) isolated primary

USMCs from paired upper and lower segment uterine biopsies, and maintained these cells

in culture for up to 10 passages. The expression of several smooth muscle and fibrob-

last markers, along with contractile and labor-associated proteins, was measured over this

time. USMCs from both segments expressed the smooth muscle markers α-SMA, calponin,

caldesmon, tropomyosin at stable levels up to at least 10 passages, along with the fibrob-

last markers vimentin and 1B10. It was observed that mRNA levels for connexin 43,

prostaglandin-endoperoxide synthase 2 (PTGS2) and vimentin were significantly higher in

cells originating from the lower segement compared to upper segment. This observation in-

dicates that there are some region-specific differences in the characteristics of the USMCs.

Cells from both locations continued to respond to the inflamatory signal interleukin-1β

(IL-1β) up passage 10; this was determined by increased expression of PTGS2 and the

176



6. Characterisation of a Novel Line of Immortalised Uterine Smooth Muscle Cells

release of CXCL8. Myometrial cells may therefore be valid model systems for at least 10

passages. This study did not compare cultured cells to freshly isolated cells or intact tissue,

however. This prevents detailed determination of the changes that these cells may have

already undergone in the transition to culture.

Zaitseva et al. (2006) used microarrays to compare gene expression between freshly isolated

USMCs and those at P3, along with fresh and cultured cells isolated from fibroids, along

with the intact, healthy myometrial tissue. 2055 genes were differentially expressed between

all groups; While 1060 genes were different between freshly isolated USMCs and intact

tissue, only expression of only 45 genes was different between freshly isolated USMCs and

those following 3 passages. Amongst freshly isolated USMCs, there were 66 differentially

expressed genes compared to cells isolated from fibroid tissue. However, at passage 3 for

both cell populations, this was reduced to just 9 genes, suggesting that prolonged culture

may lead to convergence towards a common myofibroblastic phenotype. Furthermore, the

expression of important signalling proteins ESR1 and PGR was significantly decreased

in cultured USMCs compared to fresh tissues. This suggests that cultured cells may

have specific applications as a model, however it is important to consider the relevance

to the native tissue. Furthermore, this study was performed on samples of non-pregnant

myometrial tissue; due to the extensive changes that the myometrium and uterine myocytes

undergo during pregnancy, it is unclear how these observations would relate to pregnant

tissue.

There is a limit to the number of times cells may divide before replicative senescence is

reached (Hayflick and Moorhead, 1961), and so prolongued culture may not be viable.

This may limit the use of cells in extended experiments, such as those involving genetic

manipulation. Furthermore, the use of primary cells extracted from multiple different

tissue samples and patients may introduce further variability into experiments performed.

Many strategies have been therefore employed to develop USMC-derived cell lines with

increased proliferative lifetimes.
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Perez-Reyes et al. (1992) produced a immortalised cell line derived from aortic smooth

muscle using a retroviral vector containing the E6/E7 open reading frames of human pa-

pillomavirus type 16. This cell line had significantly increased growth rates compared

to primary cells, and signs of senescence with long-term culture were absent. However,

amongst immortalised cells, there were was a reduction in cell size, along with changes to

α-smooth muscle actin filament distribution and quantity within the cell. This suggests

that the immortalisation process causes changes to the cell which may fundamentally alter

its phenotype.

This approach was subsequently used by Monga et al. (1996) to produce the immortalised

USMC line PHM-41. These cells expressed α-smooth muscle actin similarly to primary

cells, however this was not quantified, and the primary cells used for comparison were

from non-pregnant women. A dose dependent response to oxytocin was observed, with

treatment inducing a calcium transient. The EC50 of the response was 15nM. This cell

line was subsequently used to evaluate gap junction signalling (Burghardt et al., 1996)

and the role of potassium channels (Meera et al., 1995) in the myometrium. PHM-41 cells

were reportedly used successfully for over two years. However, the initial responsiveness

to oxytocin, immediately following immortalisation, exceeded that which they observed at

later passages, although the reported oxytocin response was consistent over an extended

time period. This suggests that, following immortalisation, these cells underwent further

phenotypic change, and may no longer fully recapitulate the calcium handling and/or

signalling pathways present with fresh primary cells. The calcium transients observed in

these cells were not attenuated by nifedipine, suggesting that there was no calcium entry

via the L type calcium channel in these cells (Monga et al., 1999).

Human telomerase reverse transcriptase (hTERT) is able to stabilize telomere length and

prolong cellular proliferative lifespan. Transfection of primary cells with hTERT has been

used to produce multiple immortalised cell lines, that show reduced sensecence, and can

be used in culture for extended periods (Bodnar et al., 1998;; Vaziri et al., 1999; Morales
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et al., 1999; Farwell et al., 2000; Dickson et al., 2000). Myometrial cells have also been

produced by transfected with hTERT, and used in continuous culture for periods exceeding

10 months (Condon et al., 2002). These cells expressed many smooth muscle markers, such

as α-smooth muscle actin, smoothelin, h-caldesmon and calponin, in addition to expression

of genes associated with the myometrium, such as the oxytocin receptor (OTXR), estrogen

receptor 1 (ESR1) and progesterone receptor (PGR). These cells produced calcium tran-

sients in response to oxytocin stimulation, and showed evidence of response to estrogen,

assessed by a reporter assay. This provides further evidence that cell lines such as this are

valid models to investigate the response of cells to key signalling molecules.

Soloff et al. (2004) produced three telomerase-immortalized myometrial cell lines by trans-

fecting primary USMCs with hTERT. These cell lines were compared with the correspond-

ing primary cells from which they were derived using microarray analysis. Over 10,000

genes were included in these arrays, of which only 1% of exhibited changes in expression

following immortalisation. Importantly, there were no significant differences in key sig-

naling pathways between primary and telomerase-immortalized cells. It is, however, still

suggested that immortalisation may lead to significant changes in the cells phenotype.

As such, primary cells are still widely used as an experimental model, although they are

typically used only at low passages (Ilicic and Paul, 2018).

A major limitation of monolayer culture systems for the myometrium is the loss of expres-

sion of the L-type voltage gated calcium channel, with its expression at an mRNA and

protein levels, along with the currents that it carries, being absent following transition of

the USMCs into culture (Blanks laboratory, unpublished data). The L-type calcium chan-

nel is responsible for carrying the main depolarising component of the action potential

(Section 1.5.2), and is elicited in response to oxytocin stimulation. The action potential

is associated with a rapid, transient increase in intracellular calcium, which enters the cell

through the L-type channel. A calcium influx is also observed in response to increasing

the extracellular KCl concentration; this raises the potassium reversal potential (EK), and
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thus reduces the potassium efflux which maintains the resting membrane potential. This

in turn depolarises the membrane, which opens the L-type channel, leading to calcium

influx.

In cells without the L-type calcium channel assembled and functionally incorporated into

the membrane, there will be no action potential observed in response to oxytocin treat-

ment. A calcium transient still occurs, however, due to the mobilisation of calcium from

the sarcoplasmic reticulum into the cytosol. This may occur in the absence of any changes

to membrane potential, however. Thus, when using primary USMCs to study electrophys-

iological processes, cells are typically studied immediately after isolation and seeding, as

prolonged culture of these cells results in a rapid loss of electrical activity, which prevents

their use in these experiments.

The laboratory of Anne Straube (Warwick Medical School, United Kingdom) has generated

a novel line of immortalised myometrial cells, using isolated primary USMCs, collected

from a patient undergoing an elective caesarian section (at term, not in labour). Myocytes

from these samples were transfected with vectors to express of both the catalytic subunit

of human telomerase (hTERT) or a temperature-sensitive mutant (U19tsA58) of simian

virus 40 large-tumor antigen as previously described by (O’Hare et al., 2001). The cell line

produced in this fashion maintained an immortalised state while cultured at 33°C. When

cultured at 37°C, however, U19tsA58 is inactivated, and the cells may differentiate to a

more smooth-muscle like phenotype.

The initial characterisation of these cells was performed by Dirir (2019), who confirmed

that these cells undergo differentiation to a smooth-muscle phenotype as expected follow-

ing transfer to 37°C, with increased expression of the oxytocin receptor and desmin, and

decreased vimentin expression. This suggests that the cells showed a less myofibroblastic

phenotype at 37 °C. When treated with 10nM oxytocin, cells cultured at 33°C showed

little responsiveness to oxytocin. Cells cultured at 37°C, however, showed rapid and large
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calcium transients, which appeared distinct to that typically observed in cultured cells.

Oxytocin treatment of these cells was assumed to elicit a response via the oxytocin recp-

tor, however this dose of oxytocin may have also stimulated the vasopressin receptor (V1A)

(Akerlund et al., 1999).

Further investigation revealed positive qRT-PCR and immunocytochemical staining for

CACNA1C, the pore forming subunit of the L-type calcium channel. It was therefore

hypothesised that these cells retained expression of the L-type calcium channel as a con-

sequence of immortalisation and/or re-differentiation. Following stimulation with oxtocin

and activation of the oxytocin receptor, calcium is released from intracellular stores, and

also enters the cell via the L-type calcium channel. This would carry a current, giving rise

to the action potential. If this hypothesis were to be validated, these cells would represent

a powerful model system in which to investigate electrophysiological phenomena within

the human uterine myocyte.

6.2 Experimental Aims

The aims of these experiments were to determine:

1. The suitability of these cells as a model system for investigating myometrial physi-

ology

2. The physiology underlying the calcium transients observed within the novel cell line

We hypothesis that:

1. MyLA cells express a transcriptional profile that is similar to primary myometrial

tissue.

2. MyLA cells undergo a calcium transient in response to oxytocin that is driven by

calcium entry through the L-type voltage gated calcium channel.

3. MyLA cells produce simlar calcium responses following stimulation with PGF2α,
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another physiological GPCR agonist.

6.3 Results

6.3.1 RNA Sequencing of Cultured MyLA Cells

In total, 2623 genes were identified as being differentially expressed between MyLA cells

and primary USMCs. This was reduced to 1504 when genes with a TPM of less than 5 were

excluded. The identification of differentially expressed genes is shown in Figure 6.1. Of

these genes, 731 were down-regulated in the MyLA cell line compared to primary USMCs,

and 773 were up-regulated.

20 40 60 80 100
TPMs

-4

-2

2

4

Log2 Fold Change

Figure 6.1: MD plot of the genes identified in the RNA sequencing. Each dot represents expression
of an individual transcript. Transcripts expressed at TPMs of less that 5 were excluded (red).
From the remaining transcripts, there were 1504 for which the expression in the MyLA cell line
was significantly different compared to the primary USMC samples were identified (green).

In order to gain insight into pathways and cellular processes that differ between primary

USMCs and the MyLA cell line, gene ontology analysis was performed. This identified that

the genes that were down-regulated in the MyLA cell line were non-specifically associated

with the cytosol, mitochondria and extracellular exosome. There was also down-regulation

of ubiquitin protein ligase and anaphase-promoting complex binding. Finally, there is

a reduction in expression of genes associated with positively regulating the viral life cy-

cle.

Genes that were up-regulated related to the cellular response to infection, such as inter-
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feron production, and 2’-5’-oligoadenylate synthetase activity. There was also an increase

in genes associated with extracellular matrix production. In addition to this, there was

an increase in genes associated with negatively regulating the transition between G1 and

S-phases in the cell cycle. Finally, the expression of genes associated with muscular sep-

tum morphogenesis and photoreceptor maintenance was increased. The key differentially

expressed genes are shown in Figure 6.2.
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Figure 6.2: Heatmap showing key differentially expressed genes between MyLA (test) cells and
primary USMCs (control). Each column corresponds to a sample, and each row a specific gene.

Principle component analysis revealed that the 3 later passages of MyLA cells were highly
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similar, but the initial passage (P6) was transcriptionally distinct (Figure 6.3). This differ-

ence was attributed predominantly to high expression 8 genes (Figure 6.4), and summarised

in Figure 6.5 and Table 6.1). 3 of these genes (ZNF812, DNAH3 and ZIC1) were expressed

at a TPM below 5. The MyLA cell line was segregated from the primary cells (PCA1),

the latter of which also showed high variability between the patients, which is accounted

for by PCA2 in Figure 6.3.
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Figure 6.3: Principle component analysis comparing MyLA cells (red, n = 4 repeats at different
passages) to primary USMCs (blue, n = 3 patients). Each dot represents a sample. PCA1 accounts
for 63.2% of the variance between samples, and segregates MyLA from the primary USMCs. PCA2
accounts for 19% of the variance and separates the 3 separate patient samples of primary USMCs.
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Figure 6.4: Plots of key genes that are up-regulated in the MyLA cell line compared to primary
USMCs. For each plot, the x-axis gives the passage number and the y-axis the TPM of the
transcript in question. The red dashed line corresponding to the mean (n = 3) expression in
primary USMCs shows TPM of near 0 for all genes, and is obscured by the x-axis.
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Figure 6.5: Bar charts of key genes that are up-regulated in the MyLA cell line (n = 3) compared
to primary USMCs (n = 3). Shown are the TPMs from MyLA cells at P8, 10 and 12; P6 was
excluded due to cells not having fully transitioned to a smooth muscle phenotype. The left bar
(light gray) shows the TPMs in the MyLA cell line (n = 3), while the right bar (dark gray) is close
to 0 in the primary cells (n = 3). The difference between the MyLA and primary cells is significant
for all genes (see Table 6.1).

A list of 23 smooth muscle markers was taken from Chan et al. (2014). TPMs for each of

these genes was compared between MyLA cells at passages 8, 10 and 12, and the primary

USMCs. Of the 23 genes analysed, 5 were significantly down-regulated in the MyLA cell
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Table 6.1: TPM values and comparison of key genes that are up-regulated in the MyLA cell line
(n = 3) compared to primary USMCs (n = 3). Comparisons are performed using DeSeq2.

Gene MyLA Primary

.
Adjusted
P- value

TERT 154.582 ± 41.337 0.000 ± 0.000 <0.001
CLCA2 10.391 ± 5.455 0.009 ± 0.015 <0.001
OAS1 56.369 ± 36.628 0.158 ± 0.010 <0.001
WISP2 13.374 ± 8.809 0.039 ± 0.068 <0.001
PLLP 5.409 ± 2.591 0.000 ± 0.000 <0.001
ZNF812 4.179 ± 1.184 0.000 ± 0.000 <0.001
DNAH3 0.897 ± 0.210 0.000 ± 0.000 <0.001
ZIC1 3.547 ± 0.385 0.000 ± 0.000 <0.001

line (ACTG2, MYLK SORBS1, TPM2 and TPM4). The remaining 18 genes did not

change significantly. No genes showed significant increases in expression. The time series

of each of these genes are shown in Figure 6.6, and the data is summarised in Table 6.2

and illustrated in Figure 6.6.
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Figure 6.6: Plots of key smooth muscle markers in the MyLA cell line. For each plot, the x-axis
gives the passage number and the y-axis the TPM of the transcript in question. The red dashed
line corresponds to the mean (n = 3) expression in primary USMCs and is shown for reference.
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Figure 6.7: Bar charts of key smooth muscle markers in the MyLA cell line. Shown are the TPMs
from MyLA cells at P8, 10 and 12; P6 was excluded due to cells not having fully transitioned to
a smooth muscle phenotype. Each plot corresponds to a single gene. The left bar (light gray)
shows the TPMs in the MyLA cell line (n = 3), while the right bar (dark gray) show TPM in the
primary cells (n = 3). * denotes a significant change in expression. Comparisons are performed
using DeSeq2. 189



6. Characterisation of a Novel Line of Immortalised Uterine Smooth Muscle Cells

Table 6.2: TPM values and comparison of key smooth muscle markers in the MyLA cell line
(n = 3) compared to primary USMCs (n = 3). Comparisons are performed using DeSeq2.

Gene MyLA Mean Primary

.
Adjusted
P- value

ACTA2 1319.783 ± 31.288 2746.069 ± 2891.624 0.191
ACTG2 2.427 ± 0.955 73.174 ± 90.805 <0.001
CALD1 888.629 ± 471.853 853.593 ± 530.638 0.938
CALM1 132.116 ± 20.119 129.311 ± 27.944 0.827
CALM2 953.264 ± 276.596 889.035 ± 153.202 0.949
CALM3 544.932 ± 41.329 475.101 ± 87.330 0.846
ITGA1 36.336 ± 8.897 37.664 ± 28.784 0.817
ITGB5 287.593 ± 36.294 359.579 ± 40.953 0.246
LMOD1 57.554 ± 11.713 94.063 ± 61.642 0.242
MYL12B 932.134 ± 126.407 1145.262 ± 158.599 0.085
MYL6 4856.062 ± 519.334 5381.805 ± 1026.206 0.487
MYL6B 175.967 ± 32.277 122.364 ± 17.395 0.411
MYL9 1945.264 ± 224.474 2360.020 ± 935.407 0.424
MYLK 66.845 ± 23.070 210.854 ± 201.192 0.027
PXN 220.750 ± 43.359 233.155 ± 166.591 0.871
SORBS1 0.569 ± 0.117 7.501 ± 6.864 <0.001
SORBS3 180.755 ± 18.165 121.914 ± 22.322 0.087
TLN1 250.122 ± 63.300 297.628 ± 129.635 0.488
TPM1 972.187 ± 547.344 1286.331 ± 496.721 0.400
TPM2 3088.865 ± 163.381 4857.142 ± 1424.702 0.022
TPM3 103.367 ± 17.297 113.868 ± 44.789 0.585
TPM4 1967.521 ± 306.866 2578.757 ± 382.857 0.007
VCL 222.087 ± 50.515 255.995 ± 120.878 0.612
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6. Characterisation of a Novel Line of Immortalised Uterine Smooth Muscle Cells

The expression of other relevant genes was also evaluated. CACNA1C, the pore forming

subunit of the L-type calcium channel, was expressed similarly in both MyLA cells and pri-

mary USMCs. The oxytocin receptor showed an increased expression at the early passage

in MyLA, before falling back to the same level as primary USMCs. The Prostaglandin F2α

receptor is a GPCR similar to oxytocin. Its expression was not significantly different in

MyLA cells compared to primaries. Expression of ANO1 was low in both primary USMCs

and the MyLA cell line, and it was absent altogether in 4 out of the 7 total samples (3/4

MyLA cells and 1/3 primary USMCs). There was no significant difference between the

two groups. This data is shown in Figure 6.8 and Table 6.3.
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Figure 6.8: A: Plots of expression of genes of interest in the MyLA cell line. For each plot,
the x-axis gives the passage number and the y-axis the TPM of the transcript in question. The
red dashed line corresponds to the mean (n = 3) expression in primary USMCs and is shown for
reference.
B: Bar charts expression of genes of interest in the MyLA cell line. Shown are the TPMs from
MyLA cells at P8, 10 and 12; P6 was excluded due to cells not having fully transitioned to a
smooth muscle phenotype. Each plot corresponds to a single gene. The left bar (light gray) shows
the TPMs in the MyLA cell line (n = 3), while the right bar (dark gray) show TPM in the primary
cells (n = 3). * denotes a significant change in expression. Comparisons are performed using
DeSeq2.

Table 6.3: TPM values and comparison of genes of interest in the MyLA cell line compared to
primary USMCs. Comparisons are performed using DeSeq2.

Gene MyLA Primary

.
Adjusted
P- value

CACNA1C 6.155 ± 0.306 5.919 ± 3.392 0.939
OXTR 172.450 ± 182.622 58.424 ± 71.550 0.194
PTGFR 11.737 ± 3.056 4.885 ± 3.899 0.359
ANO1 0.008 ± 0.016 0.070 ± 0.072 0.411
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6.3.2 Oxytocin Dose Response in Cultured MyLA Cells

Confluent monolayer cultures of MyLA cells were loaded with a calicum sensitive dye, and

treated with increasing concentrations of oxytocin or acetic acid vehicle at the correspond-

ing concentration, as described in Chapter 5. This was performed on 3 dishes for oxytocin

treatment and 3 dishes for vehicle.

Samples were imaged with wide field fluorescence microscopy, and the resultant transients

from regions of interest in each individual cell were recorded. The plots of fluorescence

time series from a single representative dish of cells treated with 1nM oxytocin is shown

in Figure 6.9A and B. These traces were normalised to F0, as shown in Figure 6.9A (red

line), to account for variability in the loading of calcium dye between cells. The normalised

fluorescence (F/F0) is then plotted (Figure 6.9C and D). The average of the raw and

normalised fluorescence intensities were also calculated and plotted (Figure 6.9E and F).

Normalisation of traces dramatically reduced variability between individual cells, as is seen

by the reduced standard deviation. The fluorescence signal was measured from 20 cells in

each dish, for a total of 60 cells from 3 biological replicates from each condition.

Dishes were treated with sequentially increasing doses of oxytocin from 10pM to 100nM.

The response of representative cells to increasing doses of oxytocin, and the corresponding

vehicle (aceitic acid) controls, are shown in Figure 6.10.

In order to quantify the oxytocin response, the parameters evaluated were peak amplitude,

maximum rate of rise, frequency and fluorescence integral. These were measured over the

120 second period following the initial response, or, in the absence of a readilly identified

response, 30 seconds following oxytocin administration (to account for the delay due to the

perfusion system). Oxytocin treatment was shown to produce a dose dependent increase in

these each of parameters. The dose-response curves were fitted to the Hill equation,

[OT ]n

[OT ]n + (EC50)n
. (6.1)
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The dose-response curves for the oscillation frequency, peak relative fluorescence, fluores-

cence integral and signal mass are shown in Figure 6.11-6.14. Fitting of each of these dose

response curves allows estimation of the EC50 for oxytocin stimulation and Hill coefficient

(n). This fitting was performed using the pooled data from all 3 dishes (n = 60 cells

from 3 technical replicates), as well as to each dish individually. The averages of the fitted

parameters from each replicate (dish) are shown in Table 6.4.
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Figure 6.9: Analysis of traces produced by imaging cultured MyLA cells during oxytocin stimu-
lation. Traces shown are following treatment with 1nM oxytocin. A: The mean fluorescence signal
within a regions of interest is plotted as a function of time. The baseline fluoresence of the cell
(F0, red line) as a function of time is estimated, to allow normalisation of the trace. The allows
variablility in loading due to dye uptake to be accounted for. B: Multiple cells (n = 21) are mea-
sured from series of images. Each individual trace represents a measurement from a single cell. C:
Each individual trace is normalised to F0. D: Normalised plots for n = 21 cells. E and F: Average
raw and normalised fluorescence of all cells from the micrograph series. Mean is shown in black,
and gray lines show ± standatd deviation.
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Table 6.4: Average of parameters fitted to Hill equation describing the Oxytocin response in
MyLA cells. Shown is the mean of the 3 dishes ± standard deviation

Measurement EC50 (nM) Hill Coefficient (n)
Frequency 0.30± 0.21 1.12± 0.76
Peak fluorescence 0.31± 0.10 1.34± 0.84
Peak rate of rise 0.34± 0.16 1.37± 0.42
Fluorescence integral 0.51± 0.28 1.54± 1.09
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Figure 6.10: Representative traces showing the response of cells to increasing doses of oxytocin
(top) or vehicle (bottom)

For oscillation frequency, there is a response seen following treatment with as little as

10pM oxytocin compared to baseline. The comparison of each dose of oxytocin to baseline

frequency is shown in Table 6.5. Oscillation frequency was significantly increased for all

doses compared to baseline. This response is well described by the Hill equation, with

coefficients EC50 = 0.14nM and n = 0.88. However, at higher oxytocin concentrations,

the response is reduced. This can be seen in the representative trace shown in Figure 6.10,

which shows multiple sequential oscillations at moderate doses of oxytocin in the range

of 300pM-3nM, and single peaks at higher doses. This observation was reproduced by all
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3 dishes measured. The dose-response relationship according to this measure is shown in

Figure 6.11.
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Figure 6.11: The oscillations frequency over the 120 second period following the initial oxytocin
response was calculated and plotted against the Log10 of the oxytocin dose. A: Dose response
curves for the 3 oxytocin treated dishes compared to the mean of the vehicle dishes (n = 20 cells
from each dish). B: Dose response curve for mean of the pooled data from all 3 dishes (n = 60
cells from 3 dishes). This pooled data was described with a Hill equation with EC50 of 0.14nM
and Hill coefficient of 0.88. In all plots, the error bars show 95% confidence intervals.
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Table 6.5: Comparison of the oscillation frequency (±95% confidence interval) to baseline for the
oxytocin doses used

Treatment Number of
oscillations

P-Value
vs Baseline
(Mann-Whitney)

Corrected P-Value
(Bonferroni)

Baseline 0.08±0.07
10pM OT 0.78±0.20 9.29871×10−9 <0.001
30pM OT 0.65±0.12 1.38985×10−10 <0.001
100pM OT 1.12±0.20 4.87427×10−15 <0.001
300pM OT 2.12±0.23 5.25749×10−21 <0.001
1nM OT 2.65±0.19 1.42751×10−23 <0.001
3nM OT 3.02±0.19 1.05985×10−23 <0.001
10nM OT 2.10±0.17 3.3301×10−23 <0.001
30nM OT 1.67±0.22 4.09235×10−22 <0.001
100nM OT 1.78±0.22 3.68581×10−22 <0.001
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6. Characterisation of a Novel Line of Immortalised Uterine Smooth Muscle Cells

The peak normalised fluorescence within the observation period was measured. This gives

an indication of the relative calcium concentration within the cell. Using this measure, a

dose dependent response to oxytocin was again observed. All doses of oxytyocin produced

an increase in peak amplitude compared to baseline. Comparisons are shown in Table 6.6.

Once again, this was well described by the Hill equation, with EC50 = 0.30 and n = 1.74.

This reached its peak at doses of 1nM, above which a moderate desensitisation occurs.

This measure varied more dramatically than the oscillation frequency between dishes, but

the overall trend remained consistent. The dose-response relationship according to this

measure is shown in Figure 6.12.
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Figure 6.12: The peak fluorescence reached during the 120 second period following the start of
the initial oxytocin response was measured, and plotted against the Log10 of the oxytocin dose. A:
Dose response curves for the 3 oxytocin treated dishes compared to the mean of the vehicle dishes
(n = 20 cells from each dish). B: Dose response curve for mean of the pooled data from all 3 dishes
(n = 60 cells from 3 dishes). This pooled data was described with a Hill equation with EC50 of
0.30nM and Hill coefficient of 1.74. In all plots, the error bars show 95% confidence intervals.
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Table 6.6: Comparison of the peak fluorescence signal (±95% confidence interval) to baseline for
the oxytocin doses used

Treatment Peak relative
fluorescence

P-Value
vs Baseline
(Mann-Whitney)

Corrected P-Value
(Bonferroni)

Baseline 1.051±0.005
10pM OT 1.107±0.018 3.16458×10−10 <0.001
30pM OT 1.086±0.009 5.41589×10−9 <0.001
100pM OT 1.171±0.029 1.39158×10−14 <0.001
300pM OT 1.32±0.04 1.48262×10−19 <0.001
1nM OT 1.64±0.08 4.34509×10−21 <0.001
3nM OT 1.54±0.06 6.47687×10−21 <0.001
10nM OT 1.49± 0.06 3.38267×10−21 <0.001
30nM OT 1.52±0.08 5.6408×10−20 <0.001
100nM OT 1.56±0.07 3.38267×10−21 <0.001
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6. Characterisation of a Novel Line of Immortalised Uterine Smooth Muscle Cells

The peak rate of rise of the fluorescence (d∆F
dt ) was calculated, to provide insight into the

rate at which cytoplasmic calcium was changing. The response determined by this measure

was well described by a Hill equation with EC50 = 0.35 and n = 2.35. There was again

evidence of desensitisation, although this varied between dishes, as did the absolute rates

of fluorescence change The dose-response relationship according to this measure is shown

in Figure 6.13. For all doses of oxtocin treatment except 30pM, a significant increase over

baseline was observed. This data is summarised in Table 6.7.
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Figure 6.13: The maximum rate of fluorescence rate of rise during the 120 second period following
the start of the initial oxytocin was calculated as a measure of the rate of change in cytosolic calcium
concentration, and plotted against the Log10 of the oxytocin dose. A: Dose response curves for the
3 oxytocin treated dishes compared to the mean of the vehicle dishes (n = 20 cells from each dish).
B: Dose response curve for mean of the pooled data from all 3 dishes (n = 60 cells from 3 dishes).
This pooled data was described with a Hill equation with EC50 of 0.35nM and Hill coefficient of
2.35. In all plots, the error bars show 95% confidence intervals.
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6. Characterisation of a Novel Line of Immortalised Uterine Smooth Muscle Cells

Table 6.7: Comparison of the peak rate of fluorescence rise (±95% confidence interval) to baseline
for the oxytocin doses used.

Treatment Max rate of
fluorescence rise

P-Value
vs Baseline
(Mann-Whitney)

Corrected P-Value
(Bonferroni)

Baseline 0.0066±0.0008
10pM OT 0.0132±0.0028 9.00491×10−8 <0.001
30pM OT 0.0076±0.0007 0.0177996 ns
100pM OT 0.021±0.005 1.50803×10−11 <0.001
300pM OT 0.042±0.009 1.65278×10−17 <0.001
1nM OT 0.095±0.018 1.36265×10−20 <0.001
3nM OT 0.079±0.014 1.23444×10−20 <0.001
10nM OT 0.054±0.011 8.72756×10−21 <0.001
30nM OT 0.083±0.019 2.27324×10−14 <0.001
100nM OT 0.063±0.014 1.96056×10−15 <0.001
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6. Characterisation of a Novel Line of Immortalised Uterine Smooth Muscle Cells

Finally, by evaluating the area under the curve (fluorescence integral, or signal mass),

a further measure of the response to oxytocin stimulation was obtained. All doses of

oxtytocin treatment produced an increased fluorescence relative to baseline; this data is

shown in Table 6.8. This was again described by the Hill equation with coeffcients EC50 =

0.27 and n = 1.43. This measure showed desensitisation above oxytocin doses of 1-10nM,

and some variability between dishes. The dose-response relationship according to this

measure is shown in Figure 6.14.
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Figure 6.14: The area under the curve (fluorescence integral/signal mass) in the 120 second
period following the start of the initial oxytocin response was calculated, and plotted against the
Log10 of the oxytocin dose. A: Dose response curves for the 3 oxytocin treated dishes compared
to the mean of the vehicle dishes (n = 20 cells from each dish). B: Dose response curve for mean
of the pooled data from all 3 dishes (n = 60 cells from 3 dishes). This pooled data was described
with a Hill equation with EC50 of 0.27nM and Hill coefficient of 1.43. In all plots, the error bars
show 95% confidence intervals.
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6. Characterisation of a Novel Line of Immortalised Uterine Smooth Muscle Cells

Table 6.8: Comparison of the fluorescence integral (±95% confidence interval) to baseline for the
oxytocin doses used

Treatment Fluorescence
integral

P-Value
vs Baseline
(Mann-Whitney)

Corrected P-Value
(Bonferroni)

Baseline 3.9±0.4
10pM OT 5.4±0.5 5.91169×10−7 <0.001
30pM OT 6.4±0.6, 6.05279×10−11 <0.001
100pM OT 7.4±0.8, 5.62498×10−12, <0.001
300pM OT 11.4±1.3 7.97893×10−18 <0.001
1nM OT 20.1±1.8 1.36265×10−20 <0.001
3nM OT 17.1±1.6 1.74368×10−20 <0.001
10nM OT 16.7±1.6 5.30611×10−21 <0.001
30nM OT 12.7±1.2 2.28216×10−19 <0.001
100nM OT 11.7±1.0 5.11813×10−20 <0.001
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6. Characterisation of a Novel Line of Immortalised Uterine Smooth Muscle Cells

6.3.3 Imaging in Calcium Free Conditions

In order to characterise the mechanism of calcium transient, cells were loaded with cal-

cium dye and imaged in calcium-free Krebs-TES buffer (Ca2+-Free) or Krebs buffer. The

observed transients were characterised as before. The peak amplitude of the transient was

measured. Figure 6.15 shows micrographs captured of the dishes at baseline and at peak

fluorescence. Peak waveform amplitude was not significantly different between samples in

calcium containing compared to calcium free conditions (Average Normalised Peak ±95%

Confidence Interval: 3.26±0.21 vs 3.19±0.20, p = 0.64, Unpaired t-test, n = 63 cells from

3 dishes for each condition). Summary data is shown in Figure 6.17.

