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Abstract

The pulmonary veins are widely recognised as a source of ectopic electrical activity
that can cause atrial fibrillation. While the ectopic activity likely originates in the
cardiomyocytes that form an external sleeve around the veins, the underlying
mechanisms are unknown. Changes in intracellular Ca?* signalling have been
proposed to play an important role in the arrhythmogenic properties of the pulmonary
vein. Therefore, the aim of this thesis was to study factors that might influence Ca?*
signalling in the cardiomyocytes. This involved determining the localisation of Ca?*
handling proteins in the cardiomyocytes, examining interventions that might alter the
characteristics of intracellular Ca?* signalling, as well as looking at the arrhythmogenic

effect of adrenergic stimulation.

In the rat pulmonary vein, the cardiomyocytes displayed spontaneous Ca?* transients
that were usually manifest as waves, and were asynchronous in neighbouring
cardiomyocytes. The frequency of spontaneous Ca?" transients was increased
following a brief period of electrical stimulation at 3 Hz or greater, and this effect was
enhanced in the presence of isoprenaline, or when the external Ca?* concentration was
raised. Noradrenaline also increased the frequency of the spontaneous Ca?* transients;
however, synchronous Ca?* transients, like those that could be evoked by electrical

field stimulation, were not observed.

As spontaneous Ca®* transients are due to Ca?* released from the sarcoplasmic
reticulum through the ryanodine receptors, immunocytochemistry was used to
determine their distribution. The ryanodine receptors were arranged in a striated
pattern with some distribution at the periphery of the cells, which was similar to
myocytes from the atria. When the sarcolemma of the pulmonary vein cardiomyocytes
was labelled with Di-4 ANEPPS, they were shown to possess transverse (T)-tubules,
which are involved in co-ordinating the intracellular Ca®* transient in response to
depolarisation. This differed from atrial myocytes where a T-tubule system was not

observed. Furthermore, the L-type Ca?* channels and Na*/Ca?* exchanger (NCX),
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which are involved in Ca2* influx and removal during excitation-contraction coupling,
were arranged in a more striated manner in the pulmonary vein cardiomyocytes,
compared to those of the atria. This could have important consequences for the
contractile activity of the cardiomyocytes, as well as their ability to generate abnormal
electrical activity, as the NCX is known to cause depolarisation in response to an

increase in intracellular Ca?*.

The contractile properties of the pulmonary vein were studied in vitro using
myography techniques, where it was shown to display a negative force-frequency
relationship, whereby increasing the frequency of electrical stimulation reduced the
contractile amplitude. In the presence of noradrenaline, the amplitude of the
electrically evoked contractions was increased and the negative force-frequency
relationship was only evident at the higher stimulation frequencies (5 to 7 Hz).
Noradrenaline also induced periodic bursts of contractions that occurred independently
of electrical stimulation, suggesting that it had an arrhythmogenic effect. Such activity
was partially inhibited by blocking the NCX with ORM-10103. This suggests a
potential target for future research into selective pharmacological intervention for

catecholamine based arrhythmias.
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Chapter 1

General Introduction



1.1. Atrial fibrillation

Atrial fibrillation is the most prevalent cardiac arrhythmia encountered clinically and
is associated with substantial morbidity and mortality (Benjamin et al., 1998). The
prevalence of atrial fibrillation in the general population of the United Kingdom and
United States of America is approximately 1%, with the number of reported cases
increasing considerably with advancing age in the patient cohort (Kannel & Benjamin,
2009; Kannel et al., 1998; Murphy et al., 2007). Given its growing prevalence (Go et
al., 2001; Tsang et al., 2003), and an increasingly ageing western population (Butler,
1997), atrial fibrillation incurs substantial costs for healthcare and treatment. In the
United Kingdom, atrial fibrillation alone accounts for 1% of the National Health
Service’s annual budget (Stewart et al., 2004), and in the year 2008 the direct cost of
atrial fibrillation was estimated as being £429 million (cit. in Kassianos et al., 2014).

Atrial fibrillation occurs when the rhythm of the atria is no longer under the
physiological control of the sino-atrial node, due to overriding pacemaker electrical
activity occurring outside this region (Khan, 2004; Nattel, 2002). It is characterised on
an electrocardiogram (ECG) by the absence of a prominent P-wave, which normally
represents atrial depolarisation, and is instead replaced by a rapid oscillatory and
fibrillatory waveform (Bennett & Pentecost, 1970; Fuster et al., 2006). The
consequence of this is deterioration in the mechanical function of the atria, resulting
in ineffective transport of blood to the ventricles. An irregular ventricular rhythm also
results, as it is no longer determined by the sino-atrial node, but by the ability of the
atrioventricular node to filter the rapid electrical signals from the atria (Khan, 2004;
Nattel, 2002). Impaired contraction of the atria can also lead to pooling of the blood,
causing clot formation and thromboemboli that can propagate to the brain, obstructing
blood flow and causing infarction (Goldman et al., 1999). Thus, atrial fibrillation is
associated with a five-fold increase in the incidence of ischaemic stroke (Wolf et al.,
1991). The risk of stroke can be reduced using anticoagulant drugs such as warfarin,
but this intervention can lead to bleeding complications, such as haemorrhaging
(Goldman et al., 1999).



There are three main clinical classifications describing the different types of atrial
fibrillation, namely: paroxysmal, persistent and permanent atrial fibrillation.
Paroxysmal atrial fibrillation is a recurrent arrhythmia that self-terminates in less than
7 days. Persistent atrial fibrillation lasts longer than 7 days and requires cardioversion
by electrical or pharmacological intervention to restore the heart to sinus rhythm.
Finally, permanent atrial fibrillation is the term used when the sinus rhythm cannot

been restored by cardioversion (Fuster et al., 2006; Lévy et al., 2003).

It is clear from epidemiological data that atrial fibrillation is a growing problem in
western society (Allessie et al., 2001; Go et al., 2001; Murphy et al., 2007), and
therefore a better understanding of the underlying causes and cellular mechanisms is
required in order to develop new treatments for the condition. In 1998, it was first
discovered that atrial fibrillation could be triggered by ectopic foci (areas of pacemaker
electrical activity occurring outside of the sino-atrial node) in the pulmonary veins
(Haissaguerre et al., 1998). The evidence suggesting that the pulmonary veins are an
important foci for atrial fibrillation stems from a study conducted in patients who were
diagnosed with paroxysmal atrial fibrillation and were refractory to drug treatment. It
was discovered that in 94% of cases, the electrical activity that initiated the arrhythmia
originated in the pulmonary veins (Figure 1.1), and was marked by a discharge of
spontaneous activity that propagated into the left atrium (Haissaguerre et al., 1998).
This seminal study led to a whole new line of research whereby the pulmonary veins
were considered to be important for determining the causes of atrial fibrillation.
Several investigations have corroborated the initial findings that, in most cases of atrial
fibrillation, the ectopic focus was in the pulmonary veins (Chen et al., 1999a; Hsieh et
al., 1999; Pappone et al., 2000). Ectopic electrical activity has also been reported in
non-nodal atrial tissue (Chen et al., 1999b; Polain de Waroux et al., 2009 for review;
Shah et al., 2003), the ligament of Marshall (Doshi et al., 1999; Hirose & Laurita,
2007; Katritsis et al., 2001), and the superior vena cava (MacLeod & Hunter, 1967;
Shah et al., 2003; Tsai et al., 2000); however, the present thesis will focus on the
pulmonary veins, as they are the most common site of ectopic electrical activity
leading to atrial fibrillation (Haissaguerre et al., 1998; Shah et al., 2003).
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Figure 1.1. Schematic diagram (reproduced from Haissaguerre et al., 1998)
illustrating the sites of 69 ectopic foci that triggered atrial fibrillation in 45
patients. The black circles display the sites of ectopic electrical activity and the
numbers represent the distribution of ectopic foci between the different pulmonary
veins. The top two veins are the left and right superior pulmonary veins and the bottom

two the left and right inferior pulmonary veins.



1.2. Treatment of atrial fibrillation

Currently, the first line of treatment for atrial fibrillation is rhythm control through the
use of antiarrhythmic drugs (Polain de Waroux et al., 2009; Savelieva & Camm, 2008;
Wyse et al., 2002). Amiodarone, which mainly acts by blocking K* channels to
prolong the cardiac action potential, thus slowing the heart rate (Kodama et al., 1997),
has been found to be the most effective drug for treating atrial fibrillation (Roy et al.,
2000; Singh et al., 2005). However, a large clinical trial in Canada revealed that 35%
of patients experienced reoccurrence of their arrhythmia. Moreover, 18% of patients
eventually had to discontinue amiodarone use due to adverse effects, such as heart
failure and severe bradyarrhythmias. Non-cardiac effects such as insomnia and
pulmonary toxicity were also reported (Roy et al., 2000). Moreover, as antiarrhythmic
drugs do not specifically target the atria, they can be paradoxically proarrhythmic in

the ventricular myocardium (Nattel, 1998).

The discovery that atrial fibrillation can be caused by ectopic electrical activity
originating in the pulmonary veins lead to the development of focal ablation therapy.
Intracardiac catheters were used to map the patient’s cardiac conduction to detect
rhythm disturbances, and the sites of ectopic electrical activity were thermally ablated
using radiofrequency energy (Chen et al., 1999a; Haissaguerre et al., 1998;
Haissaguerre et al., 2000b). However, this method is limited as it relies on arrhythmias
being present during the surgery. The ablation procedure is also associated with the
reoccurrence of arrhythmia as, during a follow-up period of 8 £ 6 months, atrial
fibrillation had reoccurred in 38% of patients (Haissaguerre et al., 1998). Therefore,
the technique was modified and multiple lesions were performed at the junction of the
left atrium and the pulmonary vein, known as the ostia (Haissaguerre et al., 2000g;
Haissaguerre et al., 2000b). An alternative method of pulmonary vein ablation was
developed by a different group where a single lesion was made around the whole
circumference of the ostia (Pappone et al., 2001; Pappone et al., 2000). This process
generates scar tissue that acts as an insulator to prevent the conduction of electrical

signals from the pulmonary vein into the atria (Figure 1.2) (Shapira, 2009 for review).
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Figure 1.2. lllustration (reproduced from Shapira, 2009) showing the pulmonary
vein ablation procedure. Catheters are passed into the left atrium and used to map
the cardiac conduction pathways and detect arrhythmias. The sites at the ostia that are
responsible for the conduction of electrical activity from the pulmonary veins to the

left atrium are then thermally ablated with radiofrequency energy .



There has been a growing shift from traditional pharmacological therapy towards
radiofrequency ablation as large meta-analyses have shown that radiofrequency
ablation is more successful than antiarrhythmic drugs for maintaining sinus rhythm in
patients with atrial fibrillation (Al-Khatib et al., 2014; Nault et al., 2010; Terasawa et
al., 2009). However, the surgical procedure is complex and invasive (Wellens, 2000),
with a worldwide survey reporting a 6% incidence of severe complications following
surgery (Cappato et al., 2005). The most common complication is stenosis of the
pulmonary veins (Robbins et al., 1998; Saad et al., 2003; Yu et al., 2001), which in
rare cases can lead to severe pulmonary hypertension (Saad et al., 2003; Yu et al.,
2001). Despite modifications to the procedure, radiofrequency ablation therapy is still
associated with the reoccurrence of atrial fibrillation, and often requires follow-up
procedures. A clinical study of patients during a follow-up period after a single
ablation procedure showed that 51% had freedom from asymptomatic or symptomatic
atrial fibrillation after one year, with this figure decreasing to 23% after 6 years
(Sorgente et al., 2012).



1.3. The pulmonary veins

1.3.1. Anatomy of the pulmonary veins

Although research into the arrythmogenic propensity of the pulmonary veins has only
been conducted in the last 20 years, studies into its anatomy date as far back as the mid
19" century. The first known record is in a histological text, where Edmond Randolf
Peaslee described the large veins entering the human heart (pulmonary veins and vena
cava) as containing “a layer of striated muscle fibres, like those of the heart itself”
(Peaslee, 1857). Amost 20 years later, Brunton and Frayer found that when they
injected cobra venom into the jugular vein of a rabbit, the pulmonary veins continued
to independently pulsate, even after the beating of the heart had ceased. They
conducted further experiments to eliminate the possibility that this was a result of the
venom, and also reported a similar phenomenon in the cat (Brunton & Frayer, 1876).
In 1910, Favaro coined the term “pulmonary vein myocardium”, demonstrating in the
human that the pulmonary vein has a sleeve of cardiomyocytes that extends from the
left atrium (Favaro, 1910). In the last 50 years, modern approaches have been

employed to gain a better understanding of the pulmonary vein myocardial sleeve.

Early histological studies on pulmonary veins isolated from the rat reported that the
external media contained cross striated muscle fibres with an internal circular layer
and an external longitudinal layer. The smaller venules, deep within the lungs,
possessed muscular bundles that were arranged in an irregular pattern (Klavins, 1963).
Ultrastructural investigations using electron microscopy, have reinforced the
histological observations that the rat pulmonary veins contain an external sleeve of
cardiomyocytes that is continuous with the left atrium and is formed from longitudinal
fibres in a mesh like structure, which often display abrupt changes in direction
(Hashizume et al., 1998; Ludatscher, 1968; Paes de Almeida et al., 1975) (Figure 1.3).
The thickness of the cardiomyocyte layer is variable, within and between species, but
in general it is relative to the width of the vessel, becoming thinner and more
discontinuous as the vein extends and branches into the lung parenchyma. Fibrous

tissue, which is embedded between the muscle fibres, also becomes more abundant as



the veins extend distally to the left atrium (Bronquard et al., 2007; Karrer, 1959;
Klavins, 1963; Ludatscher, 1968; Masani, 1986; Mueller-Hoecker et al., 2008).
Beneath the cardiomyocyte sleeve, and separated by connective tissue, is a layer
composed of smooth muscle cells, arranged in a circular manner, and irregularly
distributed along the length of the vein. Elastic lamellae and collagen fibrils are present
between the smooth muscle cells, and are also interposed between the smooth muscle
layer and an endothelial layer, which encircles the lumen of the vessel (Hashizume et
al., 1998; Klavins, 1963; Masani, 1986; Paes de Almeida et al., 1975; Takahara et al.,
2011).

In humans, cardiomyocytes are only present in the extrapulmonary veins extending
approximately 1-2 cm from the left atrium, and are more prominent in the superior
compared to the inferior pulmonary veins (Ho et al., 2001; Mueller-Hoecker et al.,
2008; Nathan & Eliakim, 1966; Steiner et al., 2006). Similar observations have been
made in the pulmonary veins of the canine (Verheule et al., 2002) and rabbit (Seol et
al., 2008). On the other hand, in rodents excluding the guinea pig (Cheung, 1981a;
Tasaki, 1969), the cardiomyocyte sleeve extends beyond the hilus of the lungs and into
the intrapulmonary veins (Bronquard et al., 2007; Hashizume et al., 1998; Karrer,
1959; Klavins, 1963; Kramer & Marks 1965; Mueller-Hoecker et al., 2008; Nathan &
Gloobe, 1970; Paes de Almeida et al., 1975).

The function of the myocardial sleeve has been postulated to be that of a throttle valve,
regulating unidirectional blood flow into the left atrium and preventing back-flow into
the lungs (Hashizume et al., 1998; Klavins, 1963; Nathan & Eliakim, 1966; Paes de
Almeida et al., 1975; Tasaki, 1969). Magnetic resonance imaging (MRI) in the human
has revealed that the pulmonary veins contract in synchrony with the atria (Bowman
& Kovacs, 2005; Lickfett et al., 2005). In addition, the pulmonary vein ablation
procedure has been demonstrated to abolish contraction of the vein (Atwater et al.,
2011). However, the physiological function of the cardiomyocytes in the pulmonary

vein remains to be fully elucidated.



Figure 1.3. Three-dimensional scanning electron micrograph of the rat
pulmonary vein (reproduced from Hashizume et al., 1998). A. Large pulmonary
vein at the hilus (area at the root of the lung where the vein enters the lung) imaged at
70x maginification. The external layer is composed of cardiomyocytes (*) (L = lumen)
B. Myocardial sleeve at 1000x magnification. Capillaries (C) with pericytes
(contractile cells that attach to capillaries — arrow heads) run between the
cardiomyocytes. Adjactent cardiomyocytes are connected at the intercalated discs
(arrows). C. Schematic diagram of the rat pulmonary vein and venule. Note that the
vein contains a sleeve of cardiomyocytes (CM), with capillaries (P) and nerve fibres
(N) running along it. The venule has circularly arranged bundles of smooth muscle
(SM) cells and periendothelial cells (IM), which are an intermediate cell-type between

SM cells and pericytes
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1.3.2. Arrhythmogenic substrate in the pulmonary vein myocardium

In patients with atrial fibrillation, the pulmonary veins have been shown to be more
dilated (Lin et al., 2000; Takase et al., 2004) and possess a thicker myocardium
(Guerra et al., 2003). Moreover, the ectopic focal point that initiated the arrhythmia
was in these thickened areas (Guerra et al., 2003). Ectopic foci have also been shown
to be more likely to occur in the veins with the longest cardiomyocyte sleeves
(Haissaguerre et al., 1998; Ho et al., 2001), and the length of the cardiomyocyte sleeve
has been found to be longer in patients with atrial fibrillation than those in sinus rhythm
(Hassink et al., 2003; Kholova & Kautzner, 2003). This suggests that there is a
correlation between the length and thickness of the cardiomyocyte sleeve and the
propensity towards ectopic electrical activity. It should be noted though, that there is

conflicting evidence suggesting that no such relationship exists (Saito et al., 2000).