Calcium Present Calcium Absent

Baseline 

100nM OT

Figure 6.15: Micrographs showing cells at baseline (t=0 seconds, top) and at peak fluorescence
(t=65 seconds, bottom) following oxytocin stimulation, in calcium containing (left) and calcium
free (right) conditions.
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Figure 6.16: Traces plotting fluorescence signal following oxytocin treatment in calcium present
(left, n = 21) and calcium free (right, n = 21) conditions. The raw fluorescence measurements
within each ROI (top) were normalised to F0 for that particular region (bottom) for further
analysis.
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Figure 6.17: Summary data for peak fluorescence following oxytocin stimulation, in calcium
containing and calcium free conditions. Error bars show 95% confidence intervals. There is no
significant difference in the amplitude of the response in calcium present (n = 63 cells from 3
dishes) and calcium free (n = 63 cells from 3 dishes) conditions (p > 0.05, unpaired t-test).

Amongst cells in the presence of calcium, ionomycin produced a biphasic response, with an

initial increase to a plateau, followed by a further increase, along with changes to cellular

morphology, and eventual loss integrity. In the absence of calcium, the initial phase of

the response is seen, however the subsequent rise, and eventual cellular demise, is not

observed. Instead, the intracellular calcium returns to a level slightly above baseline. The

traces recorded are shown in Figure 6.18. The peak fluorescence observed was significantly

greater with calcium present than in calcium free conditions (Average Normalised Peak

±95% Confidence Interval: 12.6±0.7 vs 4.23±0.29, p < 0.001, Mann-Whitney test, n = 63

cells from 3 dishes for each condition). This data is summarised in Figure 6.19.
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Figure 6.18: Traces plotting fluorescence signal following ionomycin treatment in calcium present
(left, n = 21) and calcium free (right, n = 21) conditions. The raw fluorescence measurements
within each ROI (top) were normalised to F0 for that particular region (bottom) for further
analysis.
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Figure 6.19: Summary data for peak fluorescence following ionomycin stimulation, in calcium
containing (n = 63 cells from 3 dishes) and calcium free (n = 63 cells from 3 dishes) conditions.
Error bars show 95% confidence intervals. The peak response in calcium present conditions is
significantly greater than in calcium free conditions (p < 0.001, Mann-Whitney test).

6.3.4 Response to Potassium Mediated Depolarisation

To determine if there was any calcium entry into the cell through the opening of voltage sen-

sitive channels (specifically the L-type calcium channel), calcium imaging was performed on

cells during treatment with increasing concentrations of extracellular potassium, through

the addition of KCl to the buffer (final concentration 20mM, 40mM and 60mM). Cells were

also imaged at baseline for comparison, and following treatment with 100nM oxytocin to

confirm cell viability. This was repeated using 3 dishes, with 21 cells analysed from each

series of micrographs (n = 63 from 3 replicates).

Following adjustment of the buffer to increased K+ with any dose of KCl, peak calcium

did not increase significantly above baseline (p > 0.05 for 20mM KCl, 40mM KCl, 60mM

KCl, Mann-Whitney test).

Treatment with 10µM ionomycin, however, produced a significant response in the cells, with
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the peak being increased significantly compared to baseline (p < 0.001, Mann-Whitney

test). This demonstrates that KCl mediated membrane depolarisation does not elicit a

transient in MyLA cells. Representative traces of the responses are shown in Figure 6.20,

and summary data is presented in Figure 6.21.
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Figure 6.20: Traces plotting fluorescence signal following adjustment to increasing concentration
of KCl (20, 40 and 60mM), along with treatment with 100nM oxytocin and 10µM ionomycin as
positive controls (n = 21 cells). The raw fluorescence measurements within each ROI (top) were
normalised to F0 for that particular region (bottom) for analysis.
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Figure 6.21: Summary data for peak fluorescence, fluorescence integral and rate of fluorescence
rise following increasing extracellular potassium concentration. n = 63 cells from 3 dishes. Error
bars show 95% confidence intervals. For each of the three measures used, KCl treatment produced
no significant differences compared to baseline (p > 0.05). Both oxytocin and ionomycin, however,
lead to significant increases in all 3 metrics (p < 0.05 and p < 0.001 for all).

6.3.5 Response to Prostaglandin F2α

The prostaglandin F receptor (FP) was identified as being expressed in the MyLA cell

line at an mRNA level in the sequencing data. Dishes of MyLA cells were treated with
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either 1µM prostaglandin F2α(PGF2α), 100nM oxytocin or a PGF2α vehicle. For each

treatment, 60 cells were observed from 3 dishes. Representative traces from dishes are

shown in Figure 6.22. 3 metrics were used to characterise the response: peak fluorescence,

oscillation frequency and fluorescence integral. Based upon these measures, both PGF2α

and oxytocin produced a significant response compared to baseline (p < 0.001, Mann

Whitney test with Bonferroni correction).

The frequency of agonist induced oscillations was similar between PGF2α and oxytocin

treatment groups. The peak amplitude and the fluorescence integral of the response to

oxytocin was significantly greater than that to PGF2α. Summary data is shown in Figure

6.23.
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Figure 6.22: Traces plotting fluorescence signal following treatment with 10µM PGF2α (left),
0.01% ethanol vehicle (middle) or oxytocin 100nM oxytocin. The raw fluorescence measurements
within each ROI (top) were normalised to F0 for that particular region (bottom) for analysis.
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Figure 6.23: Summary data for peak fluorescence, fluorescence integral and rate of fluorescence
rise following treatment with 10µM PGF2α (left), 0.01% ethanol vehicle (middle) or oxytocin 100nM
oxytocin. n = 60 cells from 3 dishes for each condition. Error bars show 95% confidence intervals.
**-p < 0.001, n.s.- not significant

6.4 Discussion

6.4.1 Transcriptional Characterisation of the MyLA Cell Line

RNA sequencing provided insight into the genes expressed by the MyLA cell line. This was

compared to primary cultured uterine myocytes. The sequencing data for these primary

cells was taken from Dirir (2019), due to availability of the data. These cells had been

cultured for fewer tha 4 passages, but had also been treated with non-targeting siRNA for

the purposes of another experiment. This would not be predicted to have a huge effect of

the phenotype, but may cause a response to foreign genetic material. Untreated primary

cells would have been a more suitable control, but this was not available.

Amongst the primary cells, there was significant variance between patients, as is observed

in the PCA plot (Figure 6.3). There is extensive heterozygenteity in the human popula-

tion, and the MyLA cell line represents cells from only one patient within this population.

Furthermore, samples from each patient would contain a heterogenous population of cells

(Goad et al., 2020). This again will not be reflected in the MyLA cell line, which were

clonally derived from a single immortalised primary cell. Thus, MyLA cells only represent

a small fraction of the native myocyte population, and it may not be representative of

all patient samples. However, the findings of the RNA sequencing suggest that the tran-
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scriptional phenotype of these cells is consistent with the diverse range of primary cells.

Furthermore, the MyLA cell line appears to be transcriptionally very stable throughout

passages, with minimal changes observed between passages 8 to 12. This is in line with

the lack morphological changes amongst MyLA cells seen under microscopy during cul-

ture. The upper limit of the number of passages for which these cells could be used was

not determined, however they were used in these experiments up to passage 15 without

issue.

Many of the key differences between the MyLA and primary cells were due to genes as-

sociated with the cellular response to infection. This is consistent with the use of a viral

vector to generate the cell line (O’Hare et al., 2001). One of the most differentially ex-

pressed genes was TERT, which is responsible for the immortalisation of the cells. Many

key smooth muscle markers were also expressed by the MyLA cell line at similar levels

to primary cells. This is consistent with this cell line retaining a strong smooth muscle

phenotype.

Primary cultured USMCs may not be representative of the uterine myocyte within the

native environment of the myometrium. Comparison of the two groups to the sequencing

data from Chan et al. (2014) supported the previous observations that these cells represent

the uterine myocyte reasonably well. This data is shown in the Appendix B. However, due

to differences in sequencing depths between the two datasets, and also due to the presence

of non-myometrial cells in the biopsy samples, the comparison between the two had limited

validity.

Serum starvation of cultured myometrial cell has been suggested to more accurately repro-

duce the native environment of the myometrium (Bonazza et al., 2016). These sequencing

experiments were performed using mRNA extracted from MyLA and primary cells that

were grown to confluence, but were not serum starved. Subsequent work performed using

the MyLA cell line used serum starvation. This has been suggested to have little effect on
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the phenotype of the cells (Vaes et al., 2018). However, the effect of serum starvation may

arise due to arresting the cell cycle and synchronising the cell population (Langan et al.,

2017), which also occurs as the cells reach confluence and contact each other. Further

modification of the culture conditions, particularly with regards to supplementation of the

media, may further enhance the smooth muscle phenotype of the cell line (Vaes et al.,

2018).

6.4.2 Oxytocin Response in MyLA cells

MyLA cells were observed to respond to oxytocin in a dose dependent fashion. This

is consistent with the known mechanism of oxytocin signalling, and activation of the

phospholipase-C pathway via the oxytocin receptor. The EC50 observed from the fit-

ting of the single Hill equations was in the range of 0.30-0.51nM depending on the measure

used to evaluate the response. The KD of oxytocin to the OTXR was has been reported as

0.76nM amongst human uterine myocytes. The EC50 for the amplitude of the calcium re-

sponse was 2.09nM (Tahara et al., 2000). Amongst rodent myocytes, multiple populations

of binding sites were reported. Using isolated membrane fractions, the highest affinity sites

were reported to have a KD of 0.6-1.5nM (Crankshaw et al., 1990). Conversely, in intact

rodent endometrial and myometrial cells, an higher KD of 5nM was reported (Pliska et al.,

1986). However, only one binding site was observed in human USMCs. The response of

the MyLA cell line to doses of oxytocin in the sub-nanomolar range is consistent with

activation of the oxytocin receptor, as opposed to V1A, which has a much lower affinity

for the ligand (Akerlund et al., 1999).

The observed EC50 here is lower than that previously reported for primary human USMCs

(Tahara et al., 2000), and indeed than the KD for oxytocin binding to the OTXR in

human or rodent myometrium (Tahara et al., 2000; Crankshaw et al., 1990). This may

due to differences between the cells used in the study, with Tahara et al. (2000) using cells

purchased from Clontech; the gestational status of these samples is unclear. There may be
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significant differences in the downstream components of the signalling pathway between

the MyLA cell line and these primary cells. Alternatively, the desensitisation which is

observed may lead to an apparent reduction in the apparent EC50.

There was a reduced response to higher doses of oxytocin in the MyLA cell line. The de-

sensitisation of the response to oxytocin over a relatively short timescale has been reported

(Robinson et al., 2003). Treatment of cultured USMCs with 10nM oxytocin lead to a re-

duction in the peak amplitude of the response, which was observed to decay with a half life

of 4.2 hours. The treatment of oxytocin-desensitised cells with an alternative GPCR ago-

nists, PGF2α lead to a response that did not show signs of desensitisation. This suggests

that cells calcium stores were not depleted by prolonged oxytocin treatment (Robinson

et al., 2003). The experiments reported here to determine oxytocin dose-response curves

were conducted over approximately 1.5 hours (13 micrograph series captured over 4 min-

utes each, with 3 minute washes in between). A moderate degree of desensitisation may

therefore occur over this timeframe.

Following stimulation with oxytocin, the OTXR is internalised, and either trafficked back

to the membrane of degraded (Vrachnis et al., 2011). Treatment with 1µM oxytocin over

20 hours produced a near tenfold reduction in the amplitude of the oxytocin response. This

was associated with a reduction in mRNA encoding the OTXR, but no reduction in the

amount of the OTXR at the membrane, as determined by flow cytometry (Phaneuf et al.,

1997). This observation may be due to the extended experimental timecourse, which was

sufficiently long that internalised oxytocin may be returned to the plasma membrane. It

is suggested that the desensitisation of the cells response to oxytocin occurs as a result

of phosphorylation of the receptor, leading to a reduction in the available binding sites

(Plested and Bernal, 2001).

The fitting of the dose response curves to dual Hill functions produced a better fit to the

experimental data by accounting for the desensitisation (see Appendix B). In order to
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accurately observe the response of the cells to oxytocin in the absence of desensitisation, a

revised experimental design that excludes the time dependent changes would be required.

This could be done by subjecting individual cell populations to a single dose of oxytocin

each, and could be performed using a plate reader to allow for high throughput. Such an

approach removes the ability to resolve transients on the cellular level, however.

Amongst experiments reported in this chapter, there was substantial variability in the rel-

ative fluorescence values observed between dishes. This is seen clearly in Figure 6.12. This

was subsequently identified as a result of excessive background signal in the micrographs

captured, due to the microscope set up. This was partially corrected for by subtraction in

the analysis of subsequent experiments.

6.4.3 Mechanism of the Oxytocin Response

The calcium transients observed within the MyLA cell line showed a dramatically different

waveform to that previous observed by (Dirir, 2019). Here, the transient is of a much

lower amplitude, with a slower rate of rise, but a prolonged duration. In the experiments

performed here, the calcium transients were unaffected by the removal of extracellular

calcium. Furthermore, no response was elicited by increasing the extracellular potassium

concentration. These observations suggest that the transients observed arise as a result

of mobilisation of calcium from intracellular stores, and not the entry of calcium into the

cell via a voltage gated channel. In order to definitively confirm this, calcium uptake into

stores via SERCA can be inhibited with thapsigargin, and the stores depleted.

The L-type calcium channel was persistent in the RNA sequencing data at consistent levels

up to at least P12. It is also possible that the transient was carried by an another entity,

such as the T-type calcium channel, or a member of the TRP family. The CACNA1G,

which forms the T-type channel, and TRPC family members TRPC4 and C6 are present

within the RNA sequencing (Section 4.4), and may have contributed to this transient.

Based upon the experimental observations, it is likely that, as a result of the culture
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conditions, the entity responsible for this calcium entry is no longer being trafficked to

the membrane in the MyLA cells. Further work to adjust the culture environment, such

as hormonal supplementation or the use of 3 dimensional culture systems, may lead to

restoration of this transient.

As the MyLA cells as used here show no signs of voltage gated calcium entry, the L-type

calcium current will be absent. This means that the cells will not be able to produce an

action potential. As a result, they may be of limited use in evaluating the electrophysio-

logical properties of the myometrium. However, the responsiveness of the cells to oxytocin

suggests that key components of the signalling pathways remain intact. Therefore, these

cells may represent a useful model system in which to evaluate numerous other signalling

pathways and phenomena within the USMC. Indeed, it has been suggested that the pres-

ence of voltage operated calcium entry may be a significant confounding factor that may

complicate interrogation of calcium handling pathways, such as SOCE, within cells (Noble

et al., 2009). Thus, the MyLA cell line may be a useful tool in which to investigate these

pathways.

6.4.4 PGF2α in the MyLA cell line

MyLA cells responded to PGF2α in a similar fashion to oxtytocin. PGF2α binds to the

FP receptor with a reported Ki of 3.4nM (Kiriyama et al., 1997). It also showed affinity

for the EP and EP3, with Kis of 1300 and 75nM respectively. At the doses used in these

experiments, the FP and EP3 would be nearly completely (99%+) occupied, while the EP

receptor would also be highly saturated. Thus, the response cannot be unequivocally at-

tributed to stimulation of the FP receptor alone. Nonetheless, the observation is consistent

with activation of another GPCR signalling pathway.

The transients observed in response to PGF2α were significantly smaller in magnitude than

those elicited by oxytocin, as determined by peak height and fluorescence integral. This

is consistent with the reduced expression of the FP compared to the OTXR seen in the
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RNA sequencing of MyLA cells. The frequency of oscillations remained consistent between

both treatment groups, however. A fourth metric (peak rate of rise) was also considered;

however, this was confounded by a subtle but rapid baseline shift arising due to the action

of pipetting into the dish. To avoid such baseline shifts in future, the heated perfusion

system was used where possible to run subsequent experiments. The response to PGF2α

has since been characterised by Dr Isabel Hamshaw in full detail.

6.4.5 Conclusion

1. MyLA cells express key myometrial markers at levels similar to primary cultured

USMCs, to which they are transcriptionally similar, suggesting that they can be

effectively used to investigate myometrial physiology.

2. MyLA cells respond to oxytocin stimulation in a manner similar to that reported in

primary USMC cultures

3. The calcium transients induced by oxytocin stimulation arise as a result of the mo-

bilisation of calcium from intracellular stores, and not due to extracellular entry.

4. MyLA cells respond to the FP receptor agonist PGF2α in a fashion similar to oxytocin.

5. The MyLA cell line may be a suitable tool with which to investigate many signalling

pathways and processes within the USMC.

6. The use of MyLA cells to characterise the electrophysiologcial behaviours of the

USMC is not appropriate, as they no longer recapitulate key behaviours of the my-

ocyte in the physiological setting, namely voltage gated calcium entry and the action

potential.
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Chapter 7

The Role of ANO1 in Human

Myometrium

Summary

Previous modelling carried out in this work supports previous suggestions that ANO1 may

play a role in promoting myometrial contractility. However, there is conflicting evidence in

the literature regarding this. Previous experiments that have been reported used either non

specific inhibitors (Bernstein et al., 2014), or had flawed experimental designs (Qu et al.,

2019). In this chapter, the role of ANO1 in human myometrium is further investigated

experimentally, and the hypothesis established by the modelling are evaluated.

ANO1 was observed to be present only at incredibly low levels at the mRNA level, using

both RNAseq and RT-qPCR. However, strong staining was observed using immunohisto-

chemistry, which may represent the ANO1 channel or be non-specific. Calcium imaging

of cultured MyLA cells showed that inhibition of ANO1 with the novel, specific inhibitor

Ani9, and overexpression of fluorescently labelled ANO1-mCh constructs did not affect the

release of calcium from intracellular stores. Inhibition of ANO1 using Ani9 in strips of hu-

man myometrial tissue collected from pregnant women (not in active labour) and hung in

an organ bath did not reduce contractile activity at baseline and following oxytocin stim-

ulation. These findings suggest that ANO1 does not play a significant role in promoting

uterine contractility, or that its loss of function is readily compensated for by alternative

mechanisms within the uterine myocyte.
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7.1 Overview

ANO1 has been implicated in promoting the contractility of the myometrium (See Section

1.8). However, much of the evidence supporting its role originates from studies that at-

tempt to pharmacologically inhibit ANO1 (Bernstein et al., 2014; Danielsson et al., 2018;

Hyuga et al., 2018, 2021). The only study which has attempted to ablate ANO1 at a

genetic level using a mouse model failed observe a parturition phenotype associated with

ANO1 knockout (Qu et al., 2019). Furthermore, the presence of ANO1 in the myometrium

remains controversial, with several studies failing to observe evidence supporting its pres-

ence (Qu et al., 2019; Dodds et al., 2015). Its presence at the RNA and protein level

was observed by Bernstein et al. (2014) in murine and Danielsson et al. (2018) in human

myometrium, however.

Numerous inhibitors of ANO1 have been identified, including benzbromarone (Huang et al.,

2012b), MONNA (Oh et al., 2013) and Tannic acid (Namkung et al., 2010), and further

targeted inhibitory compounds developed, CaCCinh-A01 (De La Fuente et al., 2007) and

T16Ainh-A01 (Namkung et al., 2011). However, ubiquitous blockade of the chloride current

by ion replacement has been shown to produce results identical to the effects of MONNA,

CaCCin-A01 and T16Ainh-A01 (Boedtkjer et al., 2015). This suggests that these com-

pounds are poorly selective for ANO1. Further novel, more specific inhibitors have since

been developed (Seo et al., 2016; Truong et al., 2017). Ani9 is a small molecule inhibitor

of ANO1 that has been demonstrated to show minimal inhibitory effect on CaCC formed

by the similar protein ANO2 (Seo et al., 2016). The properties of various reported ANO1

inhibitors is shown in Table 7.1.

Although the MyLA cell line has been demonstrated to be electrically inert (Chapter 6),

they retained responsiveness to oxytocin, and thus may be a valid model system in which

to investigate other pathways and processes within the cell. ANO1 may fulfil multiple

functions within the uterine myocyte, that may not necessarily be dependent upon the
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Table 7.1: List of ANO1 inhibitors and their affinity for ANO1. Experimental determination of
IC50 for benzbromarone, MONNA and tannic acid was performed by Hyuga et al. (2018).

Drug KD
IC50 in
Myometrium Source

Benzbromarone 9.97 39 Huang et al. (2012b)
MONNA 1.27 48 Oh et al. (2013)
Tannic acid 6 53 Namkung et al. (2010)
CaCCinh-A01, 1 - De La Fuente et al. (2007)
T16Ainh-A01 1-1.8 - Namkung et al. (2011)
Ani9 0.107 - Seo et al. (2016)

action potential. Amongst the findings reported by Bernstein et al. (2014), it was observed

the benzbromarone treatment reduced the amplitude of the oxytocin induced calcium

transient amongst cultured primary USMCs. As these cells were maintained in culture

for an extended period prior to performing the experiments, it would be expected that the

L-type calcium currents would be absent from these cells; however, the correct controls

using KCl were not reported simultaneously to verify this. Furthermore, Danielsson et al.

(2018) observed that targeted siRNA mediated knockdown of ANO1 reduced activation

of the contractile apparatus, again within primary cultured USMCs. These observations

have also been supported by further experimental data from the laboratories of Dr George

Gallos (Columbia University, New York) and Professor Anatoly Shmygol (United Arab

Emirates University, Al Ain), who observed reduced caclium transients in isolated human

and rat myocytes treated with ANO1 targetted siRNA and the inhibitor T16Ainh-A01

respectively (unpublished data). This suggests the possibility that either ANO1 may play

a role in the release of calcium from intracellular stores, or that the observed phenomenae

are a result of the action of the pharmacological agents used acting non-specifically against

other targets. Further investigation is warranted in order to determine the precise role and

mechanism by which ANO1 may affect uterine excitability and contractility.

7.2 Experimental Aims

The aims of these experiments were to
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1. Investigate the spatiotemporal distribution of calcium signalling in the USMC in

relation to ANO1

2. Investigate the effect of transgenic overexpression of ANO1, and evaluate the suit-

ability of cells doing such as a model system

3. Investigate the role of ANO1 within the uterine myocyte via targeted pharmacological

inhibition

In Chapter 4, simulations were performed to investigate the potential role of ANO1 in

myometrial physiology. Based upon this work, we predict that ANO1 may couple agonist

mediated calcium release to depolarisation. Depletion of ANO1 in silico prevented the

cells ability to fire an action potential, and expression above a sufficient amount to reach

threshold did not significantly affect the amplitude of the myometrial APs produced. This

suggests that ANO1 may regulate the likelihood, and thereby frequency, of contractions

occuring. Alternatively, ANO1 may have an affect on stabilising the action potential and

prolonging the plateau phase. This would ultimately increase the duration of depolari-

sation, and the resultant force which occurs. Finally, if ANO1 plays a role in calcium

homeostasis within the cell, and agonist mediated release of SR calcium, a phenotype

would be expected to be observed within the MyLA cell line, as well amongst intact tissue.

We therefore hypotheise that

1. ANO1 is present in the uterine myocyte and MyLA cell line.

2. If ANO1 couples chemical signalling to myometrial excitability, then ANO1 inhibition

will therefore reduce the frequency of contraction in intact tissue.

3. If ANO1 stabilises and prolongs the action potential, then ANO1 inhibition will

therefore reduce the force of and duration of contraction in intact tissue.

4. If ANO1 plays a role in calcium homeostasis within the myometrium, then ANO1

inhibition in cultured uterine myocytes (MyLA cells) will lead to a reduction in
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frequency or amplitude of agonist induced calcium oscillations.

5. If ANO1 is functionally redundant to the myometrial action potential waveform, and

does not play a pro-contractile role within the cell, its inhibition will have no effect

on the contractility of intact tissue, or the properties of calcium induced oscillations

in cultured cells.

We also set out to develop fluorescently labelled constructs (ANO1-mCh and ANO1-mCh-

mCh/ANO1-mChx2) for the further investigation of ANO1 within our cells. We hypothesis

that

1. Fluorescently labelled ANO1 constructs behave in fashion similar to endogenous

ANO1 and are distributed similarly through the cell.

2. Expression of fluorescently labelled ANO1 does not affect calcium signalling within

the MyLA cells line.

3. These constructs can be used to further investigate the role of ANO1 in cellular

physiology.

7.3 Results

7.3.1 ANO1 is Present in the MyLA Cell Line

ANO1 was identified as being present within intact myometrium at the RNA level in the

sequencing dataset produced by Chan et al. (2014). This was observed to be at transcripts

per million (TPMs) of 13.0± 7.4 (mean ± SD) amongst women at term not in labour, and

7.2±2.3 amongst samples from women at term in labour. The observed change between

the two groups was not significant (p=0.14, unpaired, unadjusted t-test). In the RNA

sequencing data for the MyLA cell line (Section 6.3.1), ANO1 was expressed at a TPM of

0.008±0.016 amongst MyLA cells and 0.070±0.072 amongst primary USMCs. The RNA

sequencing data for all members of the anoctamin familly, as well as other CaCC forming
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and associated protein families, is given in Table 7.2 and Figure 7.2, and the time series

of each over different passages in Figure 7.1. The only known CaCC forming or associated

proteins for which expression at significant levels was detected within MyLA cells, or

primary USMCs, were CLCA2 (Sharma et al., 2018) and ANO6 (Grubb et al., 2013). The

former (CLCA2) was only detected in the MyLA cell line, and was essentially absent in

primary USMCs (TPMs 10.391 ± 5.455 for MyLA vs 0.009 ± 0.015 for primary USMCs,

p<<0.001). ANO6 was expressed similarly between both cell populations ( 38.231 ± 9.857

vs 51.953 ± 20.935, p=0.195).
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Figure 7.1: Time series data showing the expression of various CaCC and associated proteins in
primary USMCs and the MyLA cell line. Transcripts encoding members of the anoctamin, CLCA
and bestrophin family are considered. For each graph, the red line indicates the mean expression
in the primary USMCs (n = 3), while the black line indicates expression in the MyLA cell line at
different passages. Statistical comparison of MyLA to primary USMC expression levels is given in
Table 7.2
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Figure 7.2: Bar charts showing the expression of various CaCC and associated proteins in primary
USMCs and the MyLA cell line. Transcripts encoding members of the anoctamin, CLCA and
bestrophin family are considered. Shown are the TPMs from MyLA cells at P8, 10 and 12; P6
was excluded due to cells not having fully transitioned to a smooth muscle phenotype. Each plot
corresponds to a single gene. The left bar (light gray) shows the TPMs in the MyLA cell line
(n = 3), while the right bar (dark gray) show TPM in the primary cells (n = 3). Statistical
comparison of MyLA to primary USMC expression levels was performed using DeSeq2, and is
shown in Table 7.2. * denotes a significant difference in expression between the two groups (adjusted
p < 0.05).

In order to determine mRNA expression of ANO1 within MyLA cells, qRT-PCR was used

to compare transcript abundance to cultured primary USMCs. CT values were compared
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Table 7.2: TPM values and comparison of genes encoding CaCC forming, or associated, proteins
in the MyLA cell line compared to primary USMCs. Values are given as the mean ± the standard
deviation (n=3 samples for each).

Gene MyLA Primary

.
Adjusted
P- value

ANO1 0.008 ± 0.016 0.070 ± 0.072 0.411
ANO2 0.000 ± 0.000 0.000 ± 0.000 1
ANO3 0.115 ± 0.045 0.090 ± 0.059 0.919
ANO4 4.642 ± 0.734 5.242 ± 6.659 0.918
ANO5 0.000 ± 0.000 0.005 ± 0.009 1
ANO6 38.231 ± 9.857 51.953 ± 20.935 0.195
ANO7 1.054 ± 0.232 1.351 ± 0.654 0.500
ANO8 4.655 ± 2.107 2.779 ± 0.473 0.319
ANO9 0.181 ± 0.114 0.000 ± 0.000 0.037
ANO10 55.363 ± 3.339 66.991 ± 3.901 0.166
CLCA1 0.010 ± 0.013 0.000 ± 0.000 1
CLCA2 10.391 ± 5.455 0.009 ± 0.015 <0.001
CLCA3P 0.054 ± 0.021 0.000 ± 0.000 0.309
CLCA4 0.218 ± 0.142 0.000 ± 0.000 0.032
BEST1 2.967 ± 0.256 2.048 ± 1.276 0.679
BEST2 0.130 ± 0.018 0.026 ± 0.044 0.349
BEST3 0.126 ± 0.045 0.093 ± 0.100 0.922
BEST4 0.213 ± 0.093 0.304 ± 0.130 0.603

to the housekeeping gene RPL19. Relative expression in the MyLA cell line was normalised

to expression in pooled primary mRNA. Expression was significantly reduced in MyLA cells

compared to primary USMCs (relative expression 0.72±0.27 vs 1.0±0.34, p=0.03, unpaired

t-test).

Table 7.3: qRT-PCR results for the detection of ANO1 in the MyLA cell line

Transcript CT
Primary MyLA

ANO1 30.89± 0.09 33.30±0.11
RPL19 14.49±0.03 16.38±0.03
ΔCT 16.40±0.09 16.92±0.11
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Figure 7.3: Delta-CT and fold change in expression data for qRT-PCR of ANO1 in the MyLA
cell line. A: Delta-CT values from qRT-PCR for ANO1 compared to the houskeeper gene RPL19 in
the MyLA cell line (n = 3) and pooled RNA from primary USMCs (n = 3). B: Relative expression
of ANO1 in the MyLA cell line compared to primary USMCs (n = 3 for both). ANO1 relative
expression was reduced amongst the MyLA cell line compared to primary USMCs (0.72±0.27 vs
1.0±0.34, p=0.03, unpaired t-test). C: PCR products were run on a 2% agarose gel and visualised.
The observed bands correlated with the predicted product sizes, and were confirmed via sequencing
(Table 5.4)

The presence of ANO1 at the protein level was evaluated using immunocytochemistry.

Immunostaining was performed using both cells that had been grown in complete media

(at 90-100% confluence) and those that had been serum starved for 48 hours prior to

fixation. In un-starved cells, there was punctate staining around the nucleous, which is

consistent with ER accumulation prior to transport, and weak signal that may correspond

to ANO1 ion channels that have been trafficked to the membrane (Figure 7.4).