The orientation of muscle fibres in the pulmonary vein myocardial sleeve is complex
(Hoetal., 2001; Hocini et al., 2002), and there is often a 90° change in fibre orientation
at the junction of the pulmonary vein and left atrium (Chou et al., 2005; Tan et al.,
2006). Moreover, patients with ectopic foci in the pulmonary veins have been shown
to display a larger degree of scarring and fibrosis compared to those without (Hassink
et al., 2003; Steiner et al., 2006; Tagawa et al., 2001). These conditions can lead to
slowed conduction of electrical impulses, which can facilitate arrhythmic re-entry
circuits (Hassink et al., 2003). Overall, the studies described in this section suggest
that structural remodelling of the myocardial sleeve can provide a substrate for the

initiation and maintenance of atrial fibrillation (Chard & Tabrizchi, 2009 for review).

1.3.3. Pulmonary vein cardiomyocytes

Cardiomyocytes in the pulmonary vein have been described as typical cardiac rod
shaped cells, approximately 50-150 um long and 10-20 um wide, with one or two
centrally located nuclei and abundant contractile filaments (Hashizume et al., 1998;
Klavins, 1963; Masani, 1986). It is the cardiomyocyes that are believed to be
responsible for the arrhythmogenic properties of the pulmonary veins (Chen et al.,
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2000; Haissaguerre et al., 1998). In previous reports, pulmonary vein cardiomyocytes
have been described as being structurally similar to atrial myocytes (Chen et al.,
2002b; Karrer, 1959; Klavins, 1963; Masani, 1986; Paes de Almeida et al., 1975;
Verheule et al., 2002). Therefore, in the present thesis, where relevant literature on the
pulmonary vein is absent, studies on the atria will be initially referred to. Also, the
term pulmonary vein cardiomyocytes will be used to describe the cells of the
myocardial sleeve. Atrial and ventricular cells will be termed myocytes preceded by

their location in the heart.

1.3.4. Embryonic origin of pulmonary vein cardiomyocytes

Genetic profiling has yielded two main hypotheses to explain the developmental origin
of the pulmonary vein myocardial sleeve (Chard & Tabrizchi, 2009 for review). The
first is that the cardiomyocytes initially develop as atrial myocytes, which then migrate
along the pulmonary vein (Jones et al., 1994; Millino et al., 2000). The second
hypothesis is that the cardiomyocytes develop by differentiation from an innate
pulmonary vein cell line (van den Hoff et al., 2004). Most recently a biphasic
mechanism was proposed, whereby a cardiomyocyte population develops at the ostia
of the left atrium and pulmonary vein, which then proliferates and expands along the

pulmonary vein forming an external sleeve (Mommersteeg et al., 2007).

1.4. Possible mechanisms of atrial fibrillation

1.4.1. Automaticity

The sino-atrial node, which is located in the right atrium, is physiologically the fastest
pacemaker, controlling the rate and rhythm of the heart (Boyett & Dobrzynski, 2007;
Unudurthi et al., 2014). In the context of the myocyte, the electrical potential is
determined by the flux of different ions across the cell membrane (sarcolemma).
During an action potential, the rapid influx of Na* results in depolarisation, making
the membrane potential more positive (Brown et al., 1981; Sakakibara et al., 1992).

During repolarisation, the membrane potential gradually becomes more negative due
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to the efflux of K* (Firek & Giles, 1995; Wang et al., 1994). In a spontaneously
depolarising myocyte, there is a progressive depolarisation during the diastolic
(resting) phase of the action potential, due to a shift towards the inward movement of
positive ions, namely Na* (DiFrancesco, 1991) and Ca?* (Lakatta et al., 2003). Once
this depolarisation reaches a threshold potential, it will elicit an action potential. Thus,
the rate of depolarisation during diastole governs the rate of action potential firing. If
diastolic depolarisation is accelerated in a spontaneously depolarising myocyte outside
of the sino-atrial node, then there will be a discharge of action potentials at a rate that
overrides the sinus rhythm. This forms the basis for automaticity (Figure 1.4A) (Nattel,
2002 for review).

1.4.2. Triggered activity

Abnormal electrical activity in cardiac myocytes can also be caused by an abnormal
increase in intracellular Ca?* concentration during the systolic (depolarised) phase of
the action potential. During the diastolic phase, excess Ca?* is removed from the
myocyte by the Na*/Ca®" exchanger (NCX), which carries an inward depolarising
current due to the stoichiometry of 3 Na* ions being exchanged for every Ca?* ion
(Mechmann & Pott, 1986). This transient inward current (l4) generates what have been
termed after-depolarisations, which if above the threshold, will elicit premature action
potentials. The result is an increased rate of action potential firing (Figure 1.4B)
(Ferrier et al., 1973; Kass et al., 1978; Nattel, 2002 for review; Schlotthauer & Bers,
2000). The mechanisms underlying Ca?* induced changes in membrane potential will
be covered in more detail later in the chapter; however, it is important at this stage to

note that, for triggered activity to occur, it must be preceded by an action potential.

1.4.3. Re-entry

A re-entry circuit is a wave of electrical activty that circulates in a region of tissue due
to different tissue zones continually re-exciting one another (Allessie et al., 1976). A

schematic example of a re-entry circuit between two tissue zones (I and I1) is presented
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and described in Figure 1.4C. During an action potential there is a refractory period,
whereby a subsequent action potential cannot be elicited until the zone of tissue fully
repolarises again. An approaching action potential will initially fail to excite the zone
of tissue; however, it can travel via an alternate route around a conduction block to
reactivate the tissue zone when is excitable again. If the time for the action potential
to return to its orgin is sufficiently long, it will elicit a further action potential, and the

re-entrant impulse will circulate indefinitely (Figure 1.4C) (Nattel, 2002 for review).

Conditions that favour the induction and maintenance of re-entry circuits include
shorter refractory periods and slower conduction velocities. The pathological result is
irregular conduction within the atria, which in turn leads to irregular atrial contraction,
having a downstream effect on ventricular filling (Jalife et al., 2002; Khan, 2004;
Workman et al., 2011). There are several properties of the pulmonary vein myocardial
sleeve that provide a favourable substrate for the generation and maintenace of re-entry
circuits. The action potentials recorded in the pulmonary vein have been shown to be
of shorter duration compared to those in atrial myocytes (Arora et al., 2003; Ehrlich et
al., 2003; Hocini et al., 2002; Kuz'min & Rozenshtraukh, 2012; Malécot et al., 2015;
Tasaki, 1969). Moreover, the conduction velocity in the guinea pig pulmonary vein
has been found to be half that in the atria (Takahara et al., 2012). The conduction
velocity was also found to be more likely to be slower in the pulmonary veins of

patients with atrial fibrillation than those in sinus rhythm (Jais et al., 2002).

Both shortened refractory periods and slower conduction velocities mean that
circulating impulses are more likely to re-excite previously refractory tissue regions.
Re-entry circuits have been directly observed in canine pulmonary veins using high
resolution optical mapping (Arora et al., 2003; Po et al., 2005). However, re-entry is
usually associated with cases of persistent atrial fibrillation. Ectopic foci that can cause
paroxysmal atrial fibrillation are thought to be initiated by abnormal automaticity and

triggered actvity (Chen et al., 1999a).
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Figure 1.4. Schematic diagrams (reproduced from Nattel, 2002) illustrating the
cellular mechanisms of atrial fibrillation. A. Automaticity occurs when accelerated
depolarisation during the diastolic phase of the action potential results in the membrane
potential reaching the threshold potential (TP) earlier. This results in an increased
firing rate, and the additional action potential is indicated by the dotted line. B.
Triggered activity, when an afterdepolarisation, if above the TP, leads to a premature
action potential (3). C. Re-entry between tissue zones | and Il. A premature action
potential in zone 1l (2) fails to initiate another in zone 1 as it is still in the refractory
period. However, the electrical impulse is conducted back (dotted line) at a time when
zone | is excitable resulting in the firing of an action potential (3) that propagates to

initiate another (4) in zone 11 .
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1.4.4. Conduction of electrical impulses through gap junctions

Electron microscopy has shown that adjacent cardiomyocytes in the pulmonary vein
are connected at the transverse axis by intercalated discs (Hashizume et al., 1998;
Karrer, 1960; Ludatscher, 1968; Mueller-Hoecker et al., 2008). In cardiac tissue, gap
junctions are present at the intercalated discs and allow for the conduction of electrical
current by permitting the movement of ions between cells (Barr et al., 1965; Saffitz et
al., 1994). Gap junctions are formed by two connexons, which are each composed of
six protein subunits called connexins, denoted by the abbreviation Cx and then their
molecular weight in kilodaltons (Yeager, 1998). Three main connexin proteins; Cx40,
Cx43 and Cx45 have been identified in cardiac myocytes (Kanter et al., 1992), and the
expression of these different connexins determines the conduction properties of the

channel by governing the intercellular resistance to current (Davis et al., 1994; 1995).

In the canine, conduction was found to be slower in regions of the pulmonary veins
that were distal to the left atrium, compared to the left atrium itself (Arora et al., 2003),
which suggests that the connexin expression might be different between the different
tissues. The connexins Cx40 and Cx43 are highly expressed in atrial myocytes (Davis
et al.,, 1994; van der Velden et al., 1998; Verheule et al., 2002), whereas in
cardiomyocytes of the canine pulmonary vein, Cx40 levels were found to be
significantly lower (Verheule et al., 2002). This was similar to what has been reported
in myocytes in the rabbit sino-atrial node (Verheule et al., 2001), which may

predispose the cardiomyocytes to abnormal automaticity.

Atrial remodelling, specifically atrial dilation, is often present in patients with atrial
fibrillation (Sanfilippo et al., 1990; Takahashi et al., 1982). In an experimental canine
model, where the mitral valve was ruptured in order to induce regurgitation of blood
from the ventricles and atrial dilation, the expression of Cx40 was found to be
significantly reduced in pulmonary vein cardiomyocytes, but not in left atrial myocytes
(Sun et al., 2008). Moreover, in mice where the gene encoding Cx40 was knocked out,

the conduction velocity in the atrial myocardium was slowed and the mice were more
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succeptable to atrial tachycardias arising from ectopic foci (Bagwe et al., 2005;
Kirchhoff et al., 1998). The expression of Cx40 has also been reported to be altered in
patients with chronic atrial fibrillation; however, there has been some debate as to
whether the expression is increased (Polontchouk et al., 2001; Wetzel et al., 2005), or
decreased (Nao et al., 2003; Nattel et al., 2007 for review; Wilhelm et al., 2006).
Overall, the investigations described above signify that Cx40 is the main connexin that
determines the conduction properties of electrical impulses in the atria and pulmonary
veins, and the expression of Cx40 is altered in atrial fibrillation (Chaldoupi et al., 2009

for review).

1.5. Electrical activity in the pulmonary vein

In 1967, Macleod and Hunter isolated the pulmonary veins from the rat and the
mechanical and electrical activity of individual segments was studied using
myography and glass microelectrodes respectively. When electrically field stimulated,
the tissue responded with contractions and electrical activity in the form of action
potentials. The action potentials evoked in the pulmonary vein were described as
having similar characteristics to those recorded in the atria and ventricle (MacLeod &
Hunter, 1967).

When the pulmonary veins were removed from the guinea pig with the atria still
attached, action potentials, which originated in the sino-atrial node, were conducted
along the pulmonary vein (Tasaki, 1969). Action potentials could also be directly
evoked in the pulmonary vein by electrical field stimulation. The characterstics of the
action potentials recorded in the pulmonary vein varied depending on the distance from
the left atrium. Those recorded distal to the left atrium had a less negative resting
membrane potential and slower upstroke velocity, compared to those recorded in a
proximal region. Moreover, the action potentials recorded in the pulmonary vein were
of shorter duration than those in the atria (Tasaki, 1969). The ability of the pulmonary
veins to conduct electrical activity from the left atrium was later confirmed in the

mouse (Challice et al., 1974), rat (Paes de Almeida et al., 1975), canine and human
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(Spach et al., 1972). These early studies show that pulmonary vein cardiomyocytes are
electrically excitable, and the pulmonary veins are electrically coupled to the left
atrium. This suggests that in situ, during atrial depolarisation, electrical activity is
conducted from the atria into the pulmonary veins resulting in the vein contracting in
accordance to the sinus rhythm. This supports the hypothesis that the role of the
cardiomyocyte sleeve is to prevent retrograde blood flow into the lungs during the
cardiac cycle (Hashizume et al., 1998; Klavins, 1963; Nathan & Eliakim, 1966; Paes
de Almeida et al., 1975; Tasaki, 1969).

Electrical activity was first shown to occur spontaneously in the isolated pulmonary
vein in 1981, in a study on the guinea pig. Glass microelectrode recordings revealed
that the pulmonary vein had a less negative resting membrane potential compared to
the atria, and spontaneous action potentials were observed in 41% of the preperations
studied (Cheung, 1981a). Similar to the conducted action potentials recorded by Tasaki
(1969), the action potential characteristics were different, depending on the location
on the vein where the electrical activity was recorded. When recordings were made
from areas distal to the left atrium, the membrane potential was less negative and the
repolarisation phase was shorter compared to recordings made at the proximal end,
where the action potentials more closely resembled those recorded in the atria
(Cheung, 1981a). The observation that pulmonary vein cardiomyocytes have a less
negative resting membrane potential and shorter action potential durations than atrial
myocytes has since been made in the rat (Doisne et al., 2009; Kuz'min &
Rozenshtraukh, 2012; Malécot et al., 2015) and canine (Arora et al., 2003; Ehrlich et
al., 2003; Hocini et al., 2002).

Since the discovery by Cheung (1981a), spontaneous electrical activity has been
recorded under control (unstimulated) conditions in the pulmonary veins of the canine
(Chen et al., 2000; Chen et al., 2001), rabbit (Chen et al., 2002a; Honjo et al., 2003a;
Seol et al., 2008; Wongcharoen et al., 2006), guinea pig (Namekata et al., 2009), rat
(Namekata et al., 2010) and mouse (Tsuneoka et al., 2012). However, whether or not

the pulmonary vein displays spontaneous electrical activity without any prior
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intervention has been the subject of much debate, and the reported incidence varies
considerably within and between species (Table 1.1). Contradictory reports that no
spontaneous electrical activity is observed under control conditions have been made
in the canine (Arora et al., 2003; Ehrlich et al., 2003; Hirose & Laurita, 2007; Hocini
et al., 2002; Wang et al., 2003), rabbit (Luk et al., 2008), guinea pig (Tasaki, 1969),
rat (Doisne et al., 2009; MacLeod & Hunter, 1967; Miyauchi et al., 2005; Paes de
Almeida et al., 1975) and mouse (Challice et al., 1974).

It is unclear why spontaneous activity is observed in some studies and not in others.
The archetypal example of this are the studies on the canine pulmonary vein where
one group consistently reports automaticity (Chen et al., 2000), whereas an
independent group does not observe any automaticity (Wang et al., 2003). In these
studies there are clearly differences in the composition of the external solution that the
groups use; specifically Chen et al., (2000) use 2.7 mM CaClz whereas Wang et al.,
(2003) use 1.8 mM CaClz, and there are also some other minor differences in
composition as well. Thus, unless identical recording conditions are used then these
studies don’t represent direct comparisons, and this may underlie the discrepancies
observed. An additional factor that has been shown to affect the incidence of
spontaneous activity is the degree of stretch applied to the tissue. For instance,
mechanical stretch has been shown to increase the incidence of spontaneous action
potentials in the rabbit pulmonary vein (Chang et al., 2007), and increase the frequency
of spontaneous activity in the guinea pig pulmonary vein (Hamaguchi et al., 2016).
Therefore, the amount of stretch applied to the tissue during recording could also be
an explanation for the presence or absence of spontaneous activity observed in

different studies.