Following serum starvation, the fluorescence signal corresponding to ANO1 staining was

significantly more apparent, and showed a more clear punctate pattern (Figure 7.5). In

order to further visualise the intracellular distribution of the staining, 3D images were

constructed from the individual z-stacks (Figure 7.6). Amongst unstarved cells, signal was

accumulated around the nucleus and along the midline of the cell. Following starvation, a

dramatically different pattern of staining was observed, with minimal accumulation within

the cell and in the perinuclear space, and most of the signal originating from a laminae at

the base of the cell, at the interface between the cell membrane and the coverslip.

Amongst both starved and unstarved cells, background fluorescence was also observed in
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samples stained with the secondary antibody only, suggesting that there is non-specific

binding of the fluorophore conjugated antibody to other epitopes within the cell. There

was also some non-specific fluorescence observed in dishes stained with the primary anti-

body alone. Imaging of cells treated with no antibodies showed minimal autofluorescence

(Figures 7.4 and 7.5).

ANO1 DAPI Merge

20 µm

 P:1/ 250 
S:1/ 500

P: 1/250 
S: 0 

 P: 0 
S: 1/500

P: 0
 S: 0

Figure 7.4: Immunocytochemical staining for ANO1 of MyLA cells cultured in complete media,
imaged by confocal microscopy. Cells were treated with a primary antibody (ab53212) at a dilution
of 1/250 (p: 1/250), or vehicle control (p: 0), and then with secondary antibody (AlexaFluor 480)
at a dilution of 1/500 (S: 1/500) or control (S: 0). Staining with DAPI identified the nuclei.
Positive signal was clearly seen in samples treated with both primary and secondary antibodies, in
a punctate pattern consistent with SR accumulation. Cells treated with either primary, secondary
or both antibodies omitted (controls) showed minimal signal.
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Figure 7.5: Immunocytochemical staining for ANO1 of MyLA cells following serum starvation,
imaged by confocal microscopy. Cells were treated with a primary antibody (ab53212) at a dilution
of 1/250 (p: 1/250), or vehicle control (p: 0), and then with secondary antibody (AlexaFluor 480)
at a dilution of 1/500 (S: 1/500) or control (S: 0). Staining with DAPI identified the nuclei.
Positive signal was clearly seen in samples treated with both primary and secondary antibodies,
in a punctate pattern across the cells, consistent with membrane incorporation. Cells treated with
either primary, secondary or both antibodies omitted (controls) showed minimal signal.
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Figure 7.6: 3D reconstruction of Z-stacks from confocal imaging of MyLA cells stained following
antibody staining for ANO1. For both unsynchronised (grown in complete media) and serum
starved cells, the Z-stacks were combined to visualise the distribution of fluorescence signal in the
Z plane through the cell. A: Usynchronised cells showed a more diffuse distribution around the
equator of the cell. In serum starved cells, signal accumulated in a laminar plane at the basal
membrane of the cells. B: Cropping the imaging frame around an individual cell from in serum
starved conditions, the intracellular distribution of signal in readily visualised.

7.3.2 Generation of Fluorescently Labelled ANO1-mCh Constructs

To enable live cell imaging of the intracelluar distribution of ANO1, a fluorescently labelled

ANO1 construct was generated. This was created using the plasmids pcDNA3.1+C-ANO1-

DYK and pmCh-N1 (Figure 7.7). ANO1 was amplified by PCR using the primers JRD056

and 057, from the vector pcDNA3.1+C-ANO1-DYK (Figure 7.8). The amplicon and des-
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tination vector (pmCh-N1) were double digested with the restriction enzymes XhoI and

KpnI, or NheI and KpnI. As XhoI showed evidence of incomplete digestion, the digestion

products from NheI and KpnI were used for further ligation (Figure 7.9). Ligation was

performed using T7 ligase, and ligation products were transformed into DH5α compotent

E. Coli.

A B

Figure 7.7: Plasmid maps of pmCh-N1 and pcDNA3.1+C-ANO1-DYK, which were used as a
destination vector and template respectively for inserting and amplifying and the ANO1 fragment.
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Figure 7.8: Amplification of a DNA fragment coding for ANO1 from the template vector
pcDNA3.1+C-ANO1-DYK. A: The predicted PCR product. B: PCR products were run on a
1% agaose gel, a band of the expected size was observed.
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Figure 7.9: Predicted products of restriction digests and ligation to generate ANO1-mCh plasmid.
A: pmCh-N1 (i) and the PCR products shown in Figure 7.8 (ii) were digested with NheI and KpnI.
B: The digestion products were ligated and circularised to produce the plasmid containing the
ANO1-mCh insert.
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Figure 7.10: A: Predicted fragments following digestion of pmCh-N1 with XhoI and KpnI (i),
or NheI and KpnI (ii). B: Predicted fragments following digestion of ANO1 PCR products with
XhoI and KpnI (i), or NheI and KpnI (ii). C: Following digestion, products were run on a 1%
agarose gel to confirm digest and fragment sizes. Digetsion of the vector (pmCh-N1) with Xho1
was incomplete, however all other restriction enzyme combinations fully linearised the plasmid
successfully.
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Transformed cells were cultured using antibody selection (kanamycin). Colonies were ex-

panded, and screened for the desired plasmid by miniprep and test restriction digest with

Eco-R1. Predicted and observed fragments are seen in Figure 7.11. Colonies identified

as containing the fully ligated plasmid were further expanded, and plasmid extracted via

midiprep. Sample sequence spanning the splice sites was confirmed by sequencing (Source

Bioscience).

D		U D		U D		U D		U D		U D		U D		U D		U
6kb

1kb

* * * *

A B
i ii

C

D U

5kb

Figure 7.11: Test digest using Eco-R1 to confirm ligation of ANO1 in pmCh-N1 destination
vector. A: Predicted digest of the plasmid ANO1-mCh, containing the insert (i) and of the empty
vector (pmCh-N1) without the insert (ii). B: Test digest run on a 1% agarose gel showing digested
(D) and undigested (U) samples from miniprep. Successful digests producing the bands predicted
for the ANO1-mCh plasmid are indicated by *. C: Digest of pmCh-N1 with Eco-R1 as a negative
control showed no band at 1kb, and a lighter weight upper band.

To produce a stronger fluorescence signal, a tandem tagged ANO1-mCherry construct

(ANO1-mChx2) was generated. The mCherry sequence, with the addition of restriction

sites, was generated by PCR, using primers JRD070 and 071, and the pmCh-N1 vector as a

template. The PCR products generated are shown in Figure 7.12. The resultant amplicon

and the destination vector, ANO1-mCh, were digested with the enzymes KpnI and BamH1

to produce linear fragments (Figure 7.13). The fragments were ligated, again with T7

ligase, and transformed DH5α compotent cells. Screening of cultures was performed using

miniprep, and digest with AgeI (Figure 7.14). Positive colonies were selected for expansion,

and further plasmid extraction.
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Figure 7.12: Amplification of a DNA fragment coding for mCherry from the template vector
pmCh-N1. A: The predicted PCR product. B: PCR products were run on a 1% agaose gel, a band
of the expected size was observed.
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Figure 7.13: Predicted products of restriction digests and ligation to generate ANO1-mChx2
plasmid. A: ANO1-mCh (i) and the PCR product shown in Figure 7.8 (ii) were digested with
KpnI and BamHI. B: The digestion products were ligated and circularised to produce the plasmid
containing the additional mCherry insert.
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Figure 7.14: Test digest using AgeI to confirm ligation of ANO1 in ANO1-mCh destination
vector. A: Predicted digest of the plasmid ANO1-mChx2, containing the insert (i) and of the
empty vector (ANO1-mCh) without the additional insert (ii). B: Test digest run on a 1% agarose
gel showing digested (D) and undigested (U) samples from miniprep. Successful digests producing
the bands predicted for the ANO1-mChx2 plasmid are indicated by *. C: Digest of ANO1-mCh
with AgeI as a negative control showed no band at 800kb, but a similar weight upper band.

7.3.3 Imaging of MyLA cells Overexpressing ANO1

MyLA cells were transiently transfected with ANO1-mCh or ANO1-mChx2 using Gene-

Juice. Transfected cells were imaged by widefield microscopy. This revealed that tranfec-

tion with ANO1-mCh was associated with low levels of confluence during imaging. This

was not seen amongst cells transfected with ANO1-mChx2. Furthermore, the fluorescence

observed amongst cells transfected with ANO1-mCh appeared to accumulate around the

sarcoplasmic reticulum. Amongst cells transfected with ANO1-mChx2, the pattern of

fluorescence appeard diffuse and uniform throughout the cell. Mircrographs showing the

results of this transfection are shown in Figure 7.15.
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Figure 7.15: Wide-field imaging of MyLA cells chemically transfected with ANO1-mCh (bottom)
and ANO1-mChx2 (top). Cells were imaged at 48 hours post transfection. Images were captured
using phase contrast (left) and by fluorescence using texas red filter set (Excitation/Emission:
585/628nm, middle. Transfection efficeincy was low, but the cytoplasmic distribution of expressed
proteins were readily visualised.

Transfection with ANO1-mCh was subsequently performed by electroporation. Trans-

fected cells were then loaded with the calcium sensitive dye Calbryte-520. Dual colour

imaging using mCherry and GFP channels allowed simultaneous visualisation of intracel-

lular calcium and the distribution of the expressed ANO1-mCh construct. Figure 7.16

shows micrographs of cells transfected with either ANO1-mCh, the empty vector with no

insert (pmCh-N1) or a vehicle control (sham).
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mCherry Cal-520 Merge

200 µm

         ANO1-mCh

         pmCh-N1

         Sham

Figure 7.16: Dual channel imaging of ANO1-mCh and pmCh-N1 transfected cells loaded with
calcium sensitive dye. Cells were transfected with either ANO-mCh (top), pmCh-N1 (empty vector,
middle) or vehicle/sham control (bottom). Images were captured using mCherry (left) and GFP
(middle) filters. A merged pseudo colour image allows identification of successfully transfected
cells and simultaneous onbservation of intracellular calcium (right).

Transfected and dye loaded cells were then treated with 10nM, and subsequently 100nM,

oxytocin. Traces were normalised to account for dye loading (Figure 7.17), and the response

to stimulation was characterised as previously described in Chapter 6.
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Figure 7.17: Representative calcium traces from transfected dishes following stimulation with
10nM oxytocin. Traces were recorded from the vehicle transfected dish (A)), along with dishes
transfected with ANO1-mCh (B and C) and pmCh-N1 (empty vector, D and E). Amongst dishes
that were transfected with plasmids, cells were identified as either positive (B and D) or negative
(C and E) for red fluorescence signal corresponding to expression of the mCherry fluorophore.
Each set of traces comprises n = 30× ROIs from cells that were selected for analysis.

Analysis of the traces demonstrated that in dishes that underwent the sham transfection

(vehicle only, no plasmid) the frequency of oscillations observed in response to stimulation

with 10nM oxytocin was significantly greater than amongst dishes transfected with either

ANO1-mCh or the empty vector pmCh-N1 (p < 0.05 for both, Mann-Whitney test, n = 90
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from 3 dishes for sham and n = 120 cells from 3 dishes for ANO1-mCh and pmCh-N1

transfected dishes); Figure 7.18A.i.). Other parameters measured, namely peak oscillation

amplitude, peak rate of rise and fluorescence integral, did not differ significantly between

groups (Figure 7.18A-D, i.).

In order to account for variability between dishes, cells expressing ANO1-mCh or mCherry

were identified based upon red fluorescence signal. Measurements from these cells were

normalised to the mean of cells from the same dishes, in which there was no red fluorescence

signal (Figure 7.18A-D.ii.). This normalised measure was then compared between cells

transfected with ANO1-mCh and pmCh-N1. Cells transfected with ANO1-mCh showed

reduced oscillation frequency compared to those transfected with pmCh-N1 (p<0.05, n=

3 dishes for each). All other parameters were not significantly different between cells

transfected with either plasmid.
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Figure 7.18: Summary data from analysis of calcium traces from ANO1-mCh and pmCh-N1
transfected cells. The responses to 10nM oxytocin were quantified using the 4 measure discussed
previously (frequency, peak height, peak rate of rise and fluorescence integral). Bars show mean
± 95% confidence interval. *- p < 0.05, n.s.- not significant not A: i) The frequency following
treatment was much greater amongst the dish that underwent sham transfection compared to
dishes that were transfected with ANO1-mCh or pmCh-N1 (p < 0.05 for both, Mann-Whitney test,
n = 60 cells from 3 dishes for sham, and n=120 cells from 3 dishes for ANO1-mCh and pmCh-N1).
ii) Normalising ANO1-mCh and mCherry expressing cells to non-expressing controls from the same
dishes revealed that frequency was slightly, but significantly, reduced amongst the group of cells
expressing ANO1-mCh compared to those expressing mCherry alone (p < 0.05, unpaired t-test,
n = 3 dishes for each). B-D: i) Peak amplitude, rate of rise and fluorescence integral did not differ
between dishes (p > 0.05, Mann-Whitney test, for all comparisons). ii) Normalisation of the values
from ANO1-mCh and mCherry expressing cells to non-expressing controls from the same dishes
also revealed no significant differences (p > 0.05, for all, unpaired t-test, n=3 dishes for each).
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7.3.4 Inhibition of ANO1 in Cultured MyLA Cells Using Ani9

The effect of ablation of ANO1 currents was evaluated be stimulating MyLA cells with

increasing doses of oxytocin in the presence of 1µM Ani9. Representative normalised traces

of these observations are shown in figure 7.19.
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Figure 7.19: Representative relative fluorescence traces from cells stimulated with 1nM oxytocin
in the presence of 0.25% ethanol (vehicle, left) or 1µM Ani 9 (right). Graphs show time series data
of normalised fluorescence (F/F0). Each graph shows traces from n = 20 cells.

The response to oxytocin was characterised as described previously. There was no signifi-

cant reduction in the responses measured amongst cells treated with 1µM Ani9 compaired

to vehichle (0.25% ethanol; p > 0.05 for all, unpaired 1-tailed t-test with Bonferroni cor-

rection for multiple comparisons). This applied for each response measure used.
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Figure 7.20: Properties of calcium transients observed in response to oxytocin treatment of
MyLA cells in the the presence of 1µM Ani9 or vehicle controls. Transients were evaluated using
the 4 measures oscillation frequency (A), peak fluorescence (ΔF/F0, B), peak rate of rise (C) and
fluorescence integral (D). Data shows results for cells treated with 1µM Ani9 (light gray, n=60 from
3 dishes) and with 0.25% ethanol vehicle (dark gray, n=60 from 3 dishes). Error bars indicate 95%
confidence intervals. There was no significant difference observed between the two groups for all
doses of oxytocin used (p > 0.05, unpaired t-test with Boferroni correction)

The oxytocin response curves were fitted for each treatment group (Figure 7.21). The

means of the EC50 were not significantly different between dishes treated with 1µM Ani9

and 0.25% ethanol vehicle, for each of the 4 response measures (Table 7.4).
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Figure 7.21: Oxytocin dose response curves for cells in the presence of 1µM Ani9 (left) or control
(0.25% ethanol, right). Dose response curves were fitted using the Hill equation to data from each
of the 4 quantitative measures of response: oscillation frequency (A), peak fluorescence (ΔF/F0,
B), peak rate of rise (C) and fluorescence integral (D).

7.3.5 Inhibition of ANO1 in Intact Myometrial Samples Using Ani9

The contractility of myometrial strips hung in an organ bath (taken from women undergoing

elective caesarian section at term) was measured. Demographic data regarding the patients
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Table 7.4: Comparison of the oxytocin EC50 values (in nM) from fitting the dose response curves
to the Hill equation. Dishes were treated with 1µM Ani9 or vehicle (0.25% ethanol). For each
condition, 3 dishes were measured, and comparison was performed using an unpaired t-test

Measurement 1µM Ani9 Vehicle p-value
Frequency 0.05573695 ± 0.07477563 0.02994533 ± 0.01649194 0.59093628

Peak fluorescence 0.29223669 ± 0.34723423 0.27637237 ± 0.15209688 0.94569593
Rate of rise 0.36432565 ± 0.2834535 0.34952426 ± 0.02828373 0.93261561

Fluorescence integral 0.17408662 ± 0.21466526 0.13277213 ± 0.0863185 0.77254718

from whom biopsies were collected is shown in Table 7.5. Biopsies were collected from 10

patients. 20 strips were treated with 1µM Ani9, and 18 with vehicle (0.25% ethanol).

Table 7.5: Demographic data for patients from whom myometrial biopsies were obtained. Samples
were collected from 10 patients at term gestation, undergoing elective caesarian section. ± indicates
the standard deviation of the data.

Value
Maternal age 32.3± 3.9
Weeks gestation 38 + 5.6± 7.2 (days)
Gravidity 2.2± 1.0
BMI 25.7± 4.3
Syntocin given 7/10

Smoking Status
Smoker 1/10
Non-smoker 9/10

Strips were hung and brought ton isometric tension. The contractile force were measured at

baseline and following treatment with 100nM oxytocin. This was washed out, and strips

were treated with either 1µM Ani9 or vehicle (0.25% ethanol). Recordings at baseline

and following oxytocin addition were then repeated. Representative traces from these

experiments are shown in Figure 7.22.
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Ani9

Vehicle

Ani9

Figure 7.22: Representative traces from myometrial strips hung in an organ bath and treated with
100nM oxytocin is the presence and absence of 1µM Ani9. Shown are 3 strips from a single patient,
in a single experiment. Strips were brought to isometric tension, and recorded at baseline and
following stimulation with 100nM oxytocin. Strips were then washed, and adjusted to 1µM Ani9
(top, bottom) or 0.25% ethanol (middle). Observation of contractility at baseline and following
oxytocin treatment was repeated. Finally, bath solutions were adjusted to 40mM KCl in order to
confirm tissue viability.

The integral of the force with respect to time (in mNs) was used as a measure of the overall

contractility of the tissue. There was no significant difference in baseline (spontaneous) or

oxytocin-induced contractions between the groups of tissue samples in the groups of tissue

samples that went on to receive Ani9 treatement compared to those that were treated with

vehicle. Following administration of Ani9 (or 0.25% ethanol vehicle), there was again no

significant difference between the two groups (p > 0.05, unpaired t-test, Figure 7.23 A). All

strips showed a marked reduction in contractility following the initial oxytocin treatment.

The integral force for each strip following Ani9 or vehicle addition was normalised to the

initial recording in order to account for this. The normalised integral force at baseline

and following 100nM oxytocin stimulation did not differ significantly between the group of

strips treated with 1µM Ani9 and that treated with vehicle (Figure 7.23B).
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Figure 7.23: Summary data from analysis of myograph traces obtained from strips treated with
1µM Ani9 or vehicle (0.25% ethanol) control. Integral force was used as a measure of contractility.
A: There was no significant difference in the contractility between the strips in the Ani9 or vehicle
groups at baseline or following stimulation with 100nM prior to application of Ani9 or vehicle
(p > 0.05, unpaired t-test, n=20 (1µM Ani9) vs. n=18 (vehicle)). B: Integral force for each
strip after Ani9 or vehicle treatment was normalised to that observed at its oriignial basline or
following its initial treatment with 100nM oxytocin accordingly. There was no significant difference
in normalised integral force between strips treated with vehicle and Ani9, at bvaseline and following
oxytocin stimulation (p > 0.05).

7.4 Discussion

The RNA sequencing data by Chan et al. (2014) suggested that ANO1 was present within

the intact myometrium. However, in this study, RNA extraction was performed on whole

uterine biopsies. As such, the data produced will includes reads from transcripts expressed

in immune and vascular cells also included within the sample. Thus it does not confirm that

ANO1 is expressed within the uterine myocyte population of the sample; due to the low

abundance of transcripts detected, this could in fact be from a smaller population of cells,

such as immune cells which are present in the myometrium (Goad et al., 2020). Sequencing

of primary USMCs and the MyLA cell line showed low levels of ANO1 expression. This

may have been due to the limited depth of sequencing that was used, however, and the

transcript may have been present at a level below the limit of detection.

mRNA expression within the MyLA cell line was compared directly to that in isolated

primary USMCs using qRT-PCR. This confirmed the presence of ANO1 mRNA is con-

firmed in both. The expression within MyLA cells is reduced compared to primary cells.
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This may be as a consequence of immortalisation, or simply a gradual reduction due to

prolonged culture. High resolution time series data of ANO1 expression within primary

cells could provide further clarification.

In both RNA sequencing and qRT-PCR, the abundance of the ANO1 transcript was low.

Ion channels require only relatively low abundance to exert an effect, however. For instance,

CACNA1C, the major pore forming unit of the L-type calcium channel, is unambiguously

known to be present and generate the upswing component of the action potential. This

channel is expressed at a TPM of 24.2 ± 5.9 (mean±SD) amongst samples collected at

term not in labour compared to 15.0 ± 4.2 amongst samples collect at term in active

labour. Expression of this subunit is only modestly above ANO1, and yet its contribution

to myometrial electrophysiology, and the action potential, is clear. Similarly, the transient

receptor protein vanilloid 4 (TRPV4) is expressed at levels lower than ANO1 (TPMs of

2.9±1.2 and 4.5±1.4 for TNL and TL respectively). Despite its low abundance, this channel

is suggested to play a major role in regulating uterine excitability (Ying et al., 2015). Thus,

transcriptomic data is of little use to determine the contribution of a channel to the cells

electrophysiological properties, beyond establishing the presence of a species.

Transcripts encoding other CaCC related proteins were also identified in the RNA sequenc-

ing data. CLCAs may not form CaCCs themselves (Huang et al., 2012a), however they

may play a role in regulating their function (Sharma et al., 2018). The increased expres-

sion of CLCA2 in the MyLA cell line compared to primary USMCs may therefore alter the

behaviour and function of ANO1.

ANO6, another member of the anoctamin family, was also present at the transcriptional

level in whole myomerium (Chan et al., 2014), as well as the sequencing of primary USMCs

and the MyLA cell line. This correlates with the observations of Danielsson et al. (2018),

who reported high expression of ANO6 amongst cultured USMCs. This channel was pre-

viously considered to act as a lipid scramblase, but has also been demonstrated to carry
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a calcium activated chloride current (Grubb et al., 2013). This entity may ultimately

contribute towards the calcium activated chloride current in the myometrium, and may

in fact fulfil a similar role to that hypothesised for ANO1 in this body of work. Detailed

characterisation of this current at an electrophysiological level would allow simulation of

its potential role in the myometrium. This could support further experimentation using

targeted genetic manipulation and specific inhibitors of ANO6 in the myometrium.

Immunocytochemistry provides further insights into the intracellular distribution of ANO1.

In this staining, there is evidence of accumulation of the ion channel in the endoplasmic

reticulum whilst the cells are still proliferating (un-starved/complete media). The traf-

ficking of the ion channel from the endoplasmic reticulum to the membrane plays a major

role of regulating the density of channels at the membrane. Amongst these cells, there was

some weak signal that suggests that the channel may be reaching the membrane, however

it is not possible to identify this definitively from the images captured.

Following serum starvation, the pattern of staining is dramatically altered. Punctate stain-

ing across the cell is observed, consistent with multiple discrete channels, or clusters of

channels, located at the membrane. However, 3D reconstruction from the Z stacks re-

vealed this to be located on the aspect of the cell membrane that was in contact with the

glass coverslip. Only a small amount of additional signal is is observed elsewhere within

the cell, such as at the junctions with neighbouring cells or the superior aspect of the cell.

Furthermore, staining around the nucleus, consistent with the endoplasmic reticulum, is

decreased and almost absent. This intracellular distribution is dramatically different to

that of other ion channels seen in the myometrium, such as the T-type calcium channel

(Blanks et al., 2007b). The reason for this is not readily apparent, but it may suggest a

novel, previously undescribed role for ANO1 within this cell line, and the myometrium as

a whole. It may also be possible that this is a feature unique to the MyLA cell line, that is

not seen in primary USMCs. Alternatively, it may have been a feature of the primary cell

that was selected and clonally expanded to produce the MyLA cell line; this may represent
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only a specific subpopulation of those present in the native myometrium in which ANO1

is present in this distribution. Immunostaining of primary USMCs and intact tissue could

be used to verify this.

This staining may ultimately be non-specific, or due to binding to a protein sequence with

high homology to the peptide it was raised against. No blocking peptide was available to

perform the full controls in order to determine this unambiguously. Ultimately, in order to

provide further compelling evidence that it is reaching, and being functionally incorporated

into, the membrane, identification of characteristic CaCC tail currents using patch clamp

electrophysiology and the use of specific inhibitors would be required. Alternatively, using

the MyLA cells, it would be possible to use CRISPR to introduce a genetic sequence

encoding mCherry in the ANO1 gene, to allow for expression of a fluorescently labelled

ANO1 construct under its endogenous promoter, at physiological levels.

The ANO1-mCh constructs were generated to allow imaging of the intracellular distribution

of the ion channel in live cells, and to validate the construct with a view to creating CRISPR

edited cell lines. Live cell imaging in this fashion may produce less non-specific signal in the

imaging, due to the lack of non-specific antibody binding (Bocksteins et al., 2012). This

would also allow interrogation of the spatio-temporal relationship of intracellular calcium

to protein distribution within the cell. Sheridan et al. (2011) previously produced a similar

construct using the murine homolog to ANO1, Ano1. There are differences in the sequence

homology between human and murine proteins, however, which may affect protein function

and behaviour (This is discussed further in Chapter 8).

While a human transcript was used, it was from an external vector, and thus it does

not account for sequence variation within the specific cell line used. Amplification of the

full length endogenous ANO1 transcript from MyLA cells was not possible, due to low

expression levels previously described. As the human ANO1 gene spans 21 exons, it was

also not possible amplify the sequence from the genomic DNA in a single PCR step. Thus,
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pcDNA3.1+C-ANO1-DYK was used for reasons of practicality.

The constructs produced by Sheridan et al. (2011) (both Ano1-mCh and Ano1-GFP) were

demonstrated to produce I-V curved that were not significantly different to unlabelled Ano1

when transfected into CHO cells. Thus, given the overall high level of sequence homology

between human and mouse proteins, it is likely that the ANO1-mCh constructs produced

here will remain functionally similar to unlabeled human ANO1. Further validation by

characterising and comparing the specific ANO1 tail currents within transfected cells would

be required to determine this definitively, however.

A single tagged ANO1-mCh construct and the tandem tagged ANO1-mChx2 construct

were produced. Following initial transfection via lipofection, the former showed poor levels

of cell viability in transfected dishes. The distribution of ANO1 was, however, located

around the nucleous, in a fashion consistent with the immunocytochemical staining of

unsynchronised cells. As the cells were not at confluence due to the transfection, they would

be expected to still be proliferating, and not have fully transitioned into a smooth muscle

phenotype. This is therefore consistent with ANO1 being in the expected distribution. For

the tandem tagged construct (ANO1-mChx2), there was little effect on cell viability, and

staining was diffuse through the cytoplasm. This suggests that the construct is not forming

a protein that is consitent with endogenous ANO1, and may be a result of misfolding.

The reduced mortality of cells transfected with ANO1-mCh compared to ANO1-mChx2

may have been a result of ANO1 overepression interfering in proliferative or other cellular

pathways. Alternatively, it may have been due to batch effect in the plasmid preparation.

Following these initial observations, transfection was performed using eletroporation, and

endotoxin free plasmid purification techniques were used. This dramatically improved

transfection efficiency and cell viabilty (as seen in Figure 7.16).

Transfection of the MyLA cell line had significant effects on the calcium transients elicited

by oxytocin with ANO1-mCh or the empty vector pmCh-N1. Oscillation frequency was
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markedly reduced amongst dishes transfected with either plasmid. This may due to damage

caused to the cells during electroporation and plasmid internalisation. Following transfec-

tion, cells were allowed to proliferate and form a confluent monolayer, and were serum

starved. Cells that were transfected (ANO1-mCh and pmCh-N1) may not have sufficiently

transitioned to a smooth muscle phenotype following this, and thus showed different re-

sponses to oxytocin. Peak height, rate of rise and fluorescence integral were similar between

dishes transfected with pmCh-N1 compared to those treated with ANO1-mCh or vehicle.

There was also still substantial variability between individual dishes.

The internal controls within the transfected dishes allowed comparison of cells expressing

the transfected constructs (ANO1-mCh +ive, or pmCh-N1 +ive) and cells that were not

expressing the constructs (ANO1-mCh -ive, or pmCh-N1 -ive) from the same dishes. This

normalised result showed that transfection with ANO1-mCh led to a slightly, but signifi-

cantly, reduced oscillation frequency compared to cells expressing mCherry. This may be

due to the expressed ANO1-mCh construct not functioning as effectively as endogenous

ANO1. Alternatively, the chimeric protein may interfere with cellular calcium handling or

buffering, as ANO1 contains calcium binding domains (Paulino et al., 2017; Dang et al.,

2017). Increased calcium buffering may mask and prevent detection of smaller calcium

oscillations. The observed difference in phenotype is only minor, however, and the cells

transfected with ANO1-mCh maintained a broadly similar response to oxytocin as those

transfected with, and expressing, mCherry alone. High spatial and temporal resolution

imaging of transfected cells, grown to confluence and serum starved, would allow fur-

ther interrogation of the relationship of ANO1 to intracellular calcium signalling. As the

ANO1-mCh construct appears to behave similarly to endogenous ANO1, it may be of use

in further studies to evaluate the role of ANO1. Introducing the mCherry fluorophore into

the ANO1 gene using an approach such as CRISPR would allow visualisation of endoge-

nous ANO1. Alternatively, creation of a stable cell line in which the ANO1-mCh construct

is incorporated elsewhere into the genome may also allow further studies without the need
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for transfection beforehand.

In order to investigate the effects of ablating the ANO1 current, the pharmacological

inhibitor Ani9 was used. A concentration of 10µM has been shown in to produce nearly

complete inhibition of ANO1 chloride flux (Seo et al., 2016). This concentration has

been used by studies to evaluate the functional behaviour of ANO1 (Centeio et al., 2020).

Concentrations as high as 25µM have also been reported as being used (Klimovich et al.,

2020). Other studies have used Ani9 at lower concentration of 500nM or 150nM, and

observed effects attributed to the inhibition of ANO1 (Shah et al., 2020; Zhang et al.,

2018) However, in our hands, at 10µM in 0.1% DMSO, Ani9 precipitated out of solution,

and so could not be used effectively. The compound was successfully dissolved at 1µM,

in 0.25% ethanol. This is still sufficient to block approximately 95% of the chloride flux

through the channel (Seo et al., 2016).

Treatment of cultured MyLA cells with 1µM Ani9 did not significantly attenuate the re-

sponse to oxytocin. This contrasts with the observations of Bernstein et al. (2014), who

observed a reduction in oxytocin induced calcium transients amongst primary USMCs

treated with benzbromarone compared to vehicle. This discordance in these observations

may have been due to differences in the cell population studied (primary USMCs vs. an

immortalised cell line), or due to differences in experimental methodology; Bernstein et al.

(2014) made this observation using a plate reader, recording fluorescence from multiple

cells simultaneously. It is likely, however, that their observation arose from the non-specific

action of benzbromarone in blocking other chloride conductances that play a role in cal-

cium homeostasis. As ANO1 inhibition in these experiments does not reduce the calcium

transients observed, this ultimately suggests that ANO1 does not play a role in the mobil-

isation of calcium of intracellular stores within the MyLA cell line. The extent to which

this observation can be translated to the uterine myocyte in the physiological setting is

unclear. Given the properties of the MyLA cell line previously described in Chapter 6,

where we reported that MyLA cells retain a phenotype that is highly consistent with pri-
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mary USMCs, it is likely that calcium handling processes within both cell populations are

similarly conserved.