Throughout the present thesis, spontaneous activity will be used to describe action
potentials, Ca?* transients or contractions that are present under unstimulated
conditions, where there has been no prior intervention. Activity that has been induced

using a drug or reagent will be termed automaticity.
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1.5.1. Electrical activity in the smooth muscle cells

Intracellular recordings in smooth muscle cells in the guinea pig pulmonary vein
revealed that they had a stable membrane potential and did not depolarise in response
to individual electrical pulses. In addition, action potentials which were evoked in the
cardiomyocytes, did not propagate into the smooth muscle cells (Cheung, 1981a).
Thus, it would appear that the smooth muscle cells are unlikely to affect the excitabilty

of the pulmonary vein myocardial sleeve.

1.5.2. Does the pulmonary vein have specialised pacemaker cells?

An investigation into the ultrastructure of the rat pulmonary vein, using electron
microscopy, revealed the presence of small populations of what were termed, clear
muscle cells, which were different to typical cardiomyocytes (Masani, 1986). These
cells were characterised by their sparse myofilaments and small oval shaped
mitochondria, and were described as being structurally similar to sino-atrial node cells
(Taylor, 1980). If the ultrastuctural similarity to sino-atrial node cells is also reflected
in their electrical activity then these cells may have a role in pacemaker electrical

activity.

In patients with a history of atrial fibrillation, pacemaker (P) cells, and also Purkinje
cells, have been indentified in the pulmonary vein myocardial sleeve (Perez-Lugones
et al., 2003). Interstitial cells of Cajal, which are normally associated with pacemaker
electrical activity in the gastrointestinal system (Sanders & Ward, 2006), have also
been reported in the pulmonary veins of patients with atrial fribillation (Morel et al.,
2008), as well as in the pulmonary veins of canines with persistant atrial fibrillation
(He etal., 2012). This would suggest that specialised pacemaker cells in the pulmonary

vein may be a cause of ectopic electrical activity leading to atrial fibrillation.

Periodic acid-schiff staining of the canine pulmonary veins revealed large pale cells

that were positive for glycogen, which is known to be abundant in Purkinje cells.
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Interestingly, these cells were located in regions where focal electrical activity could
be induced in the pulmonary veins by rapid pacing of the atria. Other cardiomyocytes
in the same tissue were negative for glycogen (Chou et al., 2005; Tan et al., 2008).
Periodic acid-schiff positive cells have since been reported to be present in human
pulmonary veins (Nguyen et al., 2009). Purkinje-like cells have been shown to be
highly expressed in areas of the canine pulmonary vein where ectopic electrical
activity could be induced by stimulation of the sympathetic ganglion, which is located
near the ostia (Tan et al., 2008). This provides further evidence that these cells may
have a role in generating abnormal electrical activity. Despite these findings, there are
several studies that have reported the absence of specialised pacemaker cells in the
pulmonary vein (Kholova & Kautzner, 2003; Mueller-Hoecker et al., 2008; Steiner et
al., 2006; Verheule et al., 2002; Yeh et al., 2003). Thus, the presence of specialised
conduction cells in the pulmonary vein remains subject to debate and if these cells are
present, their physiological function and pathological role in the generation of ectopic

electrical activity remains unresolved.
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Species Reference Preparation Incidence of

spontaneous activity

(%)
Canine Chen et al., 2000b Tissue 71
Chenetal., 2001 Cells 40
Hocini et al., 2002 Tissue 0
Arora et al., 2003 Tissue 0
Ehrlich et al., 2003 Cells 0
Wang et al., 2003 Tissue 0
Hirose & Laurita 2007 Tissue 0
Rabbit Chen et al., 2002a Cells 76
Chen et al., 2002b Cells 51
Honjo et al., 2003 Tissue 5
Wongcharoen et al., 2006 Tissue 52
Seol et al., 2008 Cells 76
Luk et al., 2008 Tissue 0
Guinea Pig Namekata et al., 2009 Tissue 18
Tasaki, 1969 Tissue 0
Rat MacLeod & Hunter 1967 Tissue 0
Paes de Almeida et al., 1976 Tissue 0
Miyauchi et al., 2005 Cells 0
Doisne et al., 2009 Tissue 0
Namekata et al., 2010 Tissue 4
Okamoto et al., 2012 Cells 2
Mouse Challice et al., 1974 Tissue 0
Tsuneoka et al., 2012 Tissue 45

Table 1.1. Reported incidence of spontaneous action potentials in the intact tissue

or isolated cardiomyocytes from the pulmonary veins of different species.
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1.6. Intracellular Ca** signalling in pulmonary vein cardiomyocytes

1.6.1. Calcium and cardiac contraction

The fundamental role of Ca?" in the contraction of the heart was first demonstrated
over a century and a half ago in London, UK by Sidney Ringer. When the heart was
isolated from the frog, beating could only be maintained when the heart was perfused
with solution containing small amounts of Ca?* (Ringer, 1883). It was not until decades
later that it was shown that the injection of Ca?* saline into the cut ends of frog muscle
fibres could induce contraction, thus determining that Ca?* acts intracellularly to
promote muscle contractions (Heilbrunn & Wiercinski, 1947). In the last 70 years,
extensive research has gone into characterising the process, which is termed excitation-
contraction coupling (Sandow, 1952), whereby electrical signals are converted into
mechanical activity in contractile cells. It is now well establised that excitation-
contraction coupling in cardiac myocytes is mediated by intracellular Ca?* signalling
(Allen & Blinks, 1978; Bers, 2002 for review; O'Rourke et al., 1990; Stern, 1992).

1.6.2. Excitation-contraction coupling

Depolarisation of the cardiac myocyte activates voltage-gated L-type Ca?* channels
(LTCCs) (also known as dihydropyridine receptors) on the sarcolemma, leading to
Ca?" influx (Bean, 1985; Reuter, 1974; Wang et al., 2001). Entry of Ca?* also occurs
to a lesser extent through the Na*/Ca?* exchanger (NCX), which is dependent on the
electrochemical gradient of Na* (Kimura et al., 1987). This rise in intracellular Ca*
activates ryanodine receptors (RyRs) on the sarcoplasmic reticulum (SR) to induce the
local release of stored Ca?*, and this elementary Ca?* release event is termed a Ca?*
spark (Cannell et al., 1994; Cheng et al., 1993). The release of Ca?" from the SR
triggers further Ca?* release through adjacent RyRs during a process known as Ca?*-
induced Ca?* release (CICR) (Fabiato, 1983; Fabiato & Fabiato, 1975). The spatial and
temporal summation of several Ca?" release events results in a global rise in
intracellular Ca?* throughout the cytosol during systole (Cannell et al., 1994; Cheng et
al., 1993).
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The contractile process is activated by the binding of Ca?* to the tropomyosin/troponin
complex, which is attached to the actin filament (Huxley, 1961). Troponin consists of
three subunits; troponin C, the Ca?* binding unit; troponin I, an inhibitory unit that
binds to actin to prevent contraction in the absence of Ca?*; and troponin T, which
anchors troponin to tropomyosin (Ebashi et al., 1967). The binding of Ca?* to troponin
C induces a conformational change in troponin, which moves the position of
tropomyosin to reveal the binding sites on actin for the attachment of myosin (Kress
etal., 1986; Lehman et al., 2001; Solaro & Rarick, 1998; Takeda, 2005). When myosin
binds to actin, the myofilament is pulled toward the center of the sarcomere, which
results in the shortening of the sarcomere and thus, muscle contraction (Metzger &

Westfall, 2004 for review; Parmacek & Solaro, 2004 for review).

During relaxation, the majority of cytosolic Ca?* is either removed from the myocyte
through the NCX, or actively sequestered into the SR by the sarcoplasmic reticulum
Ca?* ATPase (SERCA) (Ebashi & Ebashi, 1962). The rate of Ca?* uptake into the SR
is regulated by phospholamban which, when in its unphosphorylated state, inhibits
SERCA (James et al., 1990; Koss & Kranias, 1996; Mundifia de Weilenmann et al.,
1987; Tada et al., 1974).

Cardiac mitochondria also accumulate Ca?* during elevations in cytosolic Ca®";
however, there is continuing debate as to the kinetics of this process and whether
mitochondria sequester Ca?* on a beat-to-beat basis in cardiac cells (Dedkova &
Blatter, 2013 for review). One of the earliest studies on living cardiac myocytes, as
opposed to electron probe X-ray microanalysis on fixed cells, used the Ca?* sensitive
fluorescent indicator indo-1 to monitor mitochondrial Ca* in ventricular myocytes. It
was found that mitochondrial Ca?* did not increase in response to a single electrical
stimulus; but it did increase slowly during electrical stimulation at 4 Hz or in the
presence of noradrenaline (Miyata et al., 1991). In contrast, using the Ca?* sensitive
fluorescent indicator rhod-2, which preferentially localises in mitochondria, it was
shown that when guinea pig ventricular myocytes were electrically stimulated at 2 Hz,

the mitochondrial Ca?* increased and then rapidly decreased to baseline (Trollinger et
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al., 1997). Over the subsequent years there have been a number of studies both for and
against beat-to-beat changes in mitochondrial Ca?*. The identification of the gene
encoding the mitochondrial Ca?* uniporter (MCU) (Baughman et al., 2011; De Stefani
et al., 2011) has enabled the generation of MCU knockout mice (Pan et al. 2013), and
the role of mitochondrial Ca?* uptake in cardiac myocytes is likely to be studied more
extensively in years to come. Mice in which the pore forming subunit of the MCU was
knocked out have been shown to be viable, suggesting that the MCU is not essential
for survival. However, when ventricular contractility was measured in MCU knockout
mice, the positive inotropic effect of p-adrenergic stimulation was not observed,
suggesting that the MCU might be more important during acute stress (Luongo et al.,
2015). In addition to the aforementioned mechanisms, cytosolic Ca?* is also actively
removed from the myocyte through the plasma membrane Ca?* ATPase (Carafoli,
1991; Schatzmann, 1966), and contractile force decreases along with the intracellular

Ca?* concentration (Bers, 2002 for review) (Figure 1.5).
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Figure 1.5. Schematic diagram of normal excitation-contraction coupling in a
cardiac myocyte. A. Depolarisation of the myocyte allows Ca?* influx through
voltage gated L-type Ca?* channels (LTCC). A smaller amount of Ca?* entry can also
occur through the reverse mode of the Na*/Ca?* exchanger (NCX). B. The increase in
intracellular Ca?* triggers the release of Ca?* from the sarcoplasmic reticulum (SR)
through ryanodine receptors (RyR). This process of Ca?" -induced Ca?" release results
in a large global rise in the intracellular Ca?* concentration. C. Activation of the
contractile process occurs upon binding of Ca?* to the tropomyosin/troponin complex
on the myofilaments. During relaxation, Ca®"* is; D. sequestered into the SR through
the sarcoplasmic reticulum Ca?* ATPase (SERCA); E. extruded from the myocyte
through the forward mode NCX and plasma membrane Ca?* ATPase (PMCA) or; F.
taken up by the mitochondria through the mitochondrial Ca* uniporter (MCU).
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1.6.3. Spontaneous Ca** release from the sarcoplasmic reticulum

In addition to SR Ca®" release regulating normal excitation-contraction coupling,
spontaneous diastolic Ca®* release can occur, ranging from highly localised Ca?*
sparks arising from a cluster of RyRs to “waves” of regenerative Ca?* release that
travel along the length of the myocyte (Cheng et al., 1996; Wier et al., 1987). It has
been established in ventricular myocytes that spontaneous Ca?* transients occur when
the Ca?* concentration in the SR is above a critical threshold (Jiang et al., 2004;
Overend et al., 1997; Trafford et al., 2000; Venetucci et al., 2007 for review).

Caffeine binds to the RyR on the SR, increasing the number of open channels and the
duration in which the channels are open (Rousseau & Meissner, 1989). When applied
at low concentrations, caffeine has been shown to increase the frequency and decrease
the amplitude of spontaneous Ca?* waves, and this was accompanied by a decrease in
the SR Ca?* load. It was therefore concluded that sensitising the RyRs enabled
spontaneous Ca?* release to occur at lower SR Ca?* concentrations than normal. Thus,
caffeine lowered the threshold SR Ca?* concentration required for the appearance of
Ca?" waves (Kong et al., 2008; Trafford et al., 2000). Tetracaine, which reduces the
opening of the RyRs (Gyorke et al., 1997), had the opposite effect; decreasing the
frequency, and increasing the amplitude of the spontaneous Ca?* waves. Thus,
tetracaine increased the threshold SR Ca?* load required for waves to occur (Overend
et al., 1997). This suggests that alterations that have an effect on the opening of the
RyRs can influence spontaneous SR Ca?* release at a given SR Ca?* load (Venetucci

et al., 2008 for review).

1.6.4. Inositol 1,4,5-trisphosphate receptors

As well as the RyRs, the SR also contains inositol 1,4,5-trisphosphate (IP3) receptors
that release Ca?" in response to binding of 1P3 (Berridge & Irvine, 1989; Moschella &
Marks, 1993). Studies using atrial myocytes from mice where the gene encoding the

cardiac isoform for the 1P receptor (IP3R2) was knocked out, showed that there was
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no difference in the intracellular Ca?* signalling (Li et al., 2005). Thus, it would appear
that IPs receptors are not essential for the normal function of the heart. Instead it is
believed that 1Pz modulates the Ca?* activity in myocytes through different signalling
pathways in response to hormones and neurotransmitters (Vervloessem et al., 2014 for
review). For example, the positive inotropic effect of endothelin-1 in the mouse atria,
was absent in IP3R2 knockout mice (Li et al., 2005). In addition, the function of 1P3
receptors is also modulated by the intracellular Ca?* concentration (Ramos-Franco et
al., 1998; Tu et al., 2005).

The exact role of IP3 receptors in excitation-contraction coupling is still unclear (ter
Keurs & Boyden, 2007 for review), although their expression has been found to be
greater in atrial and Purkinje cells compared to ventricular myocytes, which perhaps
suggests a role in the cardiac conduction system (Gorza et al., 1993; Lipp et al., 2000;
Mackenzie et al., 2002). A recent study has proposed a role for IP3 receptors in normal
Ca?* signalling in sino-atrial node myocytes, as the rate of normal Ca?* transient
automaticity was increased by stimulating IPs production with the o-adrenoreceptor
agonist phenylephrine, and decreased by inhibiting the IPs receptors with 2-
aminoethoxydiphenyl borate (2-APB) (Kapoor et al., 2015). Immunocytochemistry
has revealed that IPs receptors are abundantly expressed in rat pulmonary vein
cardiomyocytes (Okamoto et al., 2012). Furthermore, 2-APB has been shown to
decrease the frequency and amplitude of spontaneous Ca?* transients in the rat

pulmonary vein (Logantha et al., 2010).

1.6.5. Cardiac glycosides and abnormal automaticity

The Na*/K* ATPase, which is located on the sarcolemma, is involved in the regulation
of the membrane potential in cardiac myocytes by removing 3 Na* in exchange for 2
K™ (Gadsby, 1980; Rakowski et al., 1989). The cardiac glycoside ouabain inhibits the
Na*/K* ATPase, which causes an accumulation of intracellular Na*. This reduces the
concentration gradient for Na* influx through the NCX, which in turn leads to an

incresed intracullar Ca?* concentration by reducing the removal of diastolic Ca?* (Levi
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et al., 1994; Wasserstrom & Aistrup, 2005 for review). Ouabain has been shown to
induce the firing of action potentials in otherwise electrically quiescent pulmonary
veins from the rabbit (Wongcharoen et al., 2006) and guinea pig (Cheung, 1981b;
Namekata et al., 2009), which suggests that the action potentials were caused by an

increase in the intracellular Ca?* concentration.