When intact strips were hung in an organ bath, no difference was observed in integral force

during recording of spontaneous or oxytocin induced contractions between strips treated

with 1µM Ani9. This suggests that ANO1 is not required to couple chemical to electrical

signalling as proposed by Atia et al. (2016). It is also consistent with ANO1 not having

an effect upon the duration and amplitude of contractions. Based upon this observation,

it is further deduced that the myometrial action potential remains functional unchanged

by the removal of the ANO1 current.

In this experiment, there was a reduction in magnitude of the response between first and

second oxytocin dose, as well as between the first and second baseline recordings. This is

consistent with desensitisation, and internalisation of the oxytocin receptor following pro-

longed stimulation. The oxytocin dose used (100nM) was selected to saturate the oxytocin

receptor based on its reported KD (Tahara et al., 2000; Crankshaw et al., 1990). However,

this dose produced a sustained tonic response in many of the recordings, which prevented

the accurate observation of individual contractions and determination of frequency. At

this dose, oxytocin also shows appreciable binding for the vasopressin receptor (Akerlund

et al., 1999), which may further confound the interpretation of the observations. As the

vasopressin receptor is also a GPCR, it may serve to further augment contractions by

activating the PLC pathway.

Due to the design of this experiment, it may be underpowered to detect a more subtle phe-

notype. However, if ANO1 played a critical role in the coupling of chemical and electrical

signalling as hypothesised, its inhibition was expected to result in a profound phenotype,

which was not observed. Further experiments using Ani9 on intact myometrial tissue, using

a lower oxytocin concentration and including measurement of an inhibitor dose response

curve, may provide further insight into a potential role for ANO1. This was not possible
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due to constraints with time, along with limited sample and equipment availability.

It is possible that the previously discussed solubility issues lead to the Ani9 precipitat-

ing out of solution and not actually inhibiting the ANO1 current. No controls to ensure

that the Ani9 stocks were effectively blocking the ANO1 mediated chloride flux were per-

formed. Thus, it is not certain if the ANO1 current was successfully inhibited during these

experiments. Additional control experiments using a chloride sensitive dye may confirm

this.

Ultimately, we observed no evidence of ANO1 inhibition attenuating uterine excitability.

This is consistent with the finding of Qu et al. (2019), who observed no myometrial phe-

notype in mice associate with conditional ANO1 deletion, and the simulations performed

in Chapter 4 that suggest that ANO1 is functionally redundant to the action potential

waveform itself.

7.4.1 Conclusions

Based upon these experimental findings, we conclude that

1. ANO1 is present in the MyLA cell line at the protein level. The presence of protein

in cultured primary USMCs or intact tissue was not evaluated. Its presence at the

mRNA level is very low in intact tissue and cuultured cells.

2. Inhibition of ANO1 using the highly selective compound Ani9 did not affect the prop-

erties of oxytocin induced calcium transients observed within MyLA cells, suggesting

that ANO1 does not play a role in the mobilisation of calcium from intracellular

stores.

3. Inhibition of ANO1 by Ani9 did not effect the contractility of intact strips of my-

ometrium, suggesting that ANO1 does not play a role in coupling chemical and

electrical signalling as suggested by Atia et al. (2016), or the extending the duration

of the myometrial action potential.
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4. These observations are in fact consistent with the hypothesis that ANO1 is function-

ally redundant within the myometrium.

In order to further investigate a potential role for ANO1 in the myometrium, the construct

ANO1-mCh was generated. It was observed that

1. ANO1-mCh showed a pattern of fluorescence consistent with the expected distribu-

tion of ANO1.

2. Expression of this construct had only minor effects on the properties of calcium

signalling within the MyLA cell line.

3. This contruct can therefore be used as a tool with which to investigate the role of

ANO1 with the myometrium.
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Chapter 8

In Vivo Knockout of ANO1 in a

Mouse Model

Summary

In this chapter, a mouse model of ANO1-deletion with tamoxifen-induced Cre-Lox system

is used to further investigate the potential role of ANO1 in the myometrium. Such an

approach was predicted to produce a more targeted reduction of the Ano1 calcium activated

chloride current than previous studies that used non-specific inhibitors that also affected

other chloride currents. Organ bath contractility studies were performed using myometrial

samples from pregnant and non pregnant mice.

Amongst non-pregnant mice, tamoxifen-induced Ano1 deletion did not significantly reduce

Ano1 expression at a transcriptional level compared to untreated mice. A phenotype was

observed amongst transgenic mice expressing inducible Cre-recombinase receiving tamox-

ifen compared to those that did not. Additional controls, using tamoxifen treated mice

that did not express Cre, showed evidence of a similar phenotype to tamoxifen treated mice

expressing Cre. However, experiments using these additional controls were cut short due to

the impact of the pandemic, meaning significant conclusions could not be made. Amongst

pregnant mice, tamoxifen treatment was associated with a phenotype of maternal distress

and uterine dysfunction, which meant sufficient tissue could not be collected to perform

experiments.

This work ultimately found no evidence to confirm or refute the hypothesised role of Ano1
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in the murine myometrium. It did, however, suggest that the tamoxifen-inducible Cre-Lox

system is not suitable for use in the investigation of myometrial physiology.

8.1 Overview

8.1.1 ANO1 in Mice and Rationale

Previous studies have demonstrated that treatment of myometrial rings from non-pregnant

mice with ANO1 inhibitors tannic acid and niflumic acid reduce the force and frequency of

oxytocin induced contractions (Bernstein et al., 2014). These inhibitors are non-specific,

however, and affect multiple different chloride channels (Boedtkjer et al., 2015). Fur-

thermore, due to the changes that occur in the myometrium throughout partuition, this

may not be representative of the physiological processes that lead to contraction within

myometrium from pregnant mice at term. A murine model of genetic deletion of ANO1

would allow precise determination of its role in mouse myometrium.

Rock et al. (2008) produced a mouse with a homozygous, constitutive deletion of ANO1

(ANO1-/-). These exhibited a phenotype of neonatal mortality, attributed to tracheoma-

lacia, and an inability to maintain airway patency. As no ANO1-/- mice survived past 22

days of life, they did not reach sexual maturity, and could not be used to investigate the

phenotype within the gravid uterus. In order to circumvent this effect, the Cre-Lox system

can be used to produce a knockdown restricted to a specific tissue, and/or induced later in

the mouse’s life using a Cre:ERT2 line. We therefore set out to use Cre lines that allow for

selective deletion of ANO1 within the myometrium, while maintaining a normal genotype

in other tissues.

8.1.2 Cre Mediated Genetic Deletion

Cre-Recombinase is an enzyme that can mediate cleavage and fusion (recombination) be-

tween specific genetic loci (Bouabe and Okkenhaug, 2013). The enzyme recognises and

cleaves a specific base-pair sequence, known as a LoxP site. This is 34 base pairs long,
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and consists of two palindromic 13-base motifs separated by an 8 base pair spacer. The

sequence itself in not a palindrome (Figure 8.1 A). LoxP sites can be incorporated into the

murine genome using targeted gene editing approaches, such as CRISPR/Cas9. Thus, in

mice containing LoxP sites in addition to expressing Cre, recombination events can occur.

The result of this recombination is determined by the location and orientation of the LoxP

sites in relation to each other. Commonly, 2 LoxP sites are introduced within a portion of a

gene, in the same orientation. They are located relatively close together to increase the ef-

ficiency Cre-mediated recombination, and the minimise the risk of germ-line recombination

separating the sites (Zheng et al., 2000). Mice containing the allele with 2 homodirectional

LoxP sites are said to be “Floxed”; DNA is flanked by LoxP sites. Cre-Recombinase cleaves

at these sites, and the chromosomal DNA rejoins with the fragment removed. The excised

DNA is then circularised. This leads to a change in the coding sequence for the targeted

gene. This may be excision of a specific exon to produce a truncated or abridged protein, or

to introduce a shift in the reading frame, leading to a non-sense mutation and introduction

of a premature stop codon.

Other approaches may involve using similarly positioned LoxP sites that are orientated

towards one another. In this set up, the excised sequence is inverted following recombina-

tion. This allows for genes, such as fluorescent reporters, to be switched on in the presence

of Cre expression. Alternatively, if LoxP sites are introduced on separate chromosomes,

translocation events can occur, leading to the production of chimeric fusion proteins. These

strategies for genetic manipulation are shown in Figure 8.1.

The Cre enzyme can be expressed under various different promoters, to restrict expression

to specific tissues and/or cell populations. This allows the effect of genetic deletion to be

investigated within only the cell or tissue of interest (Kim et al., 2018). It also allows for the

tracking of specific cell lineages during development. Further control of the activity of Cre,

and thus genetic deletion, can be achieved through the use of inducible Cre systems. By

fusing the Cre-recombinase enzyme to a modified version of the oestrogen receptor (ER),
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the Cre:ERT2 system was developed (Feil et al., 1996; Zhang et al., 1996). The ER oestro-

gen binding site was modified with the mutation G521R, such that it became insensitive

to endogenous oestrogen at physiological concentrations, but retained its affinity to the

oestrogen antagonist tamoxifen at therapeutic doses. As oestrogen is a nuclear hormone,

on binding, the ER translocates into the nucleus, where it regulates gene expression. In the

Cre:ERT2 system, the translocation of the fusion protein instead enables Cre-recombinase

to act on the chromosomal DNA. This allows the activity of Cre to be controlled tempo-

rally, as well as in a tissues specific fashion. Another inducible cre system uses doxycline,

and can be used to induce (Tet-on) or arrest (Tet-off) Cre-recombinase activity.

5’-ATAACTTCGTATAGCATACATTATACGAAGTTAT-3’
3’-TATTGAAGCATATCGTATGTAATATGCTTCAATA-5’

a z a z

az

a z

Chr A

Chr B

Cre-mediated deletion Cre-mediated inversion Cre-mediated translocation

B)

A)

Figure 8.1: Cre-recombinase and strategies for genetic manipulation. A: Sequence of LoxP sites.
B: (Left) Flanking of sequence of interest (floxxing) with homodirectional LoxP sites to allow for
Cre-mediated deletion. (Middle) Flanking of sequence of interest with hetrodirectional LoxP sites
allows for Cre-mediated inversion. (Right) Introduction of LoxP sites at two loci on two different
chromosomes to allow Cre-mediated translocation. Figure based on Bouabe and Okkenhaug (2013).
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8.1.3 Mice lines for Conditional Deletion of ANO1

Multiple mice lines with floxed ANO1 allelles (ANO1FL/FL) have been generated (Cho

et al., 2012; Zawieja et al., 2019; Faria et al., 2014). For this study, we had access to a mice

line generated by Matchkov et al. (2020), which introduced homodirectional LoxP sites

surrounding Exon 7 of the murine ANO1 gene, on chromosome 7. A neomycin resistance

cassette was also introduced to allow negative selection of un-edited cells while generat-

ing the line. In this mouse line, Cre-mediated recombination will lead to production of

truncated ANO1 transcript, containing a premature stop codon.

We intended to utilise this as a basis to generate a combination of different mouse lines,

expressing different Cre variants (inducible and constituitive) under different promotors.

This is because there are differing expression and activity levels within different tissue

associated with different Cre lines. Furthermore, in inducible systems, such as Cre:ERT2,

penetrance of the Cre activation may vary further between mice (Tian and Zhou, 2021).

As there is no unique myometrial marker that has been identified to date, within the mouse

lines used Cre will also be expressed in other tissues. This may lead to physiological ef-

fects that are not specifically due to ANO1 deletion in the myometrium; for instance, the

SM22α promoter is also active within vascular smooth muscle (Lees-Miller et al., 1987).

Thus, deletion of ANO1 in this fashion may lead to systemic effects, such as impaired blood

pressure regulation. The Anti-Müllerian hormone receptor 2 (AMHR2) Cre line expresses

Cre specifically within the female reproductive tract (Liu et al., 2015); conditional deletion

of ANO1 under this promotor may therefore affect embryo implantation (Qi et al., 2018).

These factors may all confound results, and impair observation of any underlying pheno-

type. By using multiple Cre lines, such effects can be partially accounted for. It would

also be possible to correlate the penetrance of the knockout to the observed phenotype, to

determine if individual mice with reduced ANO1 expression show reduced myometrial con-

tractility. The Cre lines originally intended for use are shown in Table 8.1. The mechanism

of tamoxifen induced, Cre-mediated ANO1 deletion is shown in Figure 8.2.
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Figure 8.2: ANO1 deletion using the ANO1FL/FL mouse and Cre:ERT2 system. A: Transgenic
mice express the modified Cre:ERT2, which assembles with the protein HSP90 and localises within
the cytosol. B: These mice are treated with tamoxifen (red circle), which binds to the ERT2.
C: Binding tamoxifen induces a conformational change in the ER, leading to the unbinding of
HSP90. Cre:ERT2 then migrates to the nucleus, where it can act on the genomic DNA. D: The Cre-
recombinase recognises the LoxP sites on chromosome 7, surrounding exon 7 of ANO1, and induces
recombination events. E: Following recombination, the chromosomal DNA lacks the sequence that
originally interspersed the LoxP sites, and the excised region is circularised into its own fragment.
The DNA sequence is thus interrupted, creating a nonsense mutation, leading to production of a
truncated, non-functional protein.

Table 8.1: Mouse Cre lines planned for use

Mouse line SM22:Cre SM22α:CreERT2 AMHR2:Cre

Promoter SM22α(Transgelin) SM22α(Transgelin) Anti-Müllerian
Hormone Receptor 2

Inducible/
Constituitive

Constitutive Inducible (tamoxifen) Constitutive

Cre Expression Smooth Muscle Smooth Muscle Female reproductive
tract

Reference(s) Zhang et al. (2006) Kühbandner et al. (2000) Jamin et al. (2002)
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8.2 Experiment Aims

The aims of these experiments were to determine:

1. The effectiveness of the Cre-Lox system in achieving ANO1 deletion within the my-

ometrium.

2. The effect of Cre-mediated ANO1 deletion on the contractility of myometrial rings

and strips from non-pregnant and pregnant mice.

3. The effect of Cre-mediated ANO1 deletion on the excitability of the murine uterine

smooth muscle myocytes.

4. The effect of Cre-mediated ANO1 deletion on partuition in vivo.

We hypothesise that:

1. Myometrial samples from mice with the genotype ANO1FL/FL and constitutive tissue

specific Cre-expression will show reduced contractility compared to ANO1FL/FL mice

without Cre expression.

2. Myometrial samples from mice with the genotype ANO1FL/FL and expression of

inducible Cre will show reduced contractility following tamoxifen treatment compared

to ANO1FL/FL mice treated with vehicle, and also to tamoxifen treated mice that do

not express CreERT2.

3. If ANO1 is responsible for initiating the action potential, the reduction in overall

contractility will be due to a reduction in contraction frequency, but contraction

amplitude will remain unaffected.

4. If ANO1 stabilises and prolongs the AP, then a the duration and force of contractions

will be reduced by conditional deletion of ANO1.

5. Mice with a genotype and treatment that causes conditional ANO1 deletion in the
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myometrium will experience prolonged partuition due to myometrial dysfunction.

8.3 Results

8.3.1 Mice Used in Study

Mice with the genotype SM22α-CreERT2/WT, ANO1FL/FL were generated as described

in Chapter 5. These mice were genotyped using primers spanning the Flox sites, as also

described in the Chapter 5. Figure 8.3 shows the results of genotyping, which identified

mice that were homozygous for the ANO1FL(ANO1FL/FL) or heterozygous (ANO1FL/WT).

Homozygous mice were used for further experiments to evaluate the effect of Cre-mediated

ANO1 deletion. Heterozygous mouse was used in control groups due to animal availability.

All mice produced were heterozygous for SM22α-Cre:ERT2 due to the breeding strategy

that was used (see Chapter 5). This was subsequently validated by the Gallos laboratory.

Details of the mice used in these studies are given in Tables 8.2 and 8.3.

300bp

200bp

100bp

Ear Tag # 129        49          51         52         95         104       144       145       64        30         42        120     
108        62

Mut 275 bp

WT 159 bp

Figure 8.3: Genotyping of the ANO1FL allele in study mice. Mice that were homozygous for the
floxed ANO1 allele (ANO1FL/FL) showed a single band at 275bp. Mice that were heterozygous
(ANO1FL/WT) showed an additional band at 159bp, which corresponded to the WT allele.

Table 8.2: Non Pregnant mice used in organ bath experiments

Genotype SM22α-CreERT2/WT, SM22α-CreERT2/WT, WT/WT, WT/WT,
ANO1FL/FL ANO1FL/FL ANO1FL/FL ANO1FL/WT

Treatment Tamoxifen Vehicle Tamoxifen Tamoxifen
Number of mice 6 4 1 1
Number of rings 25 17 4 4
Analysis Group Cre-Tam Cre-Veh WT-Tam

263



8. In Vivo Knockout of ANO1 in a Mouse Model

Table 8.3: Pregnant mice used in organ bath experiments

Genotype SM22α-CreERT2/WT, SM22α-CreERT2/WT, SM22α-CreERT2/WT,
ANO1FL/FL ANO1FL/WT ANO1FL/FL

Treatment Vehicle Vehicle Tamoxifen
Number of mice 1 2 3
Analysis Group Cre-Veh Cre-Tam

8.3.2 Determination of Knockout Penetrance Using qRT-PCR

In order to determine whether tamoxifen administration successfully induced Cre-recombinase

activity within the murine myometrium, qRT-PCR was performed on RNA extracted from

myometrial rings collected from non-pregnant mice treated with tamoxifen (Cre-Tam, n=6

mice) or vehicle (Cre-Veh, n=4 mice) at the time of the organ bath experiments. Ex-

pression of the wild-type and truncated ANO1 transcripts were not significantly different

between the two groups (p = 0.14 and p = 0.07 respectively, unpaired t-test, Figure 8.4A

and B). The ratio of truncated to wild type transcript detected also did not differ (p = 0.10,

unpaired t-test, Figure 8.4C).
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Figure 8.4: Results from qRT-PCR experiments using tissue from Cre-Tam (n = 6) and Cre-
Veh (n = 4) mice. A: Relative expression levels of the wild-type ANO1 transcript. B: Relative
expression levels of truncated ANO1 transcript. Expression is normalised to the mean of the
vehicle treated group. Expression of the wild-type and truncated transcripts were not significantly
different between the two groups (p = 0.14 and p = 0.07 respectively, unpaired t-test). C: Ratio
of the truncated transcript expression to that of wild type. The ratio of truncated to wild type
transcript detected also did not differ (p = 0.10, unpaired t-test).
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8.3.3 Myography Data Acquisition and Analysis

Myometrial rings from non-gravid mice uteri were hung in an organ bath as described, and

the force generated was continuously recorded at baseline and following oxytocin stimula-

tion as described previously in Chapter 5. Figure 8.5 shows representative traces from these

myography experiments. In order to account for relaxation of the rings due to isometric

tension not being reached during these experiments, a baseline was estimated using a low

pass filter and subtracted from the trace (Figure 8.5A). This was done separately for each

channel at baseline (8.5B) and following oxytocin stimulation (8.5C) Peaks were detected

automatically using a script written in Mathematica, and defined as the maximum force

within a time interval interval between the force exceeding a threshold and falling back

below it. This was performed at a higher and lower threshold to allow greater sensitivity

for smaller contractions (Figure 8.5D and E). Both analysis paradigms produced similar

results. Data is presented from analysis of traces using the higher threshold. The results

of analysis using the lower more sensitive threshold are included in the Appendix C. The

compositions and n numbers of the groups of mice for analysis are shown in Table 8.2.

Comparisons are performed using a Mann-Whitney test with a Bonferroni correction to

account for comparisons between the 3 groups, unless otherwise stated.
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Figure 8.5: A: Representative traces from Cre-Tam and Cre-Veh mice as recorded using Acknowl-
edge Software. B and C: Baseline estimation using a low pass filter (shown in red) to account for
for relaxation fo the rings due to isometric tension not being reached. Example shown at baseline
(B) and following oxytocin stimulation (C). D and E: Automatic detection of contraction peaks,
which identified intervals between which the force exceeded a threshold (black dashed line) and fell
back below it. High (D) and low (E) thresholds were used to allow greater exclusion or detection
of smaller contractions. Detected peaks are shown by red dots.
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8.3.4 Response to Potassium Mediated Depolarisation

Uterine contractility was compared between samples from the 3 groups: Mice expressing

Cre recombinase treated with tamoxifen (Cre-Tam, n=25 observations from 6 biological

replicates) or vehicle (Cre-Veh, n=17 observations from 4 biological replicates), and wild

type mice (not expressing Cre) that were treated with tamoxifen (WT-Tam, n=8 obser-

vations from 2 biological replicates). Initially, strips were treated with 40mM KCl. There

was a trend towards a reduction in the amplitude of the subsequent contraction amongst

Cre-Tam samples compared to Cre-Veh, however, following Bonferroni correction, this was

not significant. The contraction force amongst WT-Tam was significantly reduced com-

pared to Cre-Veh. There was no difference between Cre-Tam and WT-Tam groups (Figure

8.6).
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Figure 8.6: Amplitude of contractile responses to 40mM KCl treatment in myometrial rings from
non pregnant mice. Bars show mean ± standard deviation. Comparisons are performed using a
Mann-Whitney test due to the data not being normally distributed. *- p < 0.05, **-p < 0.001, #-
significance is reduced following Bonferroni correction for multiple comparisons. Cre-Tam: n = 25
rings from 6 mice, Cre-Veh: n = 17 rings from 4 mice, WT-Tam: n = 8 rings from 2 mice.

8.3.5 Comparison of Overall Contractility between Treatment Groups

Overall contractility was quantified as the force integral. Comparisons between groups

were performed using the non-parametric Mann-Whitney test, due to the data not being

normally distributed, and the Bonferroni correction applied to account for multiple com-

parisons. At baseline, the force integral was significantly reduced amongst both groups
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of tamoxifen treated mice (Cre-Tam and WT-Tam) compared to mice receiving vehicle

(p < 0.001 for both). This observation persisted following normalisation to the force of

initial KCl induced contractions (Figure 8.7A). Following stimulation with 10nM oxytocin,

integral force was once again reduced amongst tamoxifen treated mice compared to vehicle

treated controls (p < 0.001 for both Cre-Tam and WT-Tam vs Cre-Veh). Once again,

this remained significant following normalisation to the KCl response and correction for

multiple comparisons (p < 0.05 for both, Figure 8.7B). After addition of 100nM oxytocin,

this observation reverses, and Cre-Tam mice show increased contractility compared to ve-

hicle treated controls (Cre-Veh, p < 0.05). There was no significant difference between

Cre-Tam and WT-Tam samples, and the difference between Cre-Veh and WT-Tam be-

came insignificant following Bonferroni correction. Once normalised to the KCl responses,

Cre-Tam observations were again increased compared to Cre-Veh (p < 0.001), but not to

WT-Tam (p > 0.05). Again, the difference between Cre-Veh and WT-Tam groups became

insignificant following Bonferroni correction (p > 0.05, Figure 8.7C)
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Figure 8.7: Comparison of the contractility of mice between the 3 groups of mice. Overall
contracility was quantified as the force integral. A: Absolute force integral at baseline (i), and
following normalisation to the force of initial KCl induced contractions (ii). B: Force integral
after stimulation with 10nM oxytocin (i), and following normalisation to the force of initial KCl
induced contractions (ii). C: Force integral after stimulation with 100nM oxytocin (i), and following
normalisation to the force of initial KCl induced contractions (ii). Bars show mean ± standard
deviation. All comparisons are performed using a Mann-Whitney test due to the data not being
normally distributed. *- p < 0.05, **-p < 0.001, #- significance is reduced following Bonferroni
correction for multiple comparisons. Cre-Tam: n = 25 rings from 6 mice, Cre-Veh: n = 17 rings
from 4 mice, WT-Tam: n = 8 rings from 2 mice.

8.3.6 Comparison of Baseline Contractility between Treatment Groups

Baseline contractility in traces was further analysed using low sensitivity event detection

parameters (Figure 8.5 D, results shown in Figure 8.8). Under this analysis paradigm, mean

peak contraction amplitude was reduced amongst from the WT-Tam group compared to
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Cre-Tam and WT-Tam groups (i, p < 0.05 and p < 0.001 respectively). This remained

significant following correction for multiple comparisons (p < 0.05 for both). This did not

differ between Cre-Tam and Cre-Veh groups, however (p > 0.05). Following normalisation

to the initial KCl response, the difference between Cre-Tam and Cre-Veh samples was

removed (p > 0.05), however the reduction of the WT-Tam group remained significant

(p < 0.05 for both). Contraction frequency was significantly reduced amongst observations

from both groups of tamoxifen treated mice compared to vehicle (p < 0.001 for both),

but not compared to each other (p > 0.05). The analysis was also repeated under a

more sensitive protocol for peak detection as previously described, to capture events with

reduced amplitude in the analysis. This produced similar results; this data in included in

Appendix C.

Figure 8.8: Baseline contractility in traces was further analysed. For A and B: (i) Mean peak
amplitude. (ii) Normalised mean peak amplitude. (iii) Contraction frequency. (iv) Standard
deviation of the mean time between detected contractions, normalised to the mean time between
contractions. Bars show mean ± standard deviation All comparisons are performed using a Mann-
Whitney test due to the data not being normally distributed. *- p < 0.05, **-p < 0.001, #-
significance is reduced following Bonferroni correction for multiple comparisons. Cre-Tam: n = 25
rings from 6 mice, Cre-Veh: n = 17 rings from 4 mice, WT-Tam: n = 8 rings from 2 mice.
*-p < 0.05, n.s.-not significant (unpaired t-test).

8.3.7 Comparison of Response to 10nM Oxytocin Between Treatment
Groups

Contractility in response to 10nM oxytocin stimulation was analysed in the same manner

as at baseline (Figure 8.9). Mean peak amplitude was reduced amongst Cre-Tam sam-
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ples compared to Cre-Veh (). WT-Tam samples were also reduced compared to Cre-Tam

(p < 0.05), and showed a further significant reduction compared to Cre-Veh (p < 0.001).

Normalisation to initial KCl response removed the difference between Cre-Tam and Cre-

Veh samples (p > 0.05), however WT-Tam samples remained signifanctly reduced com-

pared to Cre-Veh (p < 0.05). Contraction frequency following oxytocin stimulation was

reduced amongst Cre-Tam samples compared to both Cre-Veh and WT-Tam (p < 0.05 for

both), however in both cases this observation lost significance following Bonferroni correc-

tion for multiple comparisons. The standard deviation of the mean time between detected

contractions was normalised to the time between contractions. This measure was observed

to be increased amongst samples from tamoxifen treated mice (Cre-Tam and WT-Tam)

compared to vehicle treated (p < 0.001 for both). This remained significant following

Bonferroni correction (p < 0.05 for both). There was no difference between groups of

tamoxifen treated mice (p > 0.05). Repeating the analysis using a lower, and thus more

sensitive, threshold for peak detection produced very similar results (shown in Appendix

C).
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Figure 8.9: Contractility in response to 10nM oxytocin stimulation was analysed. (i) Mean
peak amplitude. (ii) Normalised mean peak amplitude. (iii) Contraction frequency. (iv) Standard
deviation of the mean time between detected contractions, was normalised to the mean time
between contractions. Bars show mean ± standard deviation. All comparisons are performed
using a Mann-Whitney test due to the data not being normally distributed. *- p < 0.05, **-
p < 0.001, #- significance is reduced following Bonferroni correction for multiple comparisons.
Cre-Tam: n = 25 rings from 6 mice, Cre-Veh: n = 17 rings from 4 mice, WT-Tam: n = 8 rings
from 2 mice. *-p < 0.05, n.s.-not significant (unpaired t-test).

8.3.8 Comparison of Response to 100nM Oxytocin Between Treatment
Groups

Finally, contractility was again analysed following stimulation with 100nM OT following

the same protocol (Figure 8.10). Contraction force was significantly reduced amongst

samples from tamoxifen treated mice (Cre-Tam and WT-Tam) compared to vehicle treated

(Cre-Veh; p < 0.05 for both), but not to each other (p > 0.05). Following normalisation

and correction, contraction force did not differ significantly between groups (p < 0.05).

Contraction frequency was significantly increased amongst tamoxifen treated mice (p <

0.001 for both). The normalised standard deviation of the inter-peak interval did not

differ between treatment groups (p > 0.05 for all). These observations were reproduced

following analysis using more sensitive parameters (shown in Appendix C).
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Figure 8.10: Contractility in response to 100nM oxytocin stimulation was analysed. For A and B:
(i) Mean peak amplitude. (ii) Normalised mean peak amplitude. (iii) Contraction frequency. (iv)
Standard deviation of the mean time between detected contractions, was normalised to the mean
time between contractions. Bars show mean ± standard deviation. All comparisons are performed
using a Mann-Whitney test due to the data not being normally distributed. *- p < 0.05, **-
p < 0.001, #- significance is reduced following Bonferroni correction for multiple comparisons.
Cre-Tam: n = 25 rings from 6 mice, Cre-Veh: n = 17 rings from 4 mice, WT-Tam: n = 8 rings
from 2 mice. *-p < 0.05, n.s.-not significant (unpaired t-test).

8.3.9 Effect of Oxytocin Stimulation of Contraction Frequency

Oxytocin induced contraction frequency was compared to baseline in each treatment group,

to determine the effect of the agonist (Figure 8.11). Amongst Cre-Veh mice, there was no

significant effect of oxytocin treatment on contraction frequency. However, both tamox-

ifen treatment groups (Cre-Tam and WT-Tam) demonstrated an increased contraction

frequency compared to baseline (p < 0.001 for both).
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Figure 8.11: Effect of oxytocin on contraction frequency amongst different treatment groups on
non-pregnant mice (A: Cre-Tam, B: Cre-Veh, C: WT-Tam). Error bars show standard deviation.
Comparisons are performed to baseline, using a Mann-Whitney test, due to the data not being
normally distributed. *- p < 0.05, **-p < 0.001, #- significance is reduced following Bonferroni
correction for multiple comparisons. Cre-Tam: n = 25 rings from 6 mice, Cre-Veh: n = 17 rings
from 4 mice, WT-Tam: n = 8 rings from 2 mice.

8.3.10 Conditional Knockdown of ANO1 in the Uterus of Pregnant
Mice

To investigate the effect of conditional ANO1 deletion on the gravid uterus, these exper-

iments were repeated using pregnant mice at term (day 18.5), treated with tamoxifen as

described in Chapter 5. The outcomes of these experiments are shown in Table 8.4. For 3

mice receiving vehicle injections during pregnancy, strips were successfully harvested from

grossly morphologically normal uteri, and organ bath experiments could be performed.

Amongst mice treated with tamoxifen, various degrees of uterine dysfunction were ob-

served, ranging from mild uterine haemorrhage and reabsorption at a single implantation

site to severe haemorrhage, intra-uterine necrosis and maternal distress. Only 1 of these

mice yielded sufficient viable myometrial tissue with which to perform myography exper-

iments. Figure 8.12A shows representative traces of force recordings of strips from preg-

nant mice at term, treated with tamoxifen (top) or vehicle (bottom). Due to insufficient

experimental numbers in the tamoxifen treatment group, statistical comparison was not

possible.
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Figure 8.12: Force recordings of strips from pregnant mice at term (day 18.5). Shown are
representative traces from mice treated with tamoxifen (top) or vehicle (bottom). Strips were
treated with 40mM KCl to induce a tonic contraction as a positive control. This was washed out,
and baseline activity recorded. 10nM OT was added to bath, and force recorded. The bath was
finally adjusted to 100nM OT for further recording.

Table 8.4: Pregnant mice gross phenotypes following treatments

Treatment Number of mice Uterine phenotype Outcome
Vehicle 3 Normal uterus,

normal foetuses
Organ bath performed

Tamoxifen 1 Evidence of
minor haemorrhage
and some foetal
reabsorption

Organ bath performed

Tamoxifen 1 Profound evidence of
uterine haemorrhage
and foetus
reabsorption

No experiment

Tamoxifen 1 Profound evidence of
uterine haemorrhage,
foetus reabsorption
and necrosis.
Mouse showing
behavioural signs
of distress

No experiment

275



8. In Vivo Knockout of ANO1 in a Mouse Model

8.4 Discussion

8.4.1 Observed Differences Between Treatment Groups

Amongst the non-pregnant mice used in these experiments, there was no significant reduc-

tion in the level of wild type ANO1 mRNA transcript expression, and no commensurate

increase in the truncated ANO1 transcript associated with tamoxifen treatment. However,

there was a trend towards a phenotype. There was also a subset of 3 tamoxifen-treated

mice in which which there was clear evidence of Cre-recombinase activity, with increased

truncated ANO1 expression and a reduction in the wild type transcript. The whole dataset

is skewed, however, by the remaining 3 mice in which there was no clear evidence of Cre

activity. This experiment may have therefore been under powered to detect the level of

ANO1 knockout in the mice.

This observation may have arisen due to variability in the penetrance of the conditional

knockout between different animals. The rings also still contained the endometrial tissue

prior to RNA extraction. ANO1 is expressed in the endometrium, and uprdgulated during

decidualisation (Qi et al., 2018). Cre:ERT2 under the SM22α promoter, however, will not

be expressed. Thus, the endogenous ANO1 within the endometrium will not be directly

altered by the conditional knockout, and may be detected by the qRT-PCR, masking the

effect within the myometrium in the sample. Furthermore, the myometrial rings that were

harvested for qRT-PCR were not the same rings that were used for the organ bath exper-

iments themselves. This prevents accurate correlation of the levels of ANO1 expression,

and the effect of the knockout, to the contractility phenotype within the specific rings used

in the myography experiments.

Preliminary studies performed in the Gallos laboratory (unpublished data) also suggest

that ANO1 expression may vary depending on where the mouse is in the oestrous cycle.

This was not controlled for during these experiments, and thus may introduce further

variability that can limit the power to observe changes in ANO1 expression (which may
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fluctuate over the course of oestrus due to changes within the myometrium itself, or also

within the associated endometrium in the sample), and also the contractility of the tissue,

in which the effect of oestrus cycle has previously been reported (Dodds et al., 2015).

Myography experiments were performed using a protocol that had already been established

within the Gallos laboratory. However, this was not sufficient to bring the samples fully

to isometric tension. Thus, elastic forces within the tissue contribute to the overall force

recording throughout, and the basal tension within the strip varies over the course of the

experiment. This can be partially accounted for to facilitate analysis through subtraction

of the estimated baseline tension as a function of time (see Figure 8.5), however it does

affect the accuracy of the force readings as a measure of the force generated specifically

due to muscle contraction. As all strips were hung and experiments performed following

the same protocol, this should affect each ring comparably, allowing comparisons to still

be made between them.

Myometrial samples were treated with 40mM KCl at the start of the myography experi-

ment. This served as a positive control for strip viability, ensuring that each strip was able

to contract, and that non contracting samples (such as if they are overstretched during

preparation) do not influence the data set. When using rings from non-pregnant mice, all

samples hung in the organ bath were observed to respond, suggesting that tissue damage

did not occur during the process. The force of this contraction can also be used to normalise

subsequent recordings, and account for variability in the size of samples. However, there

was a reduction in amplitude of the 40mM KCl response amongst Cre-Tam samples com-

pared Cre-Veh (although this significance was lost following Bonferroni correction). This

response was also reduced amongst WT-Tam mice compared to Cre-Veh, but did not differ

significantly between Cre-Tam and WT-Tam. This suggests that tamoxifen treatment may

reduce the maximum force that can be generated by the myometrium. This may occur

due to structural changes within the uterus as a result of tamoxifen treatment, or due to

changes in the regulation of various genes implicated in contractility. The potential effects
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of tamoxifen on myometrial contractility are discussed further in Section 8.4.2.

There was clear evidence of a difference in the overall contractility (measured by the inte-

gral of the force trace) of samples between Cre-Tam and Cre-Veh groups. At baseline and

following treatment with 10nM oxytocin, tamoxifen treatment was associate with a sig-

nificant reduction in integral force. Following adjustment to 100nM, tamoxifen treatment

became associated with increased force integral. The WT-Tam group, that received ta-

moxifen treatment but was not predicted to undergo conditional ANO1 knockout, was not

significantly different from the group Cre-Tam group (that did undergo conditional knock-

out), and showed similarly reduced contractility at baseline and following 10nM oxytocin

treatment compared to Cre-Veh. However following exposure to 100nM, the difference

in contractility between Cre-Veh and WT-Tam mice was not significant after correction.

This is because the WT-Tam group shows a clear bimodal distribution, with clear segre-

gation between each of the two biological replicates. Ultimately, there is clear evidence

of a contractility phenotype within the Cre-Tam group compared to the Cre-Veh group.

However, due to an insufficient number of biological replicates in the WT-Tam group, it is

not clear how much of this difference can be attributed to tamoxifen administration and

how much is due to the knockout of ANO1 within the myometrium. Nonetheless, there is

evidence of a trend that tamoxifen may significantly affect the contractility of the tissue.

In order to further characterise the observations made, and gain insight into the possible

mechanisms underlying the contractility phenotype, particularly with regards to a poten-

tial role of ANO1, further analysis was performed to evaluate the patterns of contractions

observed.

At baseline, there was a trend towards a reduction in the mean amplitude of contractions

amongst Cre-Tam compared to Cre-Veh samples, however this was not significant. This is

in keeping with the previous observation of reduced contractility in response to 40mM KCl.

Indeed, this trend was completely lost following normalisation to the KCl response. This

suggests that tamoxifen treatment may cause a slight reduction in myometrial contractility,
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however these experiments were not sufficiently powered to confirm this. The reduction in

baseline contraction frequency amongst Cre-Tam compared to Cre-Veh was consistent with

an initial conjecture that ANO1 may play a role in myometrial pacemaking, by initiating

the action potential. However, a similar reduction was also seen in WT-Tam tissues were

also observed. This suggests that tamoxifen treatment, rather than ANO1 deletion, may be

the main driver of this phenotype; however, again, due to the limited number of biological

replicates (n=2), this cannot be determined with confidence.

Following stimulation with 10nM, a similar phenotype to baseline was observed. Compared

to Cre-Veh samples, the mean contraction amplitude amongst Cre-Tam and Cre-Veh mice

was reduced. However, following normalisation, this was again attenuated. This suggests

that the reduction in contraction force is consistent with previous observations. The re-

duction in contraction frequency amongst tamoxifen treatment groups was more mild, and,

following correction, not significant. There was a notable difference in the myograph traces

from different groups, however (Figure 8.5 A). In order to quantify this, using the peak

detection scripts created, the intervals between events in a trace was calculated. The stan-

dard deviation of these interval values provides a measure of the variability in contraction

timing. This was significantly increased amongst tamoxifen treated mice, suggesting that

there was a disruption to the coordination and regularity of contractions.

Treatment with 100nM oxytocin produced a significantly greater contraction frequency

amongst tamoxifen treated mice. As at baseline and 10nM oxytocin, contraction ampli-

tude was reduced, consistently with the reduction in KCl induced contraction; once again,

the difference is attenuated following normalisation to the KCl response. There was no

difference in the interval standard deviation, suggesting that the higher dose of oxytocin is

sufficient to restore regularity to the contractions. The apparent increase in the contractil-

ity of the tamoxifen treated mice (Figure 8.7) was therefore primarily due to and increase

in contraction frequency.
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An increase in contraction frequency following oxytocin stimulation was not observed

amongst Cre-Veh mice. This is consistent with the findings of Mackler et al. (1999), who

observed only minor changes in myometrial contractility in response to oxytocin amongst

strips isolated from non-pregnant mice, compared to the significantly more robust con-

tractility increases amongst strips from pregnant mice. This is supported by the reported

increases to the expression of the oxytocin receptor over pregnancy in the murine uterus,

with maximum expression reached at the end of gestation (Kubota et al., 1996). Indeed, it

is logical that the uterus would not need to contract in the same way while not pregnant.

Tamoxifen treatment, however, appeared to significantly increase uterine responsiveness to

oxytocin in both groups of mice. This suggests that tamoxifen may fundamentally mod-

ify the properties, and thus the behaviour, of the murine uterus. Detailed transcriptomic

data to describe the transcriptional changes within the myometrium following tamoxifen

treatment could not be found within the literature. Kwekel et al. (2009) performed tran-

scriptional analysis on whole mouse uteri at up to 72 hours post tamoxifen injection. They

observed changes in the expression of numerous genes in response to tamoxifen treatment;

most notably, the endogenous oestrogen receptor was down-regulated. It is not possible to

identify from this dataset which tissues are affected by these changes, however. Nonethe-

less, changes directly to the myomtrium may directly affect contractility. Furthermore,

changes within the endometrium may disrupt the oestral cycle of the mouse, which has

also been demonstrated to have a significant impact upon uterine contractility (Dodds

et al., 2015).

Amongst pregnant mice, within our study tamoxifen treatment was associated with dele-

terious outcomes. At necropsy, all 3 vehicle injected pregnant mice were observed to have

normal pregnancies and normal gravid uteri. All 3 tamoxifen treated mice were observed

to display varying degrees of uterine dysfunction, ranging from isolated haemorrhage to

gross pathologies, and foetal unviability. This ultimately lead to the cessation of these

studies. These observations are consistent with the work of Ved et al. (2019), who demon-
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strated that tamoxifen administration during pregnancy has been demonstrated to lead to

numerous maternal and foetal complications. In their work, tamoxifen was delivered at

at doses of 10-200mg/kg (the median weight of a female C57BL/6J mouse at 20 weeks is

25.3g, meaning the doses used in our experiments were approximately 40mg/kg) on day

5.5 or 7.5 of pregnancy. Mice treated with as little as 10mg/kg tamoxifen showed uter-

ine haemorrhage and embryonic defects. This indicates that the tamoxifen protocol used

to activate the Cre:ERT2 system for these experiments was not appropriate, and would

require modification to minimise complications.

The SM22α-CreERT2 mouse has previously been successfully used to investigate myome-

trial physiology. Döring et al. (2006) crossed the SM22α-CreERT2 with Cx43FL/FL mice,

to produce mice with an tamoxifen inducible knockout of connexin-43. Using this model,

they were able to observe a phenotype of prolonged pregnancy and delayed partuition

amongst tamoxifen treated mice, compared to both vehicle treated mice with the same

genotype (SM22α-CreERT2, Cx43FL/FL) and also mice without Cre expression (SM22α-

WT, Cx43FL/FL). In order to achieve this, female mice were treated with 1mg tamoxifen

daily for 5 consecutive days. Seven days following the final injection, they were introduced

to males for breeding, and monitored for plug formation. No delay in breeding activity was

reported, which suggests that the tamoxifen was delivered sufficiently in advance that it

did not interfere with normal pregnancy. Robust Cre activity was observed, determined via

LacZ staining, and connexin-43 expression was reduced in the smooth muscle at the protein

level, although not completely ablated. This suggests that this protocol may be a more

appropriate method to achieve ANO1 deletion amongst the mice used in our study.

8.4.2 The Effect of Tamoxifen on Myometrial Contractility

Tamoxifen has been demonstrated to affect myometrial contractility in human and rat tis-

sue. Burghardt et al. (1984) treated non-pregnant hypophysectomised rats with oestrogen

and/or tamoxifen. Oestrogen treatment increased the abundance of gap junctions identi-
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fied in myocytes using electron microscopy. Treatment of mice with tamoxifen attenuated

these changes. This suggests that the myometrium becomes more contractile under the

influence of oestrogen; tamoxifen administration may therefore block these changes, and

maintain uterine quiescence.

Lipton et al. (1984) investigated the effect of tamoxifen on myometrial contractility in

intact tissue preparations from rats. Tamoxifen was added to an organ bath at concentra-

tions from 100nM to 10µM. It was observed that tamoxifen concentrations above 500nM

reduced oxytocin induced contractility in a dose dependant manner. A supra-physiological

dose of 1.28µM oxytocin was used in these experiments. Due to the rapid effect of tamox-

ifen following addition, it was suggested that it may not be acting via a transcriptional

mechanism, as might be expected due to oestrogen’s role as a nuclear hormone, and that it

may be reducing contractility via an alternative pathway. It was also subsequently observed

that there was no significant change to calcium uptake amongst tamoxifen treated rat my-

ometrial strips compared to vehicle (Lipton and Morris, 1986). Calcium entry into aortic

smooth muscle was significantly reduced by tamoxifen treatment, however, suggesting that

tamoxifen affects the two tissues via different mechanisms.

To investigate the effect of tamoxifen treatment on human myometrium, Phaneuf et al.

(1995) incubated primary uterine myocytes obtained from pre-menopausal women follow-

ing hysterectomy in the presence of tamoxifen for 48 hours. This significantly reduced

the oxytocin induced production of IP3 compared to control. Supplementing tamoxifen

containing media with 100nM oestradiol increased IP3 production, but did not completely

reverse the tamoxifen effect. IP3 production was reduced by tamoxifen in a dose dependant

manner, using concentrations from 300nM-3µM. This suggests that tamoxifen treatment

may inhibit the PLC pathway, leading to reduced agonist induced contractility of the

myometrium.

It has been demonstrated that tamoxifen administration may be associated with signifi-

282



8. In Vivo Knockout of ANO1 in a Mouse Model

cant, long term structural changes to the uterus. Martin and Middleton (1978) injected

ovarectamised mice with 1.5mg tamoxifen, once or twice following a 24 hour interval. Mice

treated with tamoxifen showed significant structural differences in the uterus at up to

60 days following tamoxifen administration; Amongst treated mice, there was cystic hy-

perplasia of the the endometrial glands, and increased uterine mass. These observations

suggest that tamoxifen may exert prolonged pro-oestrogenic effects; This is consistent with

it acting as a partial agonist to the oestrogen receptor. It is not clear how tamoxifen may

affect an intact mouse, which produces endogenous oestrogens, however. Nonetheless, these

findings suggest that the effects of tamoxifen may persist significantly beyond its initial

administration.

In mice, the half-life of tamoxifen has been reported to be 7.7-11.2 hours, depending on the

initial dose (ranging from 4-20mg/kg, administered subcutaneously, Reid et al. (2014)).

This contrasts to the reported half-life of tamoxifen in humans of 4-7 days (Sanchez-

Spitman et al., 2019). This is because many of the studies in humans report the terminal

elimination of tamoxifen and its metabolites. Furthermore, differences may be present in

the pathways involved in tamoxifen metabolism between species. Following administration,

tamoxifen is metabolised to produce endoxifen, which exerts a more potent anti-oestrogenic

effect. Endoxifen is still able to bind to the CreERT2 receptor, and induce the cleavage of

genomic DNA, however it is less potent than tamoxifen (Felker et al., 2016). Endoxifen has

a relatively short half life, and is ultimately excreted in the faeces. Many of the intermediate

metabolites also possess oestrogenic activity, however, and have extended half lives. This

further delays the elimination of the active products, potentially prolonging the effects

observed. It is therefore conceivable that the tamoxifen, or its metabolites, may continue

to exert an effect upon uterine contractility several days after initial administration.
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8.5 Conclusion

1. There is a clear reduction in myometrial contraclity amongst Cre-Tam mice compared

to Cre-Veh, at baseline and 10nM oxytocin. This is driven mainly by a reduction

in contraction frequency, but there is also a reduction in contraction force. This is

consistent with the potential role of ANO1 as a uterine pacemaker.

2. These observations are also seen in the WT-Tam treatment group, however. This

suggests that it may in fact be tamoxifen administration itself, rather than ANO1

deletion, that underlies this phenotype. However, insufficient biological replicates

were performed to draw meaningful (n=2) conclusions.

8.5.1 Future Directions and Further Work

In order to complete this series of experiments, further experiments using the WT-Tam

control group are needed, in order to definitively determine the effect of tamoxifen admin-

istration. Direct reports of the effect of tamoxifen treatment on the contractility of murine

myometrium were not identified in the literature, however there is extensive that supports

that it may have an effect via multiple mechanisms. Further investigations, including RNA

sequencing of tamoxixfen and vehicle treated myometrial samples, may provide additional

insight. The effect of tamoxifen on the pregnant murine uterus, however, was readily

evident.

Further experiments using alternative Cre lines, such as AMHR2-Cre, may be more appro-

priate to investigate ANO1 in the myometriuim during pregnancy. Alternatively, adjust-

ment of the tamoxifen administration protocol in line with Dodds et al. (2015) my allow

more successful pregnancy amongst the study animals. Further experiments were planned

using a fluorescent reporter Cre line (Madisen et al., 2010), that would allow separation

of isolated uterine myocytes in which Cre was active, and ANO1 had been successfully

excised. These cells could then be imaged and compared to matched cells from the same
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animal. However, due to the closure of the Gallos laboratory following the coronavirus

pandemic, these experiments could not be completed as planned.
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Discussion

This work set out to investigate the role ANO1 within the myometrium. It was observed

that ANO1 is present at the protein level within cultured MyLA, despite low presence at

the mRNA level. ANO1 was also detected at the mRNA level in intact tissue (Chan et al.,

2014), and its presence at the protein level was also reported (Danielsson et al., 2018).

Based upon computational modelling, two possible roles for ANO1 in promoting uterine

contractility were suggested as part of this work.

Atia et al. (2016) suggested that ANO1 may couple chemical signalling to electrical de-

polarisation of the uterine myocyte, by opening in response to oxytocin induced release

of calcium from intracelullar stores. These simulations were based upon hypothetical lo-

cal calcium signalling events consistent with the calcium sparks observed in other smooth

muscle cell types (Pérez et al., 1999). Such signalling events have not been reported in

the myometrium, however, and only global signalling was observed during this work (see

calcium imaging experiments in Chapters 6 and 7). Imaging of agonist mediated calcium

transients at high spatial and temporal resolution would be needed to determine if such sig-

nals were represent. However, given the reported lack of activity of the ryanodine receptor

in the human myometrium, the low calcium concentration in the sarcoplamsic reticulum

stores (Shmigol et al., 2001), and the kinetic properties of the IP3R (Hituri and Linne,

2013), such events are unlikely to be of large amplitude as hypothesised by Atia et al.

(2016), and would likely be more consistent with low amplitude calcium “blips” (Miyazaki

and Ross, 2013). Based upon the assumption of global calcium signalling that is consistent

with that seen in cultured immortalised uterine myocytes (the MyLA cell line), simulations
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were carried out that suggested this still could produce a sufficient depolarisation to trigger

an action potential at reasonable channel densities.

Experiments by Young and Bemis (2009) suggested that, in rats, the calcium activated

chloride current may be responsible for prolonging the duration of contractions. Such an

increase in contraction duration would be coupled to an increased duration of excitation.

Based upon this observation, and also the kinetic properties of the ANO1 channel, it was

hypothesised that ANO1 may stabilise the plateau of the action potential, and prevent

repolarisation. Further simulations suggested that ANO1 could indeed be fulfilling this

role.

In order to investigate these hypotheses, we performed experiments using intact strips of

human myometrium, and the specific ANO1 inhibitor Ani9. This improved upon work

by Hyuga et al. (2018), who attempted to block ANO1 with several non-specific pharma-

cological agents. Treatment of myometrial strips with Ani9 produced no change in the

contractility both in the absence and presence of oxytocin stimulation. This suggests that

ANO1 does not have a significant procontractile role, and that the observations of previous

studies (Bernstein et al., 2014; Danielsson et al., 2018; Hyuga et al., 2018) were as a result

of non-specific action of the inhibitors used against other chloride conductances.

To further investigate the role of ANO1 in the myometrium, we also performed experi-

ments in genetically modified mice lines, with a conditional deletion of ANO1 within the

myometrium. Due to geneotyping issues that limited the number of mice that were avail-

able (not discussed in this thesis), and the impact of the pandemic terminating this arm of

investigations prematurely, these studies were ultimately under powered to draw significant

conclusions, particularly with regards to the wild type tamoxifen treated control group.

However, the results obtained were consistent with the findings of Qu et al. (2019), who

performed similar experiments and did not observe a myometrial phenotype amongst mice

with a conditional ANO1 deletion.
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These experimental findings ultimately suggest that ANO1 does not play a major role in the

excitation and/or contraction of the myometrium. Indeed, it may be functional redundant,

and not necessary to produce the action potential. Oxytocin induced contractions still

occurred in myometrial strips despite inhibition of a predicted 95% of the ANO1 channel

population. This suggests that ANO1 does not couple oxytocin signalling to electrical

excitation. In order for sufficient ANO1 to be present despite the inhibitor being present,

the channel density would have to approach 20,000 channels per cell, which is far in excess of

physiological plausibility. Similarly, the lack of changes to the overall contractility suggest

that ANO1 did not affect contraction, or AP, duration.

It may still play a role within the myometrium, despite this, however. Biological systems

may evolve such redundant mechanisms for use in specific circumstances, and ANO1 may

be more critical to the excitation of the myometrium under certain conditions, such as dur-

ing certain stages or labour, or if complications arise and interfere with the progression of

labour, or if underlying conditions or genetic mutations impair other similar currents. In-

deed, the tissues used in this study were from women undergoing elective caesarian section,

who were not in active labour at the time. Changes to the myometrium as it transitions

into active labour may include a change in the function of ANO1. Furthermore, these

studies did not directly observe the effect of ANO1 inhibition on the myometrium at an

electrophysiological level, instead using contractility as a proxy. It could well be that ANO1

did indeed have an effect on the action potential, but redundancy was achieved at another

level. For instance, multiple successive deploarisations of the myometrial membrane can

still produce a staircasing increase in intracellular calcium (Shmigol et al., 1998). This

is may also observed in intact myometrial tissue (Blanks laboratory, unpublished data).

Thus, it may be that the contractile phenotype can be preserved by a downstream compen-

satory mechanism. Further experimentation using electrophysiologcial techniques, such as

micropippette recording from intact tissue, and isolation of the characteristic CaCC tail

currents in human USMCs and evaluation of the effect of Ani9 treatment, may still provide
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evidence of a functional role of ANO1 within the human myometrium.

In summary, given that a near total inhibition of ANO1 does not appear to have any effect

on the contractility of the myometrium, it is likely that ANO1 does not play a central

role in contractility. However, it may provide redundancy, for instance in the case that a

related entity, fulfilling a similar role, is not functional, such as due to genetic mutations.

It is also possible that the role of ANO1 becomes more apparent during active labour, due

to other changes within the myometrial environment. There is therefore a possibility that

ANO1 does indeed contribute to myometrial contractility in some capacity that could not

be determined by this work.

Within the network of electrically coupled myometrial cells, there may be great capacity

for compensation for the absence of a conductance such as ANO1 (due to inhibition or

genetic deletion), depending upon the redundancy in the system. It is entirely possible

that only a very tiny population of cells need to express ANO1 in order for it to function

normally. Chemical as well as electrical coupling may also play a role in this, as IP3

mediated signalling may cross gap junctions, allowing signals to propagate. However, the

inhibition predicted to be achieved using Ani9 was such that there would be only a small

fraction of ANO1 remaining functional, even over a large collection of cells. Given the

relatively low abundance of the channel at the mRNA level to begin with, it is unlikely

that such compensation is possible.

The identity of the entity that initiates the action potential following oxytocin stimulation

remains unknown. While ANO1 represented a promising candidate, the evidence presented

here suggests that this it is not responsible for this. Simulations suggest that TRPC6 may

be an alternative candidate. Novel pharmacological agents have recently been developed

that specifically agonise and inhibit this channel (Bai et al., 2020). A further highly specific

inhibitor of TRPC6, BI 749327, has been developed (Lin et al., 2019). Thus, further

experimentation using such inhibitors, and/or genetic ablation of this channel using a
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mouse model, may provide evidence of a role for this conductance.

Alternatively, TRPC4 is another promising candidate, based upon its reported similar gat-

ing properties to TRPC6, and its much higher abundance in the myometrium (Chan et al.,

2014). It is plausible that multiple members of the TRPC channel and/or ANO1 fulfil this

same role simultaneously, as part of a redundant mechanism, due to the importance of oxy-

tocin induced contraction of the myometrium. Pharmacological antagonism of this channel

with specific agents (Miller et al., 2011) may provide insight into its potential contribution

to myometrial excitability. Furthermore, ANO1 may couple to TRPC6 in specific spa-

tial domains (Wang et al., 2016). This may lead to ANO1 sensing local calcium sparklets

through TRPC6, and carrying a further depolarising current, as a positive feedback/ampli-

fication mechanism. In cases such as these, inhibition or deletion of multiple conductances

simultaneously may be required to observe a phenotype. This would also presents a further

challenge when considering these entities as potential therapeutic targets for tocotrophic or

tocolytic treatments. ANO6 may also fulfil the role that was hypothesised for ANO1, due

to its ability to form a CaCC and high abundance in the myometrium. However, there is

relatively limited information available on its kinetic properties as a CaCC, and no specific

inhibitors could be found.

This project originally intended to use the MyLA cell line as a model system to investigate

the role of ANO1 in the myometrium. Based upon the preliminary work of Dirir (2019), it

was initially hypothesised that they would be a suitable model system in which to study

the electrophysiological properties of the uterine myocyte, due to the fast calcium transient

that may have been due the cells maintaining a functional L-type VGCC. However, further

experiments performed suggested there was no voltage gated calcium entry in these cells,

and they are if fact not a suitable model system. The rapid calcium transient observed by

Dirir (2019) was no longer present in these cells following prolonged culture. Further work

to restore this transient would allow these cells to be used as originally envisioned. Despite

this, the cell line is still likely to have multiple future uses in investigating myometrial
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physiology, including signalling pathways and calcium handling. Indeed, in the absence of

voltage gated calcium entry as a confounding factor, these cells could be studied in further

detail to construct a detailed model of calcium handling within USMCs, accounting for

stores mediated uptake and release (via SERCA and IP3R respectively), extrusion (via

PMCA) and SOCE.

Based upon simulations, other lines of future experimental investigations are also sug-

gested. The potential role of TRPC family proteins (4 and 6) has already been discussed.

The prediction of the model produced of SR calcium increasing during the action potential

is intriguing. At face value, it contradicts common assumptions about the processes un-

derlying calcium signalling. However, further review of the mechanisms in place governing

calcium homeostasis in the uterine myocyte reveal no apparent reason why this should not

be the case, with the sole reported calcium flux out of the SR predicted to be attenuated

during the action potential. No experimental measurements of SR calcium during con-

traction of intact myometrium could be located in the literature, nor could accounts of

such a phenomenon amongst other cell types. However, Shmigol et al. (2001) reported an

increase in SR calcium following KCl mediated depolarisation and voltage gated calcium

entry. This is consistent with the simulations performed here. This would therefore repre-

sent a novel role for the myometrial SR, which may also account for its unique morphology

(Shmygol and Wray, 2004). Indeed, this may also explain the anomolaous observation

that treatment of myometrial strips with ryanodine increased the force of agonist induced

contractions (Taggart and Wray, 1998).

As with the initiation of the myometrial action potential, the mechanisms underlying the

termination of the plateau remain unclear. Based upon the considered conductome, there

were no entities that would activate or deactivate over a timecourse that is consistent with

this. Tong et al. (2014) proposed hypothetical, slow activating potassium conductances

could lead to such waveforms. While this was supported by their simulations, there are

no conductances with the kinetics consistent with those proposed that have thus far been
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identified as as being present in the myometrium. We considered the possibility that

changes in the density of repolarising conductances at the membrane may terminate the

action potential and restore RMP. This was supported by our simulations, using hERG as

one such candidate. The mechanisms underlying the trafficking and the pathways to the

membrane are not fully understood (Steele et al., 2007; Simms and Zamponi, 2012), but the

channel density of regulated by a precise balance between endocytosis (internalisation) and

exocytosis. The internalisation of proteins, such as potassium channels (Kv4.2, Kim et al.

(2007)) or receptor transport proteins (dopamine transporter/DAT, (Richardson et al.,

2016)), has been reported to be dependant upon membrane potential. This occurs over

a timeframe of minutes, and so may be consistent with the myometrial action potential.

Intracellular calcium drives exocytic pathways (Pang and Südhof, 2010). This is typically

associated with secretion of signalling molecules from the cell (Matveev, 2014), but may

also lead to incorporation of proteins into the membrane.

A reduction in the depolarising (L-type calcium) currents, or an increase in the repolarising

potassium currents, may therefore be a plausible mechanism by which the AP is terminated,

though direct observations of such a phenomena in a conductance present in the myometrial

conductome could not be found in the literature. The myometrium may not have a constant

conductome over the duration of the excitatory events that occur, and may show relatively

acute plasticity in response to the prolonged depolarising stimulus. This is in contrast

to the relatively rapid neuronal and cardiac action potentials, for which the conductome

remains relatively constant over the duration.

Such a phenomena could be investigated using TIRF microscopy, and would require la-

belling of the ion channels using either fluorescent ligands or genetically introduced fluo-

rescent probes in an animal model. Alternatively, genetic manipulation of the MyLA cell

line is a possibility, that would be contingent upon how well the potassium conductances

are retained following immortalisation, and the subsequent apparent loss of the L-type cur-

rent. The potassium channel repertoire of the MyLA cell line should therefore be further
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characterised, and compared to native tissue and primary cells.

The potential role of a mechanically and/or pH gated channel to regulate AP duration was

also investigated. One candidate for such a conductance would be TREK1, due to its gating

in response to such stimuli (Honoré, 2007). No detailed kinetic models for this current were

found in the literature, however. It was therefore conjectured that such a current would

gradually open over the duration of the action potential. Simulations suggested that such

a current could terminate the action potential within a timeframe consistent with the

myometrial action potential, and would require only a small number of channels (7-8 per

cell) to open . Mechanosensing has been suggested as a means of signal communication

through the myometrium (Young, 2007). Responding directly to this mechanical force, or

to other metabolic products of the cell contracting, such as a lowered pH, represents an

efficient pathway to regulate the duration of contraction. Further investigation into the

potential role of TREK1 is warranted, using knockout mice (Du et al., 2016; Abraham

et al., 2018) or targeted pharmocological inhibition (Ma et al., 2020).

9.0.1 Conclusion

This work ultimately found no evidence supporting the role of ANO1 within the my-

ometrium. Experiments to inhibit ANO1 within intact myometrial tissue found no mea-

surable difference associated with Ani9 application. This observation was not compatible

with the potential functions of ANO1 suggested by simulation. This is consistent with

the findings of Qu et al. (2019) and Dodds et al. (2015), but contrasts with the reports

from Bernstein et al. (2014) and Danielsson et al. (2018). Further investigation may be

warranted due to limitations within the experiments performed. However, based upon

the observations made here, we conclude that ANO1 does not couple oxytocin signalling

to depolarisation and electrical signalling, and that it is functionally redundant in the

myometrium.