1.6.6. The role of intracellular Ca?" in automaticity and triggered

activity in the pulmonary vein

In the rabbit pulmonary vein, treatment with a low concentration of ryanodine (0.5 to
2 UM) during electrical stimulation at 2 Hz, resulted in the development of a gradual
depolarisation between the evoked action potentials, and also a prolongation of the
repolarisation phase. Following a 1 min rest period, a train of electrical stimuli at 3.3
Hz triggered a burst of action potentials that eventually self-terminated (Honjo et al.,
2003a). The pulmonary veins were later isolated with both atria still attached and an
extracellular electrode array was used to map the propagation of electrical activity.
Following the application of 2 uM ryanodine, the leading pacemaker shifted from the
sino-atrial node to an ectopic focus in the right superior pulmonary vein. These
observations suggest that abnormal Ca?* homeostasis may play a role in ectopic
electrical activity in the pulmonary veins (Honjo et al., 2003a). On the other hand, in
the guinea pig pulmonary vein, ryanodine (0.1 pM) has been shown to supress pacing
induced triggered action potentials (Takahara et al., 2011). This highlights the
difficulty in using animal models, as similar experiments can yield conflicting
outcomes in tissue obtained from different species. It should be noted, however, that
ryanodine can have a dual effect on SR Ca?" release due to the conductance state of
the channel. When ryanodine is present at low concentrations (0.1-2 uM) the ryanodine
channel typically enters a subconductance state whereby the open probability is
increased. This leads to increased Ca?* leak from the SR, which increases the gain for
Ca?* -induced Ca?* release. On the other hand, when applied at high concentrations
(>10 uM), ryanodine blocks the channel, inhibiting SR Ca?* release (Rousseau et al.,
1987; Zucchi & Ronca-Testoni, 1997).
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A role for intracellular Ca?* signalling in arrhythmogenesis has also been reported in
in the canine pulmonary vein. Very brief pulses (<0.1 ms), which would normally be
too short to evoke action potentials, were applied to the pulmonary vein at a high
frequency (100 Hz) in order to stimulate neurotransmitter release from the autonomic
nerves. This induced action potentials, and such activity could be prevented by the
application of a high concentration of ryanodine (10 uM) (Patterson et al., 2005). Also
in the canine pulmonary vein, optical techniques were employed to simultaneously
monitor the membrane potential and Ca?* signalling using voltage and Ca?* sensitive
fluorescent dyes. When the atria were still attached, rapid pacing of the atria, in
combination with a low concentration of ryanodine (0.5 puM), triggered action
potentials in the pulmonary vein, which were preceded by a rise in intracellular Ca®*
(Chou et al., 2005). As the RyR is the main Ca?* release channel in cardiac myocytes
(Schlotthauer & Bers, 2000), the investigations described above support the hypothesis
that automaticity and triggered activity can occur due to increased Ca?* release from

the SR during diastole.

1.6.7. Differences in Ca®* signalling between the pulmonary vein and

atria

From the investigations described in the previous section, it would appear that
automaticity and triggered activity in the pulmonary veins can be caused by changes
in intracellular Ca?*. However, the reasons why the pulmonary veins are more likely
to display ectopic electrical activity, compared to the atria (Haissaguerre et al., 1998;
Shah et al., 2003) are unclear. Comparative studies have been performed in isolated
cells from the pulmonary vein and left atrium to examine any notable differences in
intracellular Ca?* signalling. Cardiomyocytes that were isolated from the different
tissue regions in the canine (Coutu et al., 2006) and rabbit (Chang et al., 2008)
displayed no significant differences in the characteristics (amplitude and stimulus to
half-decay time) of electrically evoked Ca?* transients. This is somewhat suprising
since electrically evoked action potentials have been shown to be of smaller magnitude
and duration in the pulmonary vein (Arora et al., 2003; Cheung, 1981a; Doisne et al.,
2009; Ehrlich et al., 2003; Hocini et al., 2002; Kuz'min & Rozenshtraukh, 2012).
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However, in rabbit pulmonary vein cardiomyocytes that displayed spontaneous Ca?*
activity, the electrically evoked Ca?* transients were greater in amplitude and had a
longer time to peak than in left atrial myocytes (Chang et al., 2008). In a separate
study, rabbit pulmonary vein cardiomycoytes were demonstrated to have higher
diastolic Ca®* levels compared to atrial myocytes when paced at 3 to 5 Hz (Jones et
al., 2008). Caffeine, when added at high concentrations (>20 mM), results in emptying
of the intracellular store and can therefore be used as an index of the SR Ca?* content
(Rousseau et al., 1988). Using caffeine, it was also demonstrated that the SR Ca?*
content was greater in rabbit pulmonary vein cardiomyocytes that displayed

spontaneous Ca?* transients, compared to left atrial myocytes (Chang et al., 2008).

1.6.8. The Na*/Ca?* exchanger and electrical activity in the pulmonary

vein

The direction of transport of the NCX is dependent on the electrochemical gradient of
Na*, and the reversal potential of the exchanger is -30 mV (Ehara et al., 1989; Kimura
et al., 1987). This means that when the membrane potential is less negative than -30
mV it acts in its ‘so called’ reverse mode bringing Ca?* into the myocyte. In its forward
mode, the NCX removes Ca?* from the cytosol and is generally accepted to exchange
3 Na* ions for every Ca?* ion (Ehara et al., 1989; Kang & Hilgemann, 2004; Reeves
& Hale, 1984), although it has been reported that the stoichiometry is closer to 4:1
(Fujioka et al., 2000). Nethertheless, this results is depolarisation of the cardiac
myocyte due to the net accumlation of positive charge, thus making the NCX
electrogenic. The NCX has been implicated in arrhythmogenesis, as its forward mode
is believed to be activated by conditions that cause an increase in the intracellular Ca?*
concentration, carrying a transient inward current (ls) during Ca?* removal (Egdell &
MacLeod, 2000; Kass et al., 1978; Mechmann & Pott, 1986; Schlotthauer & Bers,
2000). There are numerous studies that have proposed a role for the NCX in the
generation of automaticity and triggered activity in the pulmonary veins (Chang et al.,
2011; Honjo et al., 2003a; Namekata et al., 2009; Patterson et al., 2006; Wongcharoen
et al., 2006).
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Pharmacological inhibition of the NCX with KB-R7943 has been shown to reduce the
rate of spontaneous action potentials in the rabbit pulmonary vein (Wongcharoen et
al., 2006). Moreover, SEA0400, which is a different inhibitor, completely abolished
spontaneous action potentials in the guinea pig pulmonary vein (Namekata et al.,
2009). When the individual ion currents were measured in isolated cardiomyocytes
using the whole-cell patch clamp method, the Ni?* sensitive NCX current (Incx), which
represents the forward mode, was completely inhibibited by KB-R7943
(Wongcharoen et al., 2006). In the canine pulmonary vein, inhibition of the forward
mode NCX by transiently increasing the external Ca?* concentration from 1.35 to 5
mM, supressed action potentials that were induced by stimulating the autonomic
nervous system using a high frequency burst of brief electrical pulses (Patterson et al.,
2006). Furthermore, triggered activity in the rabbit pulmonary vein, which was
induced by electrical pacing in combination with a low concentration of ryanodine
(0.5-2 uM), was prevented by replacing the Na* in the bath solution with Ni?*, which
inhibits the forward mode of the NCX (Honjo et al., 2003a). From the studies
described herein it would appear that automaticity and triggered activity in the

pulmonary vein is driven by the forward mode NCX.

In the guinea pig pulmonary vein, where 87% of the tissues were quiescent under
unstimulated conditions, treatment with ouabain induced action potentials. These
action potentials were inhibited by SEA0400 in a concentration dependent manner,
reducing the incidence of automaticity to 48% at 1 uM and 18% at 10 uM. Complete
inhibition occurred following further treatment with ryanodine. When the
cardiomyocytes were enzymatically isolated and loaded with the Ca?" sensitive
fluorescent indicator fluo-4, ouabain was shown to induce an increase in the cytosolic
Ca?* concentration, followed by automatic Ca?* transients, which were completely
inhibited by SEA0400 (Namekata et al., 2009). This suggests that the forward mode
NCX current is activated in conditions where there is an increase in intracellular Ca?*,

which can generate action potentials.
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1.6.9. The role of Ca®* in normal pacemaker automaticity

The rate of pacemaker automaticity in the sino-atrial node is driven by two “clocks”;
the Ca?* clock and the membrane clock, although the relative contribution of these
different mechanisms is the subject to much controversy (Lakatta & DiFrancesco,
2009).

The hypothesis of the Ca2* clock is that the periodic release of Ca* from the SR, which
is mediated by the RyR, activates the forward mode NCX current (Incx) causing a
gradual depolarisation during diastole (Lakatta et al., 2003; Lipsius et al., 2001,
Vinogradova et al., 2004). There are several studies that support this hypothesis. The
application of ryanodine (1 pM) to pacemaker myocytes from the right atrium of the
cat, reduced the Incx, in turn causing a reduction in the slope of diastolic
depolarisation, and an increased cycle length between action potentials (Zhou &
Lipsius, 1993). Similarly, in the guinea pig atria, the rate of spontaneous action
potentials recorded in the SA node was significantly reduced by the application of
ryanodine (2 uM) or the SERCA inhibitor cyclopiazonic acid (CPA) (100 uM) (Rigg
& Terrar, 1996). Ryanodine has also been shown to reduce the rate of action potential
firing in rabbit sino-atrial node cells in a concentration dependent manner.
Furthermore, inhibition of the forward mode NCX by rapidly replacing the Na* in the
bath solution with Li* supressed firing completely (Bogdanov et al., 2001). However,
another study on rabbit sino-atrial node myocytes concluded that SR Ca?* release is
not the dominant factor for pacemaker activity, as ryanodine (30 M) only reduced the
rate of automaticity by 19% (Honjo et al., 2003b). It has been proposed however, that
this discrepancy can be explained by the heterogenous expression of RyRs between

myocytes located in different regions in the sino-atrial node (Lakatta et al., 2003).