Simulations suggest potential novel lines for experimental investigation, such as the roles
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of TRPC family proteins, the function of the SR during the myometrial action potential

and the potential for regulation of ion channel density as a mechanism for terminating

the action potential. The model constructed reproduces key behaviours of myometrial

physiology, including response to depolarisation and the firing of the action potential,

and the accompanying calcium transients. This model may be developed further with

the addition of other ligand gated conductances, and improved models for conductances

present, particularly with regards to the potassium currents, that were poorly reproduced.

Nonetheless, this model may be of use to inform experimental design and support future

work, and many of the hypotheses suggested by the simulations performed warrant further

experimental investigation.
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Appendix A

Mathematical Models for the Ionic

Conductances Taken from the

Literature

A.1 Voltage Gated Calcium Channels

A.1.1 L-Type Voltage Gated Calcium Channel

The L- type calcium channels is responsible for the the upswing of the action potential

in the uterine myocyte. It is a voltage gated calcium channel, that begins to activate

with increasing voltages above approximately -50mV, and also inactivates as membrane

potential increases. A further mechanism of partial inactivation driven by intracellular

calcium ion concentration has also been described.

The CACNA1C isoform, encoding the α1 subunit of the L-type calcium channel, is ex-

pressed in both cardiac (Bers and Perez-Reyes, 1999) and uterine smooth muscle (Chan

et al., 2014). However, the L-type calcium channel may contain auxiliary subunits (α2δ,

β and γ), which may also undergo alternative splicing, giving rise to different isoforms,

leading to multiple permutations of its configuration, which may ultimately affect the

assembled channels gating kinetics.

In their original model of uterine excitability, Atia et al. (2016) combined the model from

Luo and Rudy (1994) of the conductance with data specific to USMCs by Shmigol et al.

(1998). This produced a 3-gate model to describe the behaviour of the L-Type calcium

328



A. Mathematical Models for the Ionic Conductances Taken from the Literature

channel. The model consisted of a d− activation gate and an f− inactivation gate, with

the corresponding time constants τd and τf .

d∞ =
1

1 + exp
[
−(V+18.9)

8.8

] ,

τd =
28.57(1− exp

[
−(V+10)

6.24

]
)

(1 + exp
[
−(V+10)

6.24

]
)(V + 10)

,

f∞ =
1

1 + exp
[
(V+53)

11

] ,

τf =
50

1 + exp
[
−(V+10)2

881

] . (A.1)

An additional gate was described corresponding to an instantaneous calcium dependent

inactivation process, fCa, where

fCa =
1

(1 + [Ca2+]
0.006 )

. (A.2)

In this model, the channel open probability is given by the equation

PL-Type = dL-TypefL-TypefCa (A.3)

We also employed a 14-state kinetic model of the L-type calcium channel containing just

the CACNA1C subunit proposed by Faber et al. (2007). In this model, there is 1 open

state, along with 8 closed states and 5 inactivation states. Transitions between the states

are governed by the equations given below, and a schematic representation of the Markov

chain is shown in Figure A.1.
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dC0

dt
=− (α0 + δ)C0 + β0C1 + θC0,Ca,

dC1

dt
=α0C0 − (α1 + β0 + δ)C1 + β1C2 + θC1,Ca,

dC2

dt
=α1C1 − (α2 + β1 + δ)C2 + β2C3 + θC2,Ca,

dC3

dt
=α2C2 − (α3 + β2 + γf + γs + δ)C3 + β3O[L Type] + λvfIvf + λvsIvs

+ θICa,

dO[L Type]

dt
=α3C3 − (β3 + ϕf + ϕs + δ)O[L Type] + λfIvf + λsIvs + θICa,

dIvf
dt

=γfC3 + ϕfO[L Type] − (ωf + λf + ωfs + δ)Ivf + ωsfIvs + θIvfCa,

dIvs
dt

=γsC3 + ϕsO[L Type]ωfsIvf − (ωs + λs + ωsf + δ)Ivs + θIvs,Ca,

dC0,Ca

dt
=− (α0 + θ)C0,Ca + β0 + C1,,Ca + δC0,

dC1,Ca

dt
=α0C0,Ca − (α1 + β0 + θ)C1,Ca + β1C2,Ca + δC1,

dC2,Ca

dt
=α1C1,Ca − (α2 + β1 + θ)C2,Ca + β2C3,Ca + δC2,

dC3,Ca

dt
=α2C2,Ca − (α3 + β2 + γf + γs + θ)C3,Ca + β3ICa + ωfIvf,Ca

+ ωsIvs,Ca + δC3,

dICa

dt
=α2C3,Ca +−(β3 + ϕf + ϕs + θ)ICa + λfIvf + λsIvs,Ca + δO[L Type],

dIvf,Ca

dt
=γfC3,Ca + ϕfICa − (ωf + λf + ωfs + θ)Ivf,Ca + ωsfIvs,Ca + δIvf ,

dIvs,Ca

dt
=γsC3,Ca + ϕsICa + ωfsIvf,Ca − (ωs + λs + ωsf + θ)Ivs,Ca + δIvs (A.4)
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With the transition rates given by the following equations:

α = 0.925 exp [Vm/30],

α0 = 4α, α1 = 3α, α2 = 2α, α3 = α,

β = 0.39 exp [−Vm/40],

β0 = β, β1 = 2β, β2 = 3β, β3 = 4β,

γf = 0.245 exp [Vm/10],

γs = 0.005 exp[−Vm/40],

ϕf = 0.02 exp [Vm/500],

ϕs = 0.03 exp [−Vm/280],

λf = 0.035 exp [−Vm/300],

λs = 0.0011 exp [Vm/500],

ωf =
β3λfγf
α3phif

,

ωs =
β3λsγs
α3ϕs

,

ωsf =
λsϕf
λf

,

ωfs = ϕs,

δ =
4

1 + 1/(0.001[Ca2+]i)
,

θ = 0.01. (A.5)

In this kinetic model, the open probability (PL-Type) is equivalent to the probability that

the channel is occupying the open state (OL-Type), i.e.

PL-Type = OL-Type (A.6)
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Table A.1: Activation and inactivation kinetics for the L-type calcium channels based on subunit
composition, by Yang et al. (2011)

Channel composition V1/2 activation kact V1/2 inactivation kinact
α1c + β1 1.4mV 8.9 -25.3mV -27.0

α1c + β1 + α2δ -13.6mV 6.8 -35.5mV -5.2
α1c + β1 + γ4 -5.3mV 8.3 -25.2mV -7.7

α1c + β1 + α2δ + γ4 -11.8mV 7.7 -32.4mV -7.5
α1c + β2 -2.1mV 8.3 -22.2mV -6.8

α1c + β2 + α2δ -12.1mV 7.7 -32.5mV -7.1

Figure A.1: Schematic representation of the 14-state kinetic model for the L-type calcium channel
produced by Faber et al. (2007) The upper echelon (ModeV) represents the channel in the absence
of calcium-dependent inactivation, while the lower tier (ModeCa) represents the channel following
Ca2+-dependent inactivation.

Using the RNA sequencing data by Chan et al. (2014), we identified alternative L type

channels that could be generated using the available α, α2δ, β and γ subunits. For the

following L-type channel configurations, Yang et al. (2011) describe the activation and

inactivation kinetics as shown in Table A.1.
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When using these new gating parameters, for each channel configuration i, we determine

the steady state activation (di) and inactivation (fi) probabilities as

d∞,i =
1

1 + exp[(Vm − V1/2,activation,i)/kact,i]
, (A.7)

f∞,i =
1

1 + exp[(Vm − V1/2,inactivation,i)/kinact,i]
. (A.8)

For the inactivation gates, we adopt the time constant for inactivation used by Atia et al.

(2016), given in equation A.1.1, and the calcium dependent inactivation given in equation

A.2.

For the activation gate, the equation for the time constant used by Atia et al. (2016),

and taken from the Luo Rudy cardiac model, asymtotically approaches infinity at -10mV.

The activation time constant from the Tong USMC model is used, which is given by the

equation

τd,Tong = 2.29 +
5.7

1 +
(
V+29.97

9

)2 . (A.9)

The open probability of these channels is given again by the formula

PL-type,i = dL-type,ifL-type,ifCa. (A.10)

The current through the L-type calcium channel is given by the equation

IL-Type = gL-TypeκL-TypePL-Type(Vm − ECa). (A.11)
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Table A.2: Notation for the L-type calcium channel

Notation Definition Value
gL Type Unitary conductance 25pS
κL type Channel Density -
θ Calcium disassociation constant 0.01ms−1

d∞ Activation steady state
τd, τd,Tong Activation time constant
f∞ Inactivation steady state
τf Inctivation time constant
fCa Calcium dependent inactivation steady state
Gating & State variables
C0→3 Closed states
O[L Type] Open state
Ivf , Ivs Inactivated states
C0,Ca→3,Ca Closed states following calcium interaction
ICa, Ivf,Ca, Ivs,Ca Inactivation states following calcium interaction
d Activation gate open probability
f Inactivation gate open probability
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A.1.2 T-Type Voltage Gated Calcium Channel

The T-type calcium channel opens at a lower gating potential to the L-type channel,

and inactivates more rapidly, resulting in a more transient current. Blanks et al. (2007b)

identified both high voltage activated (HVA) and low voltage activated (LVA) currents in

freshly isolated human uterine myocytes using patch clamp electrophysiology, and observed

the pore forming unit of the T-type calcium channel localised to the plasma membrane

in USMCs using immunohistochemistry. The HVA current was observed in 55% of cells

studied, and attributed to the T-type voltage gated calcium channel. It was unclear if

this was due to heterogeneity of the cell population within the native tissue, or a result

modification to the cell’s conductome during preparation.

(Perez-Reyes et al., 1998) expressed the CANA1G subunit in Xenopus oocytes and isolated

LVA currents. Using this data, Atia et al describe the T-type calcium current with a two

gate model, with one activation (a−) gate and one inactivation gate (c−), along with

corresponding time constants τa and τc. The equations governing the behaviour of this

conductance are

a∞ =
1

1 + exp
[−28.6−V

8.9

] ,

c∞ =
1

1 + exp
[
72.4+V

4.8

] ,

τa = 1.7 +
9.9

1 + exp
[
v+39
7.6

] ,

τc = 13.7 +
5369.7

1 + exp
[
v+108.5
11.24 .

] (A.12)

We adopt a value of -55mV for the voltage for half activation of the a-gate, in line with

the model used by Tong et al. (2011), in contrast to the value of -28.6 used by Atia et al.

(2016). This corresponds more accurately to the I-V curves for the L-type current reported

by Blanks et al. (2007b).
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Table A.3: Notation for the T-type calcium channel

Notation Definition Value
gT-Type Unitary conductance 8pS
κT-type Channel Density -
a∞ Activation steady state
τa Activation time constant
c∞ Inactivation steady state
τc Inctivation time constant
Gating variables
a Activation gate open probability
c Inactivation gate open probability

The open probability of the T-type calcium channel is given by the equation

PT-Type = aT-Typect-Type. (A.13)

The current through the T-type calcium channel is given by the equation

IT-Type = gT-TypeκT-TypePT-Type(Vm − ECa) (A.14)
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A.2 Voltage Gated Potassium Channels

A.2.1 Kv2.1

The initial model for Kv2.1 used by Atia et al. was a 12 state Markov model for the

developed by Klemic et al. (1998). More recently, a 13 state kinetic model was proposed

by Delgado-Ramírez et al. (2018). This model also included a description of the effects

of the depletion of PIP2 upon the channel kinetics. As a precursor to IP3 in the PLC1

signal cascade, such dynamics may be relevant to the behaviour of the system. A system

of ODEs is taken from this model. A schematic representation is also shown in Figure

A.2.

Figure A.2: Schematic representation of the 13-state kinetic model for the Kv2.1 voltage gated
potassium channel produced by Delgado-Ramírez et al. (2018). The channel inactivates from both
closed states (I0→4) and open states (IO, I5).

337



A. Mathematical Models for the Ionic Conductances Taken from the Literature

dC0

dt
= −(4a+ kCIf

4)C0 + bC1 +
kIC
f4

I0,

dC1

dt
= 4aC0 − (b+ 3a+ kCIf

3)C1 + 2bC2 +
kIC
f3

I1,

dC2

dt
= 3aC1 − (2b+ 2a+ kCIf

2)C2 + 3bC3 +
kIC
f2

I2,

dC3

dt
= 2aC2 − (3b+ a+ kCIf)C3 + 4bC4 +

kIC
f
I3,

dC4

dt
= aC3 − (4b+ kCO + kCI)C4 + kOCO[Kv2.1] + kICI4,

dI0
dt

= kCIf
4C0 −

(
kIC
f4

+
4a

f

)
I0 + bfI1,

dI1
dt

= kCIf
3C1 +

4a

f
I0 −

(
kIC
f3

+ bf +
3a

f

)
I1 + 2bfI2,

dI2
dt

= kCIf
2C2 +

3a

f
I1 −

(
kIC
f2

+ 2bf +
2a

f

)
I2 + 3bfI3,

dI3
dt

= kCIfC3 +
2a

f
I2 −

(
kIC
f

+ 3bf +
a

f

)
I3 + 4bfI4,

dI4
dt

= kCIC4 +
a

f
I3 − (kIC + 4bf)I4,

dIO
dt

= kOIO[Kv2.1] − (kIO + kO5)IO + k5OI5,

dI5
dt

= kO5IO − k5OI5,

dO[Kv2.1]

dt
= kCOC4 − (kOC + kOI)O[Kv2.1] + kIOIO. (A.15)

The voltage dependent rate constants are

a = a0 exp

[
za
V F

RT

]
,

b = b0 exp

[
zb
V F

RT

]
,

kOC = k0 exp

[
zk
V F

RT

]
. (A.16)

The channel will only allow ions to pass through in the open state (O); thus
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Table A.4: Notation for the Kv2.1 potassium channel

Notation Definition Value
g[Kv2.1] Unitary conductance 8.5pS
κ[Kv2.1] Channel density -
a0 a at 0 mV 76.73 s-1

za Equivalent charge for a0 1.31
b0 b at 0 mV 5.21s-1

zb Equivalent charge for b −0.89
k0 k at 0 mV 145.82s-1

zk Equivalent charge for k0 −0.96
kCO Closed-Open rate constant 95.66s-1

kCI Closed-Inactivated rate constant 0.45s-1

kIC Inactivated-Closed rate constant 0.016s-1

f Allosteric factor 0.251
kOI Open-Inactivated rate constant 0.34s-1

kIO Inactivated-Open rate constant 1.56s-1

kO5 O → I5 rate constant 2.91s-1

k5O I5 → IO rate constant 0.78s-1

State variables
C0→4 Closed States
I0→5 + IO Inactivated States
O[Kv2.1] Open State
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P[Kv2.1] = O[Kv2.1] (A.17)

And the current carried by the Kv2.1 channel (I[Kv2.1]) is given by the equation

I[Kv2.1] = κ[Kv2.1]g[Kv2.1]P[Kv2.1](V − EK) (A.18)
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A.2.2 Kv2.1/6.1

Kv2.1 can form a heteromeric ion channel with the Kv6.1 subunit. Activation and inactiva-

tion variables are taken from Kramer et al. (1998), while the time constant for inactivation

is taken from a model of the Kv2.1/9.3 channel (Patel et al., 1997), due to Kv6.1 not ap-

pearing to have any effect on this component. The inactivation time constant is reported to

be a constant 32 seconds, as the Kv2.1 subunit appears to effectively prevent inactivation

except over extended timeframes.

l1∞ =
1

1 + exp

[
V 1/2l1

−V

kl1

] ,

l2∞ =
1

1 + exp

[
V 1/2l2

−V

kl2

] ,

τl1 =
1

exp [−18.209−V
2 ] + exp

[−107.044+V
30

] (A.19)

d

dt
l1 =

l1∞ − l1
τl1

,

d

dt
l2 =

l2∞ − l2
τl2

(A.20)

The open probability of the channel is given by the equation

P[Kv2.1/6.1] = l1l2. (A.21)

The current through the species by the equation

I[Kv2.1/6.1] = κ[Kv2.1/6.1]g[Kv2.1/6.1]P[Kv2.1/6.1](V − EK) (A.22)
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Table A.5: Notation for the Kv2.1/6.1 heteromeric voltage gated potassium channel

Notation Definition Value
g[Kv2.1/6.1] Unitary conductance of the Kv2.1/6.1 channel 12.5pS
κ[Kv2.1/6.1] Channel density of Kv2.1/6.1
V 1/2l1 Voltage for half activation of the l1 gate −9.4mV
V 1/2l2 Voltage for half activation of the l2 gate −65.4mV
kl1 Activation slope of the l1 gate 11.8
kl2 Activation slope of the l2 gate -6.4
l1∞ Steady state open probability of the l1 gate -
l2∞ Steady state open probability of the l2 gate -
τl1 Time constant of the l1 gate -
τl2 Time constant of the l2 gate 32000ms
Gating variables
l1 l1 Fast activation gate
l2 l2 Slow inactivation gate
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A.2.3 Kv2.1/9.3

Kv2.1 may also form a heteromeric channel with the addition of the Kv9.3 subunit.

To model this channel, Atia et al. fitted models to data by Patel et al. (1997) describing the

kinetics of activation, and data by Kerschensteiner et al. (2003) describing the inactivation

of the channel.

The final model consists of an activation gate (g1) and the weighted average of two inac-

tivation gates (g2Fast and g2Slow). The two inactivation gates share the same steady state

(g2∞), but relax towards it at different rates, described by two different, but invariate time

constants.

g1∞ =
1

1 + exp[(Vhalf, g1 − V )/kg1 ]
,

τg1 =
1

exp 0.1(−80.27− V ) + exp (−137.469 + V )/55

g2∞ =
1

1 + exp[(Vhalf, g2 − V )/kg2 ]
. (A.23)

The open probability of the channel is given by the equation

P[Kv2.1/9.3] = g1(0.7g2,fast + 0.3g2,slow). (A.24)

The current carried by the species is given by the equation

I[Kv2.1/9.3] = κ[Kv2.1/9.3]g[Kv2.1/9.3]P[Kv2.1/9.3](V − EK). (A.25)
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Table A.6: Notation for the Kv2.1/9.3 heteromeric voltage gated potassium channel

Notation Definition Value
g[Kv2.1/9.3] Unitary conductance of the Kv2.1/9.3 channel 14.5pS
κ[Kv2.1/9.3] Channel density of Kv2.1/9.3
V 1/2l1 Voltage for half activation of the g1 gate 3.2mV
V 1/2l2 Voltage for half activation of the g2 gate −44.9mV
kg1 Activation slope of the g1 gate 21.8
kg2 Activation slope of the g2 gate -10.4
g1∞ Steady state open probability of the g1 gate -
g2∞ Steady state open probability of the g2 gate -
τg1 Time constant of the g1 gate -
τg2,fast Time constant of the g2fast gate 630ms
τg2,slow Time constant of the g2slow gate 3100ms
Gating variables
g1 Activation gate
g2,fast Fast component of inactivation gate
g2,slow Slow component of inactivation gate
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A.2.4 Kv3.4

The Kv3.4 was modelled based upon data by Rudy et al. (1991), who described the acti-

vation and inactivation using a two-gate model. The gating kinetics were described by the

following equations:

a∞ =
1

1 + exp[(V
[Kv3.4]
1/2,a − V )/k

[Kv3.4]
a ]

,

τa = 14.7 +
16.3

1 + exp[0.182V ]
,

i∞ =
1

1 + exp[(V
[Kv3.4]
1/2,i − V )/k

[Kv3.4]
i ]

,

τi = 12.1 + 166 exp [−0.0896V ]. (A.26)

The open probability of the channel is described by the equation

P[Kv3.4] = a[Kv3.4]i[Kv3.4]. (A.27)

The current carried by this species is given by the equation

I[Kv3.4] = κ[Kv3.4]g[Kv3.4]P[Kv3.4](V − EK). (A.28)
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Table A.7: Notation for the Kv3.4 voltage gated potassium channel

Notation Definition Value
g[Kv3.4] Unitary conductance of the Kv3.4 channel 14pS
κ[Kv3.4] Channel density of Kv3.4
V1/2,a Voltage for half activation of the a gate 19.5mV
V1/2,i Voltage for half activation of the i gate −15mV
ka Activation slope of the a gate 11.3
ki Activation slope of the i gate −7.4
a∞ Steady state open probability of the a gate -
a∞ Steady state open probability of the i gate -
τa Time constant of the a gate -
τi Time constant of the i gate -
Gating variables
a Activation gate open probability
i Inactivation gate open probability
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A.2.5 Kv4.1

Atia et al. (2016) modelled the Kv4.1 voltage gated potassium channel based upon activa-

tion and inactivation data from Jerng and Covarrubias (1997), and derived time constants

for these processes based upon Nakamura et al. (2001). The final model derived consists

of 4 activation (b1) gates and an inactivation process that is the weighted average of 3

distinct processes, b2,slow, b2,inter and b2,fast with the same steady state, b2∞.

The steady state distributions of activation and inactivation are given by the equations

b1∞ =
1

1 + exp
[−49−V

22.3

] ,

b2∞ =
1

1 + exp
[
69+V

5

] . (A.29)

The time constants are given by

τb1 = 1.96 +
5.5

1 + exp
[

V
12.5

] ,

τb2,fast = 16 + 11.4 exp

[−V
15.9

]
,

τb2,inter = 73.6 + 18 exp

[−V
19

]
,

τb2,slow = 252 + 0.74V. (A.30)

The open probability of the channel is given by

P[Kv4.1] = (b1)
4(0.18b2fast + 0.42b2inter + 0.4b2slow). (A.31)

The current passing through the conductance is given by

I[Kv4.1] = κ[Kv4.1]g[Kv4.1]P[Kv4.1](V − EK). (A.32)
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Table A.8: Notation for the Kv4.1 voltage gated potassium channel

Notation Definition Value
g[Kv4.1] Unitary conductance of the Kv4.1 channel 5pS
κ[Kv4.1] Channel density of Kv4.1
V1/2,b1 Voltage for half activation of the a gate −49mV
V1/2,b2 Voltage for half activation of the i gate −69mV
ka Activation slope of the a gate 22.3
ki Activation slope of the a gate −5
b1∞ Steady state open probability of the b1 gate -
b2∞ Steady state open probability of the b2 gate -
τb1 Time constant of the a gate -
τb2fast Time constant of the b2fast gate -
τb2inter Time constant of the b2inter gate -
τb2slow Time constant of the b2slow gate -
Gating variables
b1 Activation gate open probability
b2fast Fast inactivation gate open probability
b2inter Intermediate inactivation gate open probability
b2slow Slow inactivation gate open probability
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A.2.6 Kv4.3

Beck et al. (2002) produced a kinetic model to describe the behaviour of the Kv4.3 ho-

momeric ion channel by expressing the Kv4.3 subunit in xenopus oocytes. This 13 state

kinetic model consisted of 5 closed states (C0→4), 7 inactivation states (I0→6) and 1 open

state (O[Kv4.3]). Transitons between the states were given by the following equations:

dC0

dt
= −(4α+ kcif

4)C0 + βC1 +
kic

f4
I0,

dC1

dt
= 4αC0 − (β + 3α+ kcif

3)C1 + 2βC2 +
kic

f3
I1,

dC2

dt
= 3αC1 − (2β + 2α+ kcif

2)C2 + 3βC3 +
kic

f2
I2,

dC3

dt
= 2αC2 − (3β + α+ kcif)C3 + 4βC4 +

kic

f
I3,

dC4

dt
= αC3 − (4β + ko + kci)C4 + k-oO[Kv4.3] + kicI4,

dI0
dt

= kcif
4C0 − (

kic

f4
+ 4

α

f
)I0 + βfI1,

dI1
dt

= kcif
3C1 + 4

α

f
)I0 − (βf +

kic

f3
+ 3

α

f
)I1 + 2βfI2,

dI2
dt

= kcif
2C2 + 3

α

f
I1 − (

kic

f2
+ 2βf + 2

α

f
)I2 + 3βfI3,

dI3
dt

= kcifC3 + 2
α

f
I2 − (3fβ

kic

f
+
α

f
) + 4βfI4,

dI4
dt

= kciC4 +
α

f
I3 − (4βf + kic)I4,

dI5
dt

= koiO[Kv4.3] − (kio + k56)I5,

dI6
dt

= k56I5 − k65I6,

dO[Kv4.3]

dt
= kcoC4 − (koc + koi)O[Kv4.3] + kioI5. (A.33)
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Figure A.3: Schematic representation of the 13-state kinetic model for the Kv4.3 voltage gated
potassium channel produced by Beck et al. (2002). The channel inactivates from both closed states
(I0→4) and open states (I5, I6).

The voltage dependent transition rates are given by the equations:

α = 12 exp

[
0.77

V F

RT

]
,

β = 42 exp

[
−0.54

V F

RT

]

kco = 100 exp

[
0.25

V F

RT

]
,

koc = 300 exp

[
−0.05

V F

RT

]
. (A.34)

The open probability of the channel is given by the probability of the channel occupying

the open state of the model,

P[Kv4.3] = O[Kv4.3]. (A.35)

The current passing through the conductance is given by

I[Kv4.3] = κ[Kv4.3]g[Kv4.3]P[Kv4.3](V − EK) (A.36)
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Table A.9: Notation for the Kv4.3 voltage gated potasium

Notation Definition Value
g[Kv4.3] Unitary conductance 5pS
κ[Kv 4.3] Channel Density -
kio Rate constant for transition from I5 to O[Kv4.3] 8s-1

koi Rate constant for transition fromO[Kv4.3] to I5 60s-1

kci Rate constant for transition from closed to inactivated 7s-1

kic Rate constant for transition from inactivated to closed 0.08s-1

k56 Rate constant for transition from I5 to I6 5s-1

k65 Rate constant for transition from I6 to I5 4s-1

Gating variables
C0→4 Closted states
I0→6 Inactivated states
O[Kv4.3] Open state
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A.2.7 Kv4.3+KChIP2b/d

Kv4.3 can also associate with isoforms of the KChIP2 subunit. Patel et al. (2004) evaluated

the effect of these subunits on the kinetics of the channel The properties of Kv4.3 alongside

two KChIP2 isoforms, KCHiP2b and d, both of which were present in the RNA sequencing

by Chan et al. (2014), were described. The activation in these heteromeric channels was

described by 4 activation gates (k1), and and inactivation process given by the weighted

average of a fast and slow inactivation process (k2fast and k2slow). The activation gates

share the same steady state(k2∞), however will inactivate over differing timecourses due

to different time constants (τk2fast and τk2fast).

For the Kv4.3 +KCHiP2b channel, the kinetics are described as follows:

k1∞ =
1

1 + exp
[−2.97−V

12.7

] ,

τk1 = 1.23 + 10.309 exp

[−(V + 40)

25.39

]
,

k2∞ =
1

1 + exp
[
57.4+V

4.8

] ,

τk2,fast = 54.5 + 58.8 exp

[−(30 + V )

34.3

]
,

τk2,slow = 92 + 710.3 exp

[−(30 + V )

28.3

]
. (A.37)

The open probability of the channel is given by

P[Kv4.3+KChIP2b] = k41(Afastk2fast +Aslowk2slow). (A.38)

The weightings of the two inactivation components are given by

Afast = 0.37 +
0.63

1 + exp
[
V−19.3

8.5

] ,

Aslow = 1−Afast. (A.39)
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In the initial publication, and in the equation adopted by Atia et al. (2016), Equation

A.2.7 is given as

Afast = 0.37 +
0.63

1 + exp
[
V−19.3

8.5

] . (A.40)

This results in the total probability of the 2 states (Afast and Aslow) potentially exceeding

1. Based the correct equation was deduced from the figures in the publication.

Thus, the current passing through the conductance is given by

I[Kv4.3+KChIP2b] = g[Kv4.3+KChIP2b]κ[Kv4.3+KChIP2b]P[Kv4.3+KChIP2b](V − EK) (A.41)

Similarly, the Kv4.3 channel with the KChIP2d subunit is described by the following equa-

tions:

k1∞ =
1

1 + exp
[−2.3−V

12.49

] ,

τk1 = 1.171 + 9.05 exp

[−(voltage+ 40)

22.3671

]
,

k2∞ =
1

1 + exp
[
61.1+V

5

] ,

τk2,fast = 54.6 + 40 exp

[−(30 + V )

17.7

]
,

τk2,slow = 114.3 + 30.1 exp

[−(V )− 10

4.3

]
. (A.42)

And once again, the channel open probability is given by the equation

P[Kv4.3+KChIP2d] = k41(Afastk2fast +Aslowk2slow). (A.43)

The values for the relative weightings of the inactivation processes is this time given by

the equation

Afast = 0.8 +
0.08

1 + e
V −34
4.3

, (A.44)

Aslow = 1−Afast. (A.45)
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The current passing through the conductance is given by

I[Kv4.3+KChIP2d] = g[Kv4.3+KChIP2d]κ[Kv4.3+KChIP2d]P[Kv4.3+KChIP2d](V − EK). (A.46)
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Table A.10: Notation for the Kv4.3 +KChIP2b/d voltage gated potassium channels

Notation Definition Value
g[Kv4.3+KChIP2b/d] Unitary conductance 5pS
κ[Kv 4.3+KChIP2b/d] Channel Density -
k1 Activation steady state
k2 Inactivation Steady state
τk1 Activation time constant
τk2,fast Fast inactivation time constant
τk2,slow Slow inactivation time constant
Gating variables
k1 Activation gate
k2fast Fast inactivation gate
k2slow Slow inactivation gate
Afast Relative amount of fast inactivation
Aslow Relative amount of slow inactivation
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A.2.8 Kv4.3+KCNE3

Kv4.3 can also form complexes with the accessory subunit KCNE3. The addition of KCNE3

reduces the peak currents carried by the channel, and reduces the kinetics of activation

and inactivation compared to Kv4.3 alone. The addition on the KChIP2 subunit to this

complex further modulates the kinetics, shifting inactivation to less negative potentials

and increasing the rate of recovery from inactivation. Atia et al. (2016) extract data from

Lundby and Olesen (2006) and describe a 3 gate model to describe each of these channel

configurations. The model contains an activation gate, m1, with its corresponding steady

state (m1∞) and time constant (τm1), along with inactivation gates m2a and m2b. These

gates share the steady state (m2∞), however they relax with different voltage independent

time constants (τm2a and τm2b
), arising from the observed divergence between inactivation

and recovery from the inactivated state.

For the Kv4.3+KCNE3 channel, the kinetics are described the following equations:

m1∞ =
1

1 + exp
[
6−V
17.5

] ,

m2∞ =
1

1 + exp
[
72+V
11.1

] . (A.47)

The open probability of the channel is given by the product of the gating probabili-

ties,

P[Kv4.3+KCNE3] = m1m2am2b. (A.48)

The current passing through the conductance is given by

I[Kv4.3+KCNE3] = g[Kv4.3+KCNE3]κ[Kv4.3+KCNE3]P[Kv4.3+KCNE3](V − EK). (A.49)
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Table A.11: Notation for the Kv4.3 +KCNE3 voltage gated potassium channel

Notation Definition Value
g[Kv4.3+KCNE3] Unitary conductance 5pS
κ[Kv 4.3+KCNE3] Channel Density -
m1 Activation steady state
m2 Inactivation Steady state
τm1 time constant for m1 activation gate 6.1ms
τm2a time constant for m2a inactivation gate 220ms
τm2b

time constant for m2b inactivation gate 979ms
Gating variables
m1 Activation gate
m2a Fast inactivation gate
m2b Slow inactivation gate
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Table A.12: Notation for the Kv4.3 +KCNE3 +KChIP2 voltage gated potassium channel

Notation Definition Value
g[Kv4.3+KCNE3+KChIP2] Unitary conductance 5pS
κ[Kv 4.3+KCNE3+KChIP2] Channel Density -
m1 Activation steady state
m2 Inactivation Steady state
τm1 time constant for m1 activation gate 13.7ms
τm2a time constant for m2a inactivation gate 251ms
τm2b

time constant for m2b inactivation gate 118ms
Gating variables
m1 Activation gate
m2a Fast inactivation gate
m2b Slow inactivation gate

Similarly, data from Lundby and Olesen (2006) was again used by Atia et al. (2016) to

derive a model for the channel with the further addition of the KChiP2 subunit, using the

same configuration of gates, with adjusted parameters.

m1∞ =
1

1 + exp
[
5−V
17.5

] ,

m2∞ =
1

1 + exp
[
56+V
11.1

] . (A.50)

The open probability of the channel is given by the product of the gating probabili-

ties,

P[Kv4.3+KCNE3+KChIP2] = m1m2am2b. (A.51)

The current passing through the conductance is given by

I[Kv4.3+KCNE3+KChIP2] = g[Kv4.3+KCNE3+KChIP2]κ[Kv4.3+KCNE3+KChIP2]

P[Kv4.3+KCNE3+KChIP2](V − EK). (A.52)

358



A. Mathematical Models for the Ionic Conductances Taken from the Literature

A.2.9 Kv7.1

Pusch et al. (1998) describe the behaviour of the Kv7.1 channel using a 5 state kinetic

model. This model was used by Atia et al. (2016). Yet more complex models for this

channel have been proposed, for example the 20 state kinetic model by Silva and Rudy

(2005); however, in the interest of computational efficiency, the 5 state model was adopted.

In this model, there are 2 closed states (C1 and C2), 2 open stats (O1 and O2) and a voltage

independent inactivation state (I). This model is illustrated in Figure A.4. The equations

governing transitions between states are given by the following equations:

dC1

dt
= −α1C1 + β1C2,

dC2

dt
= α1C1 − (β1 + α2)C2β2O1,

dO1

dt
= α2C2 − (ϵ+ β2)O1 + δO2,

dO2

dt
= ϵO1 − (δ + λ)O2 + µI,

dI

dt
= λO2 − µI. (A.53)

Figure A.4: Schematic representation of the 13-state kinetic model for the Kv7.1 voltage gated
potassium channel produced by Pusch et al. (1998). The channel transitions from closed state C1

to C2, from which it is able to open, transitioning to O1. From there, it can transition to a further
open state (O2) and inactivate (I).
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The voltage dependent state transition rates (in s-1) are given by the equations

α1 = 4.6 exp

[
0.47

V F

RT

]
,

α2 = 33 exp

[
−0.35

V F

RT

]
,

β1 = 24 exp

[
0.006

V F

RT

]
,

β2 = 19 exp

[
−0.007

V F

RT

]
,

ϵ = 4.6 exp

[
0.8

V F

RT

]
,

δ = 1.4 exp

[
−0.7

V F

RT

]
. (A.54)

Voltage independent transition rates λ and µ are given in the table below.

The open probability of the channel is given by the equation

P[Kv7.1] = O1 +O2. (A.55)

The total current through the species is given by the equation

I[Kv7.1] = g[Kv7.1]κ[Kv7.1]P[Kv7.1](V − EK). (A.56)
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Table A.13: Notation for the Kv7.1 voltage gated potassium channel

Notation Definition Value
g[Kv7.1] Unitary conductance 1.8pS
κ[Kv7.1] Channel Density -
µ Rate constant for recovery from inactivation 52s-1

λ Rate constant for inactivation 142s-1

α1, α2 Closed to open transition rate
β1, β2 Open to closed transition rate
δ Inactivation rate
ϵ Recovery from inactivation rate
Gating variables
C1, C2 Closed
O1, O2 Open
I Inactivated
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A.2.10 Kv7.4

The current carried by the Kv7.1 channel is slow to activate, and does not inactivate. It

does however show rapid deactivation following removal of the gating stimulus, namely a

reduction in membrane potential. Atia et al. (2016) adopt a 2 gate model for the Kv7.4

channel, based on the data of Schrøder et al. (2001). In this model, there is a single steady

state (d∞), and 2 state variables, d1 and d2. The state variables relax towards the steady

state with corresponding time constants τd1 and τd2 . Gate d1 accounts for activation of

the conductance, while d2, with a constant time constant of 7.5ms, accounts for the rapid

deactivation and closing of the channel.

d∞ =
1

1 + exp
[−32−V

17.4

] ,

τd1 =
0.35

exp [585− 9V + e4+0.03V ]
+ 206.7. (A.57)

The voltage independent time constant τd2 is given in the table below. The open probability

of the Kv7.4 channel is the product of the two gates:

P[Kv7.4] = d1d2. (A.58)

The total current through the species is given by the equation

I[Kv7.4] = g[Kv7.4]κ[Kv7.4]P[Kv7.4](V − EK). (A.59)
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Table A.14: Notation for the Kv7.4 voltage gated potassium channel

Notation Definition Value
g[Kv7.4] Unitary conductance 2.1pS
κ[Kv7.4] Channel Density -
d∞ Steady state of d gate
τd1 Time constant of d1 slow activation gate
τd2 Time constant of d2 fast activation gate 7.5ms
Gating variables
d1 Slow activation gate
d2 Fast activation gate
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A.2.11 Kv11.1 (Human Ether-à-go-go Related Gene)

We adopt the 5 state kinetic model by Wang et al. (1997), who expressed recombinant

Kv11.1 channels in Xenopus oocytes and characterised its kinetics. This model comprised

3 closed states (C0→2), a single open state (O[hERG]) and a single inactivated state (I). A

schematic representation of the channel is shown in Figure A.5.

The equations describing transitions between states are given by the following equa-

tions:

dC0

dt
= −α0C0 + β0C1,

dC1

dt
= α0C0 − (β + kf )C1 + kbC2,

dC2

dt
= kfC1 − (kb + alpha1)C2 + β2O[hERG],

dO[hERG]

dt
= α1C2 − (β1 + αi)O[hERG] + βiI,

I

dt
= αiO[hERG] − βiI. (A.60)

The state transition rates (in ms-1)are given by the equations:

α0 = 0.022348 exp[0.01176V ],

β0 = 0.047002 exp[−0.0631V ],

α1 = 0.013733 exp[0.038198V ],

β1 = 0.0000689 exp[−0.04178V ],

αi = 0.090821 exp[0.023391V ],

βi = 0.006497 exp[−0.03268V ]. (A.61)
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Figure A.5: Schematic representation of the 13-state kinetic model for the Kv11.1 (hERG) voltage
gated potassium channel produced by Wang et al. (1997). The channel transitions from closed state
C0 to C2, from which it is able to open, transitioning to O. From there, it undergoes inactivation,
transitioning to an inactivated state (I).

The channel is able to carry current only when in the open state. Thus,

P[hERG] = O[hERG]. (A.62)

The current through the channel is given by the equation

I[hERG] = g[hERG]κ[hERG]P[hERG](V − EK) (A.63)
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Table A.15: Notation for the Kv11.1 “hERG” voltage gated potassium channel

Notation Definition Value
g[hERG] Unitary conductance 2.1pS
κ[hERG] Channel Density -
kf C1 to C2 transition rate 0.023761ms-1

kb C2 to C1 transition rate 0.036778ms-1

State variables
C0→2 Closed
O[hERG] Open
I Inactivated
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A.3 Votage and Potassium Gated “Large Conductance” Potas-

sium Channels

A.3.1 BKα

The BKα subunit is able to assemble into homomeric ion channel. This conductance is

gated by voltage and intracellular calcium. Horrigan and Aldrich (2002) proposed a 10

state kinetic model for this channel, with 5 closed (C0→4) and 5 open (O0→4) states. This

model is illustrated schematically is Figure A.6. Modified parameters were fit to this

model by Bao and Cox (2005), who investigated the role of the β1 subunit (see section

A.3.2).

Figure A.6: Schematic representation of the 10-state kinetic model for the BKαvoltage and cal-
cium gated potassium channels produced by Horrigan and Aldrich (2002). This was later adapted
by Bao and Cox (2005) to describe the kinetics of the BKαchannel with the addition of the β1
subunit (BKα+β1). In this model, there are 5 closed states (C0 → C4) and 5 open states (O0 → O4.

Due to symmetry within the model, and by making a quasi-steady state approximation due

to the rapid equilibration laterally between adjacent open and adjacent closed states, it

can be represented using the Hodgkin-Huxley style formulation as a channel with a single

gate. In this model, the single gate gives the open probability of the channel (P[BKα]). The
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steady state probability of this gate (P[BKα]∞) is determined by the equation

P[BKα]∞ =
1

1 +

(
1+exp

[
zjF

V −Vhc
RT

]
1+exp

[
zjF

V −Vho
RT

]
)4 (

1+Cai/Kc

1+Cai/Ko

)8 exp[−zL
V F
RT ]

L

, (A.64)

with the time constant

τ[BKα] =
1

γ + δ
. (A.65)

In this equation,

L = L0 exp

[
zLV F

RT

]
,

δ = δx1fco + δx2fc1 + δx3fc2 + δx4fc3 + δx5fc4,

γ = γx1fo0 + γx2fo1 + γx3fo2 + γx4fo3 + γx5fo4, (A.66)

And

δxi = δi exp

[
zδ
V F

RT

]
,

γxi = γi exp

[
zγ
V T

RT

]
,

Where i=1...5.

If we let

Jc = exp

[
zJ

(V − Vhc)F

RT

]
,

Jo = exp

[
zJ

(V − Vho)F

RT

]
. (A.67)
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Then the distribution of channels in each of the closed state is given by the equations

fc0 =
1

(1 + Jc)4
,

fc1 =
4Jc

(1 + Jc)4
,

fc2 =
6J2

c

(1 + Jc)4
,

fc3 =
4J3

c

(1 + Jc)4
,

fc4 =
J4
c

(1 + Jc)4
. (A.68)

Similarly, the distribution of channels in the open state is given by

fo0 =
1

(1 + Jo)4
,

fo1 =
4Jo

(1 + Jo)4
,

fo2 =
6J2

o

(1 + Jo)4
,

fo3 =
4J3

o

(1 + Jo)4
,

fo4 =
J4
o

(1 + Jo)4
. (A.69)

The current through the channel is given by the equation

I[BKα] = g[BKα]κ[BKα]P[BKα](V − EK). (A.70)

The remaining voltage and calcium independent parameters are given in the table be-

low.

369



A. Mathematical Models for the Ionic Conductances Taken from the Literature

Table A.16: Notation for the BKα voltage gated potassium channel

Notation Definition Value
g[BKα] Unitary conductance 289pS
κ[BKα] Channel Density -
L0 Rate constant for closed to open transitions 2.2× 10−6

zJ J gating charge 0.58e
zγ γ gating charge 0.1e
zδ δ gating charge 0.31e
zL Closed to open transition gating charge 0.41e
Vho Voltage for half activation while open 27mV
Vhc Voltage for half activation while closed 151mV
δ1 Rate constant for C0 → O0 transition 0.016s-1

δ2 Rate constant for C1 → O1 transition 0.114s-1

δ3 Rate constant for C2 → O2 transition 1.98s-1

δ4 Rate constant for C3 → O3 transition 3.76s-1

δ5 Rate constant for C4 → O4 transition 57.12s-1

γ1 Rate constant for O0 → C0 transition 7452.3s-1

γ2 Rate constant for O1 → C1 transition 4121.4s-1

γ3 Rate constant for O2 → C2 transition 5645.8s-1

γ4 Rate constant for O3 → C3 transition 851s-1

γ5 Rate constant for O4 → C4 transition 1025s-1

fci Fractional occupancy of the ith closed state
foi Fractional occupancy of the ith open state
P[BKα]∞ Steady state open probability
τ[BKα] Time constant
Gating variables
P[BKα] Activation gate and open probability
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A.3.2 BKα+ β1

The BKα subunit may also assemble with the β1 accessory subunit to give the BKα+β1

channel. This is modelled in the same fashion as the BKα channel by (Bao and Cox, 2005),

with different values fitted to the parameters, as shown in the table below. The steady

state open probability and time constant are again given by the equations

P[BKα+β1]∞ =
1

1 +

(
1+exp

[
zjF

V −Vhc
RT

]
1+exp

[
zjF

V −Vho
RT

]
)4 (

1+Cai/Kc

1+Cai/Ko

)8 exp[−zL
V F
RT ]

L

,

τ[BKα+β1] =
1

γ + δ
. (A.71)

The current through the channel is given by the equation

I[BKα+β1] = g[BKα+β1]κ[BKα+β1]P[BKα+β1](V − EK). (A.72)
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Table A.17: Notation for the BKα+β1 voltage gated potassium channel

Notation Definition Value
g[BKα+β1] Unitary conductance 289pS
κ[BKα+β1] Channel Density -
L0 Rate constant for closed to open transitions 2.5× 10−6

zJ J gating charge 0.57e
zγ γ gating charge 0.17e
zδ δ gating charge 0.29e
zL Closed to open transition gating charge 0.46e
Vho Voltage for half activation while open -34mV
Vhc Voltage for half activation while closed 80mV
δ1 Rate constant for C0 → O0 transition 0.003s-1

δ2 Rate constant for C1 → O1 transition 0.007s-1

δ3 Rate constant for C2 → O2 transition 0.198s-1

δ4 Rate constant for C3 → O3 transition 1.251s-1

δ5 Rate constant for C4 → O4 transition 4.934s-1

γ1 Rate constant for O0 → C0 transition 931.7s-1

γ2 Rate constant for O1 → C1 transition 213.2s-1

γ3 Rate constant for O2 → C2 transition 547.8s-1

γ4 Rate constant for O3 → C3 transition 333.5s-1

γ5 Rate constant for O4 → C4 transition 126.7s-1

fci Fractional occupancy of the ith closed state
foi Fractional occupancy of the ith open state
P[BKα+β1]∞ Steady state open probability
τ[BKα+β1] Time constant
Gating variables
P[BKα+β1] Activation gate and open probability
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A.3.3 BKα+ β3

The β2 and β3 subunts can associate with the BKα pore forming unit to modify the kinetics,

and cause it to inactivate. While the β2 subunit was absent from the RNA sequencing

dataset by Chan et al. (2014), the β3 subunit was present. Lingle et al. (2001) proposed a

15 state kinetic model to describe the behaviour of the BKα+ β3 channel. This is shown in

Figure A.7.

Figure A.7: Schematic representation of the 15-state kinetic model for the BKαvoltage and
calcium gated potassium channels produced by Wang et al. (2006). In this model, there are 5
closed states (C0 → C4), 5 open states (O0 → O4) and 5 inactivated states (O0 → O4).

In this model, there are 5 closed (C0→4), 5 open (O0→4) and 5 inactivated (I0→4) states.

A further 20 state kinetic model, including a pre-inactivation state, between each open

and inactivated state, was also produced. This model reproduced several key behaviours

of the BKα+ β3 more accurately than the 15 state model. Specifically, the 20 state model

reproduced features in the tail currents after repolarization from inactivating potentials

more accurately. This included the rising phase in the tail current, and an increase in

the time constant of deactivation. It also predicted additional complexity in the recovery

from inactivation. Finally, the 20 state model predicted transitions through different open

states over the timecourse of the tail currents. Nonetheless, the 15 state model reproduced
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other key behaviours of the current accurately, and is computationally more efficient than

its larger counterpart. The 15 state model is used in this work.

In this model used, the transitions between the states are given by the following system of

ODEs:

dC0

dt
= −(4[Ca2+]i + kf0)C0 + kcC1 + kr0O0,

dC1

dt
= 4[Ca2+]iC0 − (kc + 3[Ca2+]i + kf1)C1 + 2kcC2 + kr1O1,

dC2

dt
= 3[Ca2+]iC1 − (2kc + 2[Ca2+]i + kf2)C2 + 3kcC3 + kr2O2,

dC3

dt
= 2[Ca2+]iC2 − (3kc + [Ca2+]i + kf3)C3 + 4kcC4 + kr3O3,

dC4

dt
= [Ca2+]iC3 − (4kc + kf4)C4 + kr4O4,

dO0

dt
= kf0C0 − (4[Ca2+]i + kr0 + kb0)O0 + koO1 + kk0I1,

dO1

dt
= kf1C1 + 4[Ca2+]iO0 − (ko + 3[Ca2+]i + kr1 + kb1)O1 + 2koO2 + ku1I1,

dO2

dt
= kf2C2 + 3[Ca2+]iO1 − (2ko + 2[Ca2+]i + kr2 + kb2)O2 + 3koO3 + ku2I2,

dO3

dt
= kf3C3 + 2[Ca2+]iO2 − (3ko + [Ca2+]i + kr3 + kb3)O3 + 4koO4 + ku3I3,

dO4

dt
= kf4C4 + [Ca2+]iO3 − (4ko + kr4 + kb4)O4 + ku4I4,

dI0
dt

= kb0O0 − (4[Ca2+]i + kb0−)I0 + kiI1,

dI1
dt

= kb1O1 + 4[Ca2+]iI0 − (ki + 3[Ca2+]i + ku1)I1 + 2kiI2,

dI2
dt

= kb2O2 + 3[Ca2+]iI1 − (2ki + 2[Ca2+]i + ku2)I2 + 3kiI3,

dI3
dt

= kb3O3 + 2[Ca2+]iI2 − (3ki + [Ca2+]i + ku3)I3 + 4kiI4,

dI4
dt

= kb4O4 + [Ca2+]iI3 − (4ki + ku4)I4 (A.73)
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The voltage dependent activation rates are given by the equations

kfi = kfxi
exp

[
zf
V F

RT

]
,

kri = krxi

[
zr
V F

RT

]
,

For i = 0...4. (A.74)

and

kb = kbx exp

[
zb
V F

RT

]
,

ku = kux exp

[
zu
V F

RT

]
. (A.75)

Current flows through the channel when it is in the open states. Thus, the open probability

of the channel is

P[BKα+β3] =
n=4∑

i=0

Oi. (A.76)

The current carried by the channel is given by

I[BKα+β3] = g[BKα+β3]κ[BKα+β3]P[BKα+β3](V − EK). (A.77)

The voltage independent rates and parameters are given in the table below.
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Table A.18: Notation for the BKα+β3 voltage gated potassium channel

Notation Definition Value
g[BKα+β3] Unitary conductance 289pS
κ[BKα+β3] Channel Density -
kfx0 Closed to open transition rates at 0mV 1s-1

kfx1 " 2s-1

kfx2 " 6s-1

kfx3 " 250s-1

kfx4 " 500s-1

krx0 Open to closed transition rates at 0mV 4000s-1

krx1 " 1200s-1

krx2 " 800s-1

krx3 " 500s-1

krx4 " 100s-1

kbx Open to inactivated transition rate at 0mV 900s-1

kux Inactivated to open transition rate at 0mV 750s-1

zf Closed to open transition gating charge 0.72e
zr Open to closed transition gating charge 0.67e
zb Open to inactivated transition gating charge 0.072e
zu Inactivated to open transition gating charge 0.361e
kc Closed dissociation constant 11.2
ko Open dissociation constant 0.75
ki Inactivated dissociation constant 0.72
State variables
C0→4 Closed states
O0→4 Open states
I0→4 Inactivated states
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A.3.4 BKα+ β4 Subunit

With the addition of the β4 subunit, the activation kinetics of the BKα channel are mod-

ified. Its opening becomes more sensitive to calcium, and relatively less dependent upon

membrane potential. It also appears to increase the time constant of activation by ap-

proximately 30ms compared to the channel without tthe associated subunit. We adopt a

model for the BKα+ β4 channel by Wang et al. (2006). In this model there is a single gate

(P[BKα+ β4]), and its associated time constant (τtext[BKα+ β4]).

The steady state open probability is given by the equation

P[BKα+ β4]∞ =
1

1 + (1+J+KJKE)4)
L(1+KC+JKCDE)4

. (A.78)

The time constant from this channel is derived from that for the BKα channel,

τ[BKα+ β4] = τ[BKα] + 30. (A.79)

The voltage and calcium dependent parameters are given by the equations

J = J0 exp

[
−zj

V F

RT

]
,

K =
[Ca2+]i
kc

,

L = L0 exp

[
−zl

V F

RT

]
. (A.80)

Voltage and calcium independent parameters C and D are given by

C =
kc
ko
,

D = exp

[−zj(Vho − Vhc)

RT

]
. (A.81)

The remaining parameters are provided in the table below. The current through the
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Table A.19: Notation for the BKα+β4 voltage gated potassium channel

Notation Definition Value
g[BKα+β4] Unitary conductance 289pS
κ[BKα+β4] Channel Density -
J0 J at 0mV 1
zj Partial charge of J 0.55e
kc Calcium dissociation constant while channel is closed 44µM
ko Calcium dissociation constant while channel is open 1.9µM
C Factor for interaction between opening and calcium binding 23
D Factor for interaction between voltage sensing and opening 32
E Factor for interaction between voltage sensing and calcium binding 3.7
Vho Voltage for half activation of voltage sensor while open 25mV
Vhc Voltage for half activation of voltage sensor while closed 187mV
P[BKα+ β4]∞ Steady state open probability
Gating variables
P[BKα+ β4] Activation gate and channel open probability

channel is given by the equation

I[BKα+β4] = g[BKα+β4]κ[BKα+β4]P[BKα+β4](V − EK). (A.82)
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A.4 Calcium Gated Potassium Channels

A.4.1 SK2

The SK2 channel is a small conductance channel gated by intracellular calcium. It is

modelled by Atia et al. (2016) as by a single gate (P[SK2]), with its associated time constant

(τ[SK2]). The steady state probability of the gate was fitted to experimental data by

Köhler et al. (1996) using the Hill equation. The time constant appeared to be linearly

dependent on the intracellular calcium concentration, and so was modelled with a simple

linear fit.

P[SK2] =
1

1 +
(

0.74
[Ca2+]

)2.2 (A.83)

τ[SK2] = −1.3 + 45.5[Ca2+] (A.84)

The current carried by the channel is described by the equation

I[SK2] = g[SK2]κ[SK2]P[SK2](V − EK) (A.85)

Table A.20: Notation for the SK2 voltage gated potassium channel

Notation Definition Value
g[SK2] Unitary conductance 2pS
κ[SK2] Channel Density -
Kd Calcium dissociation constant 0.74µM
n Hill Coefficient 2.2
P[SK2]∞ Steady state open probability
τ[SK2] Time constant
Gating variables
P[SK2] Open probability of single activation gate
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A.4.2 SK3

Similarly to the SK2, the SK3 channel can be described with a single activation gate. This

gate is calcium dependent, and so its kinetics were described using the Hill equation by

Xia et al. (1998).

P[SK3] =
1

1 +
(

0.3
[Ca2+]

)5 (A.86)

A constant time constant (τSK3) of 12.9ms was assumed due to limited data regarding

the calcium dependence. There is evidence that this channel inactivates in a voltage

dependent fashion (Barfod et al., 2001), however due a lack of data regarding this process,

Atia et al. (2016) modelled this conductance with a single calcium dependent activation

gate (P[SK3]).

The current carried by the channel is described by the equation

I[SK3] = g[SK3]κ[SK3]P[SK3](V − EK) (A.87)
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Table A.21: Notation for the SK3 voltage gated potassium channel

Notation Definition Value
g[SK3] Unitary conductance 2pS
κ[SK3] Channel Density -
Kd Calcium dissociation constant 0.3µM
n Hill Coefficient 5
P[SK3]∞ Steady state open probability
τ[SK3] Time constant 12.9ms
State variables
P[SK3] Open probability of single activation gate
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A.4.3 SK4

The SK4 channel is similar in behaviour to SK2 and SK3, however it has a larger unitary

conductance, and has previously been categorised as described as an intermediate potas-

sium channel, and as such is also known as IK1. SK4 has a higher calcium affinity than its

counterparts, and its kinetics can be described with the following equation

P[SK4]∞ =
1

1 +
(

0.095
[Ca2+]

)3.2 . (A.88)

The time constant (τSK4) was again assumed to be a constant 5.8ms due to limited data.

The current carried by the channel is described by the equation

I[SK4] = g[SK4]κ[SK4]P[SK4](V − EK) (A.89)
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Table A.22: Notation for the SK4 voltage gated potassium channel

Notation Definition Value
g[SK4] Unitary conductance 11pS
κ[SK4] Channel Density -
Kd Calcium dissociation constant 0.095µM
n Hill Coefficient 3.2
P[SK4]∞ Steady state open probability
τ[SK4] Time constant 5.8ms
State variables
P[SK4] Open probability of single activation gate
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A.5 Anion Currents

A.5.1 Calcium-Activated Chloride Channels

A calcium activated chloride current has been described in isolated rat myometrium (Jones

et al., 2004). In addition, spontaneous transient inward currents (STICs) have been ob-

served in isolated murine myocytes. These are inhibited by the addition of the ubiquitous

chloride channel blocker benbromarone (Bernstein et al, 2014), and inhibitory monoclonal

antibodies against ANO1 (Hyuga et al., 2021). ANO1 is seen in human RNA sequencing of

the myometrium at term gestation. However, in mice, there is contradictory evidence re-

garding its presence at a protein level, with several groups failing to observe it (Dodds et al.,

2015; Qu et al., 2019). Nonetheless, there is significant evidence that ANO1 is present, and

plays a role in promoting the excitability of the myometrium (Section 1.8). Several models

of the CaCC current have been proposed. In their model of uterine excitability, Atia et al.

(2016) incorporated a primitive model for the calcium activated chloride current that was

generated before the molecular identity of the species that carried it was identified, based

upon a phenomenological description of the current (Arreola et al., 1996). They also use

the unitary conductance for the channel derived from this. Arreola et al. (1996) describe

the CaCC with a single voltage and calcium dependent activation gate. The steady state

open probability of this gate is given by the equation

P[CaCC]∞ =
1

1 +K2

(
K2

1

[Ca2+2 + K1

[Ca2+ + 1
) . (A.90)

The gating variable P[ANO1] relaxes towards the steady state with the time constant

τ[CaCC] =
0.38(

K2
1

[Ca2+2 + K1

[Ca2+ + 1
) + 0.38K2. (A.91)
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The voltage dependent parameters are given by the equations

K1 = 214 exp

[
0.13

V F

RT

]
, (A.92)

K2 = 0.58 exp

[
−0.24

V F

RT

]
. (A.93)

In light of the evidence that ANO1 is responsible for carrying the CaCC within the my-

ometrium, we consider models of ANO1 specifically. Lees-Green et al. (2014) investigated

the role of ANO1 within intestinal ICCs, and produced a model to describe its role in the

production of the slow wave. In this model, there is again a single gate, corresponding to

the open probability of the channel, with its associated time constant

PLG,∞ =
1

(1 + exp
[
( (Vh+V )

Kv

]
)(1 + EC50

[Ca2+])
,

τLG = 1000(t1 + t2 exp

[
V

t3

]
) (A.94)

The calcium and voltage dependent parameters are given by the equations

EC50 = EC0mV e
−KcV ,

t1 = 0.08163 exp[−0.57[Ca2+]],

t2 = 0.07617 exp[−0.05374[Ca2+]],

t3 = 70.3 exp[0.153[Ca2+]]. (A.95)

Contreras-Vite et al. (2016) produced a detailed 12-state kinetic model to describe the

ANO1 CaCC. In this model, 2 calcium binding events may occur, leading to a transition

to calcium bound states. Following calcium binding to a closed channel, a transition to

an open state becomes more likely. There is also from binding to extracellular chloride

ions. This model is illustrated in Figure A.8, and is described by the following system of

ODEs:
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dC2Ca
0Cl
dt

= [Ca2+]kC1C
1Ca
0Cl + kCCl6C

2Ca
1Cl + β3O

2Ca
0Cl − (2kC2 + [Cl-]kCCl5 + α3)C

2Ca
0Cl ,

dC1Ca
0Cl
dt

= 2kC2C
2Ca
0Cl + 2[Ca2+]kC1C

0Ca
0Cl + kCCl4C

1Ca
1Cl

+ β2O
1Ca
0Cl − ([Ca2+]kC1 + kC2 + [Cl]kCCl3 + α2)C

1Ca
0Cl ,

dC0Ca
0Cl
dt

= kC2C
1Ca
0Cl + kCCl2C

0Ca
1Cl + β1O

0Ca
0Cl − (2[Ca2+]kC1 + [Cl-]kCCl1 + α1)C

0Ca
0Cl ,

dC0Ca
1Cl
dt

= kC2ClC
1Ca
1Cl + [Cl-]kCCl1C

0Ca
0Cl + βCl1O

0Ca
1Cl

− (2[Ca2+]kC1Cl + kCCl2 + αCl1)C
0Ca
1Cl ,

dC1Ca
1Cl
dt

= 2[Ca2+]kC1ClC
0Ca
1Cl + 2kC2ClC

2Ca
1Cl + [Cl-]kCCl3C

1Ca
0Cl

+ βCl2O
1Ca
1Cl − ([Ca2+]kC1Cl + kC2Cl + kCCl4 + αCl2)C

1Ca
1Cl ,

dC2Ca
1Cl
dt

= [Ca2+]kC1ClC
1Ca
1Cl + [Cl-]kCCl5C

2Ca
0Cl + βCl3O

2Ca
1Cl

− (2kC2Cl + kCCl6 + αCl3)C
2Ca
1Cl ,

dO2Ca
0Cl
dt

= [Ca2+]kO1O
1Ca
0Cl + kOCl6O

2Ca
1Cl + α3C

2Ca
0Cl − (2kO2 + [Cl-]kOCl5 + β3)O

2Ca
0Cl ,

dO1Ca
0Cl
dt

= 2kO2O
2Ca
0Cl + 2[Ca2+]kO1O

0Ca
0Cl + kOCl4O

1Ca
1Cl ,

+ α2C
1Ca
0Cl − ([Ca2+]kO1 + kO2 + [Cl-]kOCl3 + β2)O

1Ca
0Cl ,

dO0Ca
0Cl
dt

= kO2O
1Ca
0Cl + kOCl2O

0Ca
1Cl + α1C

0Ca
0Cl − (2[Ca2+]kO1 + [Cl-]kOCl1 + β1)O

0Ca
0Cl ,

dO0Ca
1Cl
dt

= kO2ClO
1Ca
1Cl + [Cl-]kOCl1O

0Ca
0Cl + αCl1C

0Ca
1Cl

− (2[Ca2+]kO1Cl + kOCl2 + βCl1)O
0Ca
1Cl ,

dO1Ca
1Cl
dt

= 2[Ca2+]kO1ClO
0Ca
1Cl + 2kO2ClO

2Ca
1Cl + [Cl-]kOCl3O

1Ca
0Cl + αCl2C

1Ca
1Cl

− (kO2Cl + [Ca2+]kO1Cl + kOCl4 + βCl2)O
1Ca
1Cl ,

dO2Ca
1Cl
dt

= [Ca2+]kO1ClO
1Ca
1Cl + ClkOCl5O

2Ca
0Cl + αCl3C

2Ca
1Cl − (2kO2Cl + kOCl6 + βCl3)O

2Ca
1Cl .

(A.96)

Due to the law of total probability,
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C2Ca
0Cl + C1Ca

0Cl + C0Ca
0Cl + C0Ca

1Cl + C1Ca
1Cl + C2Ca

1Cl +

O2Ca
0Cl +O1Ca

0Cl +O0Ca
0Cl +O0Ca

1Cl +O1Ca
1Cl +O2Ca

1Cl = 1. (A.97)

The open probability is given by the sum of the occupancies of the open states,

P[ANO1] = O2Ca
0Cl +O1Ca

0Cl +O0Ca
0Cl +O0Ca

1Cl +O1Ca
1Cl +O2Ca

1Cl . (A.98)

The transition rates for moving between the different states show voltage dependence. The

transition rates for opening and closing in the absence of chloride binding are

α1 = 0.001α0 exp

[
(zα

V F

RT

]
,

α2 = lα1,

α3 = l2α1,

β1 = 0.001b0 exp

[
−zβ

V F

RT

]
,

β2 = Lβ1,

β3 = L2β1. (A.99)

The transition rates for opening and closing in the absence of chloride binding are

αCl1 = 0.001k1,0 exp

[
zl1
V F

RT

]
,

αCl2 =
Hml

M
αCl1,

αCl3 =
Hml2

M2
αCl1,
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βCl1 = 0.001βCl,0 exp

[
−zl2

V F

RT

]
,

βCl2 = hLβCl1,

βCl3 = (hL)2βCl1. (A.100)

The transition rates for chloride binding while closed and open respectively are

kCCl1 = 0.001k+Cl,0 exp

[
z+Cl

V F

RT

]
,

kCCl3 = hkCCl1

kCCl5 = h2kCCl1

kOCl1 = 0.001k+Ol,0 exp

[
z+Ol

V F

RT

]
,

kOCl3 = mkOCl1,

kOCl5 = m2kOCl1. (A.101)

The rates for chloride unbinding are

kCCl2 = 0.001k−Cl,0 exp

[
−z−Cl

V F

RT

]
,

kCCl4 = HkCCl2,

kCCl6 = H2kCCl2,

kOCl2 = 0.001k−Ol,0 exp

[
−z−Ol

V F

RT

]
,

kOCl4 =MkOCl2,

kOCl6 =M2kOCl2. (A.102)
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Table A.23: Constants used in the ANO1 kinetic model produced by Contreras-Vite et al. (2016)

Notation Value Notation Value
l 41.6411 m 0.0102
h 0.3367 L 0.1284
M 0.0632 H 14.2956
α0 0.0077 zα 0
β0 917.1288 zβ 0.0064
k+Cl,0 1.143×10−6 z+Cl 0.1986
k−Cl,0 0.0009 z−Cl 0.0427
k+Ol,0 1.1947 z+Ol 0.6485
k−Ol,0 3.4987 z−Ol 0.0300
kO1,0 597.9439 z1 0
kO2,0 2.8530 z2 0.1684
k1,0 1.8872 zl1 0.1111
k2,0 5955.783 zl2 0.3291

The rates of calcium binding and unbinding are

kC1 = kO1 = 0.001kO1,0 exp

[
z1
V F

RT

]
,

kC1Cl =
h

H
kC1,

kO1Cl =
m

M
kO1,

kO2 = kO2Cl = 0.001kO2,0 exp

[
−z2

V F

RT

]
,

kC2 = kC2Cl =
l

L
kO2. (A.103)

The voltage independent constants used in this model are shown in Table A.23.
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Figure A.8: Schematic representation of the 12-state kinetic model for the ANO1 calcium acti-
vated chloride channel, produced by Contreras-Vite et al. (2016). In this model, there are 6 closed
states, and 6 open states. The innermost square represents the channel in the absence of bound
calcium. The channel can bind 1 (intermediate square) or 2 (outer square) calcium ions. Opening
and closing of the channel corresponds to transitions between the left and right sides. Binding of
a single extracellular chloride ion is shown by transitions between the top and bottom sectors.
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Table A.24: Notation for the ANO1 calcium activated chloride channel

Notation Definition Value
g[ANO1] Unitary conductance 11pS
κ[ANO1] Channel Density -
Vh Voltage for half activation (Lees-Greene) -100
Kv Slope factor (Lees-Greene) 0.0156
Kc 0.01248
EC0mV KD for calcium binding at 0mV (Lees-Greene) 1.39
P[CaCC]∞ Steady state open probability
τ[CaCC] Time constant
P[LG]∞ Steady state open probability
τ[LG] Time constant
P[ANO1]∞ Steady state open probability
τ[ANO1] Time constant
Gating and State variables
PCaCC Open probability of CaCC
PLG Open probability of ANO1 channel
P[ANO1] Open probability of ANO1 channel
C2Ca

0Cl , C
1Ca
0Cl , C

0Ca
0Cl Closed states without chloride bound

C0Ca
1Cl , C

1Ca
1Cl , C

2Ca
1Cl Closed states with chloride bound

O2Ca
0Cl +O1Ca

0Cl +O0Ca
0Cl Open states without chloride bound

O0Ca
1Cl +O1Ca

1Cl +O2Ca
1Cl Open states with chloride bound
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A.6 Ion Pumps and Transporters

A.6.1 Plasma Membrane Calcium ATPase

The plasma membrane calcium ATPase (pmCa) removes calcium from the intracellular

compartment. It plays an important role in calcium homeostasis, lowering calcium levels

following excitation, and counteracting baseline leak. In their model, Atia et al. (2016) also

consider a current arising from the the movement of the positively charged calcium ions

out of the cell (i.e. a hyperpolarising current). However, it has been demonstrated that the

activity of this pump results in no net charge transfer, as the calcium efflux is balanced by

the influx of hydrogen ions (Thomas, 2009). This will in turn lower the pH, contribution

to intracellular acidification, and potentially the gating of pH sensitive conductances. We

consider the activity of this entity only in the context of calcium homeostasis, and discount

any contribution to the current across the membrane. Atia et al. (2016) adapted the

equation for this from the Luo and Rudy (1994) cardiac myocyte model,

IPMCA = κPMCA
1.15

1 +
(

0.5
[Ca2+]

) (A.104)

We consider the calcium flux (JPMCA) rather than the current. Tong et al. (2011) use the

same value for the pumps affinity for intracellular calcium (Kd = 0.5µM), and quantify the

absolute value of the calcium fluxes through the channel. We consider the maximal flux

from the Tong model as a reasonable value for guidance, but fit this to the experimental

data presented in Atia et al. (2016). The calcium flux throu PMCA is given by the

equation

JPMCA = J̄PMCA
1

1 +
(

0.5
[Ca2+]

) . (A.105)
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Table A.25: Notation for the calcium dependent ATPase PMCA

Notation Definition Value
IPMCA Current through the PMCA 0A
JPMCA Calcium flux through the PMCA
J̄PMCA Max rate of [Ca2+]i change due to PMCA 3.5−7mM ms-1
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Table A.26: Notation for the sodium calcium exchanger (NaCaX)

Notation Definition Value
I[NaCaX] Current through the NaCaX fA/pF
κ[NaCaX] Channel density/scaling factor of NaCaX fA/pF
Km,Na KD for sodium binding 87.5mM
Km,Ca KD for calcium binding 1.38mM
ksat Saturation coefficient 0.1
η Energy barrier to voltage dependence 0.35

A.6.2 Sodium Calcium Exchanger

The sodium-calcium exchanger (NaCaX) is a transmembrane protein that actively trans-

ports calcium out of the cell, using energy generated by the influx of sodium ions down

their electrochemical gradient. It has vbeen demonstrated to have a role in calcium home-

ostasis within the myometrium (Taggart and Wray, 1997). For 3 sodium ions entering the

cell, 1 calcium is extruded. The NaCaX has been identified and investigated biochemically

within the myometrium. The NaCaX has low affinity for calcium ions, but a high total

capacity; it is suggested that its role is to regulate elevated calcium levels that occur during

excitation. This is in contrast to the PMCA, which has a much higher affinity for calcium,

and so may play a more pronounced role in maintaining resting calcium (Matthew et al.,

2004b). Due to the stoichiometry of the ions transported across the membrane, there is a

net depolarising current across the membrane. This may provide positive feedback, leading

to increased depolarisation in the pesence of raised calcium. To model the current caried

by this transporter, Atia et al. (2016) adopted the model by Luo and Rudy (1994), and

describe the current carried by the NaCaX as follows:

I[NaCaX] = κ[NaCaX]
[Na+]3i [Ca2+]o exp

[
η V F
RT

]
− [Na+]3o[Ca2+]i exp

[
(η − 1)V F

RT

]

(Km,Ca + [Ca2+]o)(1 + ksat exp
[
(η − 1)V F

RT

]
)(K3

m,Na + [Na+]3o)
(A.106)
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A.6.3 Sodium Potassium Exchanger

The binding of extracellular sodium and intracellular potassium is given by the Hill equa-

tions

PNa =
1

1 + (Km,Na/[Na+]i)1.5
, (A.107)

PK =
Km,K

Km,K + [K+]
. (A.108)

The formula for the gating of the pump by extracellular sodium used by Atia et al. (2016)

was incorrectly given as

σ =
1

7
(
exp

[
[Na+]o
67.3

]
− 1
) . (A.109)

this is corrected in our model, so that

σ =
1

7

(
exp

[
[Na+]o
67.3

]
− 1

)
. (A.110)

The ultimate voltage and [Na+]o dependence of the transporter activity is given by

fNaK =
1

1 + 0.1245 exp
[
−0.1V F

RT

]
+ 0.0365σ exp

[
−V F

RT

]
.

(A.111)

The total current produced by this pump is given by the equation

I[NaK] = κ[NaK]PNaPKfNaK (A.112)
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Table A.27: Notation for the sodium potassium exchanger (NaK)

Notation Definition Value
I[NaK] Current through the NaK fA/pF
κ[NaK] Channel density/scaling factor of NaK fA/pF
Km,Na KD for sodium binding 87.5mM
Km,K KD for calcium binding 1.38mM
Gating variables
PNa Sodium binding
PK Potassium binding
fNaK V and [Na+]o dependent activation
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A.7 Background Currents

Background leaks are included in the model to account for the flux through ligand gated

channels and other entities that are not accounted for explicitly elsewhere. We consider

a leak current for potassium (IK, Leak). This currents is linearly dependent upon voltage

alone, and time independent. This currents are given as follows:

IK, Leak = κK, Leak(V − EK). (A.113)

Leak currents for calcium (ICa, Leak) and chloride (ICl, Leak) are assumed to be negligi-

ble:

ICa, Leak = κCa, Leak(V − ECa) = 0,

ICl, Leak = κCl, Leak(V − ECl) = 0. (A.114)

A.8 Reformulation of the Incorporated Conductance Mod-

els

We previously discussed the similarities between models of channel behaviours in the formu-

lation proposed by Hodgkin & Huxley (HH) and kinetic models represented with Markov

chains (MC models). The model by Atia et al. (2016) combined various models of in-

dividual conductances, some of which were formulated as Markov chains, and some as

HH models. The combination of different formulations lead to challenges in encoding the

different models into the current sum, and when running simulations to compare the be-

haviours of different conductances in response to the same stimulus. The rearrangement

of HH formulation models into Markov chain formulations is shown in Figures A.9 and

A.10. This was done for each of the conductances consiered by Atia et al. (2016), and the

Markov chain models produced are summarised in Table A.28.
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Figure A.9: Schematic representation of the conversion between Hodgkin-Huxley type and kinetic
(Markov Chain) models. A: A HH model with a single gate can easily be converted into a Markov
chain. B: Where 2 gates exist in a model, Cartesian multiplication of the two schemes allows them
to be combined to produce a 4 state model. C: This can be extended into 3 dimensions, with the
Cartesian multiplicate of 3 of the schemes shown in A giving an 8 state kinetic model with cubic
topology.
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Figure A.10: Schematic representation of the conversion between Hodgkin-Huxley type and ki-
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scheme shown.

398



A. Mathematical Models for the Ionic Conductances Taken from the Literature

Table A.28: Conversion of ion channel models into Markov chains. - denotes that a kinetic model
is already used for this channel. * indicates that the model has differently weighted states, that
produce unusual topologies in the resultant scheme. The process for converting these models into
Markov chains is ultimately similar to that previously described.

Channel Activation Gates Inactivation Gates

.
States in
Markov Model

L-Type 1 1+1 8
L-Type (MC) - - 14

T-Type 1 1 4
Kv2.1 - - 13

Kv2.1/6.1 1 1 4
Kv2.1/9.3 1 1+1 8

Kv3.4 1 1 4
Kv4.1 4×1 3* 32
Kv4.3 - - 13

Kv4.3+KChIP2b 4×1 2* 10
Kv4.3+KChIP2d 4×1 2* 10
Kv4.3+KCNE3 1 1+1 8

Kv4.3+KCNE3+KChIP2 1 1+1 8
Kv7.1 - - 5
Kv7.4 1 1 4

Kv11.1 (hERG) 1 1 4
BKα 1 0 2

BKα+β1 1 0 2
BKα+β3 - - 15
BKα+β4 1 0 2

SK2 1 0 2
SK3 1 0 2
SK4 1 0 2
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Appendix B

Characterisation of a Novel Line of

Immortalised Uterine Smooth

Muscle Cells (Supplementary)

B.1 RNA Sequencing of MyLA Cell vs Primary USMCs and

Intact Tissue

Table B.1: TPM values and comparison of key genes that are up-regulated in the MyLA cell line
compared to primary USMCs

Gene MyLA Primary TNL TL
TERT 154.582 ± 41.337 0.000 ± 0.000 0.000 ± 0.000 0.032 ± 0.072
CLCA2 10.391 ± 5.455 0.009 ± 0.015 0.367 ± 0.393 0.051 ± 0.087
OAS1 56.369 ± 36.628 0.158 ± 0.010 44.149 ± 39.167 20.218 ± 7.073
WISP2 13.374 ± 8.809 0.039 ± 0.068 149.143 ± 63.905 124.499 ± 78.432
PLLP 5.409 ± 2.591 0.000 ± 0.000 4.489 ± 2.057 2.441 ± 1.707
ZNF812 4.179 ± 1.184 0.000 ± 0.000 5.553 ± 2.779 0.798 ± 0.677
DNAH3 0.897 ± 0.210 0.000 ± 0.000 0.085 ± 0.078 0.036 ± 0.040
ZIC1 3.547 ± 0.385 0.000 ± 0.000 0.000 ± 0.000 0.008 ± 0.018
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B. Characterisation of a Novel Line of Immortalised Uterine Smooth Muscle Cells
(Supplementary)
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Figure B.1: A: Plots of key genes that are up-regulated in the MyLA cell line. For each plot, the
x-axis gives the passage number and the y-axis the TPM of the transcript in question. The red
dashed line corresponds to the mean expression in primary USMCs and is shown for reference. The
black lines represent data from intact tissue from patients at term not in labour (TNL) or term in
labour (TL) respectively. B: Bar charts of key genes that are up-regulated in the MyLA cell line
compared to primary USMCs. Shown are the TPMs from MyLA cells at P8, 10 and 12; P6 was
excluded due to cells not having fully transitioned to a smooth muscle phenotype. The leftmost
bar (light gray) shows the TPMs in the MyLA cell line, while the adjacent bar (dark gray) is close
to 0 in the primary cells. The right bars (darkest gray and white) show the data for intact tissue.
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Figure B.2: Plots of key smooth muscle markers in the MyLA cell line. For each plot, the x-axis
gives the passage number and the y-axis the TPM of the transcript in question. The red dashed
line corresponds to the mean expression in primary USMCs and is shown for reference. The black
lines represent data from intact tissue from patients at term not in labour (TNL) or term in labour
(TL) respectively.
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Figure B.3: Bar charts of key smooth muscle markers in the MyLA cell line. Shown are the TPMs
from MyLA cells at P8, 10 and 12; P6 was excluded due to cells not having fully transitioned to a
smooth muscle phenotype. Each plot corresponds to a single gene. The leftmost bar (light gray)
shows the TPMs in the MyLA cell line, while the adjacent bar (dark gray) show TPM in the
primary cells. The right bars (darkest gray and white) show the data for intact tissue.
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Table B.2: TPM values and comparison of key smooth muscle markers in the MyLA cell line
compared to primary USMCs

Gene MyLA Mean Primary TNL TL
ACTA2 1319.783 ± 31.288 2746.069 ± 2891.624 10170.937 ± 1310.293 6597.305 ± 2438.577
ACTG2 2.427 ± 0.955 73.174 ± 90.805 25377.559 ± 5837.759 16294.098 ± 6249.950
CALD1 888.629 ± 471.853 853.593 ± 530.638 2825.523 ± 603.160 1588.446 ± 648.653
CALM1 132.116 ± 20.119 129.311 ± 27.944 328.630 ± 61.186 198.345 ± 26.923
CALM2 953.264 ± 276.596 889.035 ± 153.202 1419.455 ± 106.552 899.893 ± 87.210
CALM3 544.932 ± 41.329 475.101 ± 87.330 400.235 ± 29.277 371.874 ± 52.901
ITGA1 36.336 ± 8.897 37.664 ± 28.784 157.227 ± 72.129 64.080 ± 18.630
ITGB5 287.593 ± 36.294 359.579 ± 40.953 314.589 ± 43.967 172.167 ± 44.711
LMOD1 57.554 ± 11.713 94.063 ± 61.642 980.207 ± 189.242 365.300 ± 103.953
MYL12B 932.134 ± 126.407 1145.262 ± 158.599 768.421 ± 86.425 657.389 ± 57.324
MYL6 4856.062 ± 519.334 5381.805 ± 1026.206 7649.214 ± 1646.584 6350.920 ± 1147.329
MYL6B 175.967 ± 32.277 122.364 ± 17.395 38.142 ± 4.394 46.461 ± 9.391
MYL9 1945.264 ± 224.474 2360.020 ± 935.407 15370.949 ± 4151.128 7587.292 ± 2872.780
MYLK 66.845 ± 23.070 210.854 ± 201.192 1309.830 ± 289.484 637.256 ± 222.185
PXN 220.750 ± 43.359 233.155 ± 166.591 88.282 ± 10.653 107.494 ± 14.143
SORBS1 0.569 ± 0.117 7.501 ± 6.864 515.382 ± 140.856 210.463 ± 93.232
SORBS3 180.755 ± 18.165 121.914 ± 22.322 97.336 ± 3.294 96.085 ± 20.294
TLN1 250.122 ± 63.300 297.628 ± 129.635 361.484 ± 75.576 259.224 ± 80.268
TPM1 972.187 ± 547.344 1286.331 ± 496.721 2690.844 ± 364.017 1494.191 ± 405.601
TPM2 3088.865 ± 163.381 4857.142 ± 1424.702 10082.440 ± 2830.284 7020.531 ± 2211.842
TPM3 103.367 ± 17.297 113.868 ± 44.789 38.736 ± 6.135 60.341 ± 15.221
TPM4 1967.521 ± 306.866 2578.757 ± 382.857 2225.980 ± 462.428 1428.511 ± 308.011
VCL 222.087 ± 50.515 255.995 ± 120.878 450.707 ± 106.707 277.413 ± 112.154
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Figure B.4: Plots of expression of genes of interest in the MyLA cell line. A: For each plot, the
x-axis gives the passage number and the y-axis the TPM of the transcript in question. The red
dashed line corresponds to the mean expression in primary USMCs and is shown for reference.
The black lines represent data from intact tissue from patients at term not in labour (TNL) or
term in labour (TL) respectively.
B: Bar charts of other genes of interest in the MyLA cell line. Shown are the TPMs from MyLA
cells at P8, 10 and 12; P6 was excluded due to cells not having fully transitioned to a smooth
muscle phenotype. Each plot corresponds to a single gene. The leftmost bar (light gray) shows the
TPMs in the MyLA cell line, while the adjacent bar (dark gray) show TPM in the primary cells.
The right bars (darkest gray and white) show the data for intact tissue.
Intact tissue data is taken from Chan et al. (2014).

Table B.3: TPM values and comparison of genes of interest in the MyLA cell line compared to
primary USMCs

Gene MyLA Primary TNL TL
CACNA1C 6.155 ± 0.306 5.919 ± 3.392 24.214 ± 5.934 14.995 ± 4.155
OXTR 172.450 ± 182.622 58.424 ± 71.550 945.992 ± 407.345 167.407 ± 158.980
PTGFR 11.737 ± 3.056 4.885 ± 3.899 6.732 ± 4.718 1.335 ± 0.452
ANO1 0.008 ± 0.016 0.070 ± 0.072 13.028 ± 7.428 7.226 ± 2.308
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Figure B.5: Time series data showing the expression of various CaCC and associated proteins in
primary USMCs and the MyLA cell line. Transcripts encoding members of the anoctamin, CLCA
and bestrophin family are considered. For each graph, the red line indicates the mean expression
in the primary USMCs, while the black line indicates expression in the MyLA cell line at different
passages. The black lines represent data from intact tissue from patients at term not in labour
(TNL) or term in labour (TL) respectively.
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Figure B.6: Bar charts showing the expression of various CaCC and associated proteins in
primary USMCs and the MyLA cell line. Transcripts encoding members of the anoctamin, CLCA
and bestrophin family are considered. Shown are the TPMs from MyLA cells at P8, 10 and 12;
P6 was excluded due to cells not having fully transitioned to a smooth muscle phenotype. Each
plot corresponds to a single gene. The leftmost bar (light gray) shows the TPMs in the MyLA cell
line, while the adjacent bar (dark gray) show TPM in the primary cells. The right bars (darkest
gray and white) show the data for intact tissue.
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Table B.4: TPM values and comparison of genes encoding CaCC forming, or associated, proteins
in the MyLA cell line compared to primary USMCs. Values are given as the mean ± the standard
deviation (n=3 samples for each).

Gene MyLA Primary TNL TL
ANO1 0.008 ± 0.016 0.070 ± 0.072 13.028 ± 7.428 7.226 ± 2.308
ANO2 0.000 ± 0.000 0.000 ± 0.000 2.617 ± 0.919 1.801 ± 0.735
ANO3 0.115 ± 0.045 0.090 ± 0.059 0.108 ± 0.101 0.104 ± 0.114
ANO4 4.642 ± 0.734 5.242 ± 6.659 3.242 ± 1.622 0.757 ± 0.495
ANO5 0.000 ± 0.000 0.005 ± 0.009 0.954 ± 0.309 0.725 ± 0.503
ANO6 38.231 ± 9.857 51.953 ± 20.935 78.105 ± 19.577 43.846 ± 11.968
ANO7 1.054 ± 0.232 1.351 ± 0.654 0.444 ± 0.249 0.847 ± 0.477
ANO8 4.655 ± 2.107 2.779 ± 0.473 3.130 ± 1.145 5.024 ± 1.031
ANO9 0.181 ± 0.114 0.000 ± 0.000 0.747 ± 0.278 2.634 ± 3.740
ANO10 55.363 ± 3.339 66.991 ± 3.901 38.597 ± 4.143 34.450 ± 5.295
CLCA1 0.010 ± 0.013 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000
CLCA2 10.391 ± 5.455 0.009 ± 0.015 0.367 ± 0.393 0.051 ± 0.087
CLCA3P 0.054 ± 0.021 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000
CLCA4 0.218 ± 0.142 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000
BEST1 2.967 ± 0.256 2.048 ± 1.276 6.188 ± 1.945 9.463 ± 4.278
BEST2 0.130 ± 0.018 0.026 ± 0.044 0.040 ± 0.090 0.144 ± 0.180
BEST3 0.126 ± 0.045 0.093 ± 0.100 0.000 ± 0.000 0.094 ± 0.129
BEST4 0.213 ± 0.093 0.304 ± 0.130 0.665 ± 0.540 0.645 ± 0.312
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B.2 Description of the Observed Desensitisation of the Oxy-

tocin Receptor by fitting to Dual Hill Equations

In order to better describe the apparent reduction in the oxytocin response at higher

treatment doses, we consider a second Hill equation, to account for desensitisation. This

equation contains parameters IC50, n2 and an offset (σ) to account for incomplete desen-

sitisation:
σ[OT]n2 + (IC50)

n2

[OT]n2 + (IC50)n2
(B.1)

The final curve is given by the product of the two Hill equations,

[OT]n

[OT]n + (EC50)n
· σ[OT]n2 + (IC50)

n2

[OT]n2 + (IC50)n2
. (B.2)

This new model is fitted to the data for each of the different response measurements as

shown in Figure B.7. The new model more accurately describes the experimental obser-

vations than the model with the single Hill equation. The parameters fitted to this model

are given in Table B.5.
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Figure B.7: Fitting of dual Hill functions to describe the dose-response curves for oxytocin
treatment. This was done for each of the 4 measures of response considered: A: Oscillation
frequency, B: Peak Fluorescence, C: Rate of fluorescence rise, D: Fluorescence integral.
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Table B.5: Parameters for fitting of dual Hill equations to describe the Oxytocin response in
MyLA cells

Measurement EC50 n IC50 n2 σ

Frequency 0.14nM 0.88 9.54nM 15.72 0.43
Peak fluorescence 0.30nM 0.89 2.90nM 17.21 0.21
Peak rate of rise 0.39M 0.89 20.18nM 2.45 0.324
Fluorescence integral 0.26nM 1.35 12.26nM 1.42 0.54
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Appendix C

In Vivo Knockout of ANO1 in a

Mouse Model (Supplementary)

C.1 Comparison of Sequence Homology in Mouse and Hu-

man ANO1

Sequence information for ANO1 was taken from UniProt (Identifier: Q5XXA6-1), and

analysis was performed using SerialCloner (Version 2.6.1). Structural segregation of ANO1

into transmembrane and linker domains was performed based on Yang et al. (2008). Total

sequence homology between full length transcripts of human and mouse ANO1 was 89.67%.

This suggests the protein has been evolutionarily well conserved, and that it is likely to be

functionally similar in both organisms. Whilst most regions within the protein exhibited

uniformly high conservation, most notably in the transmembrane domains, which make key

contributions to the protein, and ion channel, structure, regions L2 and the C-terminus

were significantly less well conserved.
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Table C.1: Conservation of the different regions within ANO1

Protein Domain % Conservation
N-terminus 89.49

T1 90.48
L1 95.83
T2 100
L2 70.83
T3 100
L3 96
T4 100
L4 100
T5 95.24
L5 93.27
T6 100
L6 97.44
T7 95.24
L7 97.14
T8 100

C-terminus 73.81

C.2 Contractility Analysis using alternative Contraction De-

tection Parameters

Once again, mean peak contraction amplitude was reduced amongst both groups of sam-

ples from tamoxifen treated mice compared to vehicle treated ones (p < 0.05 and p < 0.001

for Cre-Tam and WT-Tam vs Cre-Veh respectively), However, the significance of the lat-

ter observation was reduced following correction for multiple comparisons, but remained

significant (p < 0.05 for both). After normalisation to the initial KCl response, the differ-

ence between Cre-Tam and Cre-Veh samples was removed (p > 0.05), however WT-Tam

samples still showed a significant reduction compared to both other groups (p < 0.05 and

p < 0.001 respecively). Contraction frequency was significantly reduced amongst observa-

tions from both groups of tamoxifen treated mice compared to vehicle (p < 0.001), but did

not differ between Cre-Tam and WT-Tam groups.
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C. In Vivo Knockout of ANO1 in a Mouse Model (Supplementary)

Figure C.1: Baseline contractility in traces was further analysed using low and high sensitivity
event detection parameters (Figure 8.5D and E respectively, shown here in A and B). For A and
B: (i) Mean peak amplitude. (ii) Normalised mean peak amplitude. (iii) Contraction frequency.
(iv) Standard deviation of the mean time between detected contractions, was normalised to the
mean time between contractions. All comparisons are performed using a Mann-Whitney test due
to the data not being normally distributed. *- p < 0.05, **-p < 0.001, #- significance is reduced
following Bonferroni correction for multiple comparisons. Cre-Tam: n = 25 rings from 6 mice,
Cre-Veh: n = 17 rings from 4 mice, WT-Tam: n = 8 rings from 2 mice.

This more sensitive analysis was repeated on the traces following oxytocin stimulation.

This once again produced similar overall results.

413



C. In Vivo Knockout of ANO1 in a Mouse Model (Supplementary)

Cre-Tam Cre-Veh WT-Tam
0.0

0.5

1.0

1.5

2.0

2.5

3.0

N
or
m
al
is
ed
In
te
rv
al
S
D

(s
)

Cre-Tam Cre-Veh WT-Tam
0.0

0.5

1.0

1.5

2.0

2.5

3.0

N
or
m
al
is
ed
In
te
rv
al
S
D

(s
)

Tamoxifen Vehicle WT-Tam
0.0

0.2

0.4

0.6

0.8

1.0

N
or
m
al
is
ed
M
ea
n
P
ea
k
Fo
rc
e

Tamoxifen Vehicle WT-Tam
0.0

0.2

0.4

0.6

0.8

1.0

N
or
m
al
is
ed
M
ea
n
P
ea
k
Fo
rc
e

Tamoxifen Vehicle WT-Tam
0.0

0.2

0.4

0.6

0.8

1.0

M
ea
n
Fo
rc
e
(g
)

Tamoxifen Vehicle WT-Tam
0.000

0.005

0.010

0.015

0.020

0.025

0.030

Fr
eq
ue
nc
y
(H
z)

Tamoxifen Vehicle WT-Tam
0.0

0.2

0.4

0.6

0.8

1.0

M
ea
n
Fo
rc
e
(g
)

Tamoxifen Vehicle WT-Tam
0.000

0.005

0.010

0.015

0.020

0.025

0.030

Fr
eq
ue
nc
y
(H
z)

A)

B)

i) ii)

iii) iv)

i) ii)

iii) iv)

* **

*
n.s *

n.s

*, # n.s

*,#

**,# **

n.s

* **

*

n.s *

n.s

*,# n.s

n.s

* **,#

n.s

Figure C.2: Contractility in response to 10nM oxytocin stimulation was analysed in the same
manner as at baseline, using low (A) and high (B) sensitivity parameters. For A and B: (i)
Mean peak amplitude. (ii) Normalised mean peak amplitude. (iii) Contraction frequency. (iv)
Standard deviation of the mean time between detected contractions, was normalised to the mean
time between contractions. All comparisons are performed using a Mann-Whitney test due to
the data not being normally distributed. *- p < 0.05, **-p < 0.001, #- significance is reduced
following Bonferroni correction for multiple comparisons. Cre-Tam: n = 25 rings from 6 mice,
Cre-Veh: n = 17 rings from 4 mice, WT-Tam: n = 8 rings from 2 mice.
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Figure C.3: Contractility in response to 100nM oxytocin stimulation was analysed in the same
manner as at baseline, using low (A) and high (B) sensitivity parameters. For A and B: (i)
Mean peak amplitude. (ii) Normalised mean peak amplitude. (iii) Contraction frequency. (iv)
Standard deviation of the mean time between detected contractions, was normalised to the mean
time between contractions. All comparisons are performed using a Mann-Whitney test due to
the data not being normally distributed. *- p < 0.05, **-p < 0.001, #- significance is reduced
following Bonferroni correction for multiple comparisons. Cre-Tam: n = 25 rings from 6 mice,
Cre-Veh: n = 17 rings from 4 mice, WT-Tam: n = 8 rings from 2 mice.
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