According to the membrane clock hypothesis, diastolic depolarisation is driven by the
hyperpolarisation-activated cyclic nucleotide-gated potassium current (If) that occurs
through HCN4 channels. The Is, or “funny” current as it is termed due its unique

conductance properties, was first described as contributing towards pacemaker activity
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in rabbit SA node myocytes (DiFrancesco, 1991). The mRNA expression of HCN4
channels has since been confirmed by polymerase chain reaction (PCR) in non-nodal
atrial and ventricular myocytes (Gaborit et al., 2007; Han et al., 2002; Ludwig et al.,
1999). The presence of HCN4 channels and I has been reported in canine pulmonary
vein cardiomyocytes (Li et al., 2012), and selective inhibition of I+ with ivabradine has
been shown to reduce the rate of spontaneous action potentials in isolated
cardiomyocytes (Li et al., 2012). However, there have been contradictory reports that
HCN4 channels are not present in canine pulmonary vein cardiomyocytes (Tan et al.,
2008). The expression of HCN4 channels has also been reported in the rabbit, but not
rat pulmonary vein (Yamamoto et al., 2006). However, despite this, triggered activity
in the rabbit pulmonary vein, which was induced by a period of electrical pacing and
a low concentration of ryanodine, was not inhibited by blocking It with Cs*
(Yamamoto et al., 2006).

1.6.10. Spontaneous Ca®** transients in pulmonary vein

cardiomyocytes

Fluorescence imaging of the rat pulmonary vein using the Ca?* indicator fluo-4
revealed that, under resting (unstimulated) conditions, the cardiomyocytes displayed
spontaneous Ca?* transients, usually in the form of waves that propagated along the
longitudinal axis of the cells (Logantha et al., 2010). The Ca?" transients were
asynchronous in nature, often propagating in opposite directions between adjacent
cells and there was no consistent pattern of activity. When Ca?" was removed from the
external solution there was a small, but significant decrease in the amplitude and
frequency of the spontaneous Ca?* transients. Together with the observation that the
spontaneous Ca®* transients were unaffected in the presence of the LTCC inhibitor
verapamil, it was suggested that Ca?* influx from the extracellular space is not a
requirement for spontaneous Ca?* transients to occur. The addition of ryanodine (20
uM) or the IP3 receptor blocker 2-APB (20 uM) abolished spontaneous Ca?* transients
in 67% and 47% of cardiomyocytes respectively, and the frequency and amplitude was
significantly reduced in the remaining spontaneously active cells. Therefore, the
source of Ca?* is presumably the SR (Logantha et al., 2010).
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Spontaneous Ca?* transients have also been observed in mouse lung slices, where a
relatively low concentration of caffeine (1 mM), sufficient to promote SR Ca?* release
but not empty the store, increased the frequency of spontaneous Ca?* transients
(Rietdorf et al., 2014). However, in the case of the mouse pulmonary vein, perfusion
of the preparation with a Ca?* free medium completely supressed spontanteous Ca?*
activity in 58% of lung slices, and the LTCC nifedipine also reduced the frequency of
the Ca?* transients. Moreover, inhibiton of IP3 receptors with 2-APB had no effect on
the intracellular Ca?* signalling (Rietdorf et al., 2014). In both species, depolarising
the tissue by applying KCI caused a transient increase in the frequency of spontaneous
Ca?* transients, which suggets that inducing Ca?* influx can affect the properties of
spontaneous Ca?* signalling (Logantha et al., 2010; Rietdorf et al., 2014). As well as
in the intact pulmonary vein, spontaneous Ca?* transients or sparks have also been
reported in isolated cardiomyocytes from the canine (Coutu et al., 2006) and rabbit
(Chang et al., 2008; Jones et al., 2008).

1.6.11. Electrically evoked Ca** transients in the pulmonary vein

Electrical field stimulation of the rat or mouse pulmonary vein has been shown to
evoke a synchronous rise in intracellular Ca?* in neighbouring cardiomyocytes
(Logantha et al., 2010; Rietdorf et al., 2014). The magnitude of the electrically evoked
Ca?* transients in the rat pulmonary vein was significantly reduced by inhibiting the
voltage gated (L-type) Ca2* channels with either nicardipine or verapamil, and also by
removing Ca?* from the extracellular solution. The electrically evoked Ca?* transients
were also reduced in amplitude by treatment with a high concentration of ryanodine
(Logantha et al., 2010). In the mouse pulmonary vein, if a spontaneous Ca?* transient
occurred shortly before the electrical stimulus, it prevented the occurrence of an
evoked synchronous Ca?* transient suggesting that there is a refractory period for SR
Ca?* release. Moreover, if the frequency of spontaneous Ca?* transients was greater
than the rate of stimuli, the tissue was less likely to respond with an electrically evoked
Ca?" transient during every stimulus (Rietdorf et al., 2014; Rietdorf et al., 2015). These

findings are consistent with the accepted model of excitation-contraction coupling
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whereby Ca?* enters the myocyte through voltage-gated Ca?* channels, inducing
further Ca?* release from the SR (Bers, 2000a).

1.6.12. Are the spontaneous Ca*" transients capable of generating

action potentials?

Most of the studies on the rat pulmonary vein have reported the absence of spontaneous
action potentials under control conditions (Doisne et al., 2009; MacLeod & Hunter,
1967; Miyauchi et al., 2005; Paes de Almeida et al., 1975), and in the study that does,
they were recorded in only 3.8% of preparations (Namekata et al., 2010). This would
suggest that the spontaneous Ca?* transients observed in the rat and mouse pulmonary
veins (Logantha et al., 2010; Rietdorf et al., 2014) are unlikely to generate action
potentials.

Although the relationship between spontaneous Ca?* transients and the generation of
electrical activity in pulmonary vein cardiomyocytes is not fully understood, it has
been extensively studied in ventricular myocytes. In isolated myocytes, contraction
can be used as a marker for spontaneous SR Ca?* release as, when a Ca?" wave
propagates along a myocyte there is an accompanying contractile wave, and such
contractile activity can be prevented by inhibiting SR Ca?" release (Kort & Lakatta,
1984). Simultaneous microelectrode recordings in ventricular myocytes determined
that spontaneous contractile waves were accompanied by transient depolarisations that
were subthreshold to elicit action potentials. However, when the contractile waves
occured at multiple foci in the myocytes (i.e. originating at either end and propagating
towards the middle), depolarisation was sometimes sufficient to reach the threshold to
activate Na* channels (approximately -67 mV), and action potentials were elicited.
Moreover, action potentials could be induced by the rapid application of caffeine.
However, when caffeine was applied more slowly, the resultant depolarisations were
subthreshold, as the SR Ca?" release would have occured over a longer time-scale
(Capogrossi et al., 1987). Caffeine induced depolarisation has been shown to be

prevented by perfusing ventricular myocytes with Ca?* or Na* free solution, and also
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by inhibiting the forward mode of the NCX with Ni?*. When the intracellular Ca?*
concentration was monitored, the decline phase of the caffeine induced Ca?* transient,
was slowed by the inhibition of the Incx (Schlotthauer & Bers, 2000). Thus, it can be
concluded that SR Ca?* release is capable of inducing depolarisation, due to the
forward mode NCX. However, SR Ca?* release must be of sufficient magnitude and
occur within a relatively brief time-scale to be above the threshold to elicit action

potentials.

Inisolated ventricular myocytes from the rat, Ca?* waves could be induced by lowering
the external K* concentration, which inhibits the Na*/K* ATPase resulting in Na*
accumulation, which in turn increases the intracellular Ca?* concentration. Moreover,
these Ca?" waves preceded a depolarising transient inward (ls) current (Berlin et al.,
1989). In the intact rat heart, Ca?* transients that were asynchronous in neighbouring
myocytes could be induced using the same method. However, in the case of the whole
tissue, there were no associated depolarisations (Fujiwara et al., 2008). Therefore it is
likely that the asynchronous nature of the spontaneous Ca?* transients in the tissue
means that when depolarisation is generated by a myocyte (source), the surrounding
inactive tissue acts as a current sink, preventing sufficient depolarisation for the
induction of action potentials (Spach & Boineau, 1997; Unudurthi et al., 2014;
Winslow et al., 1993; Xie et al., 2010).

1.7. The influence of the autonomic nervous system on the electrical

activity in the pulmonary veins

1.7.1. Pharmacological studies on pulmonary vein contractility

Contractile studies on the rat pulmonary vein showed that exogenous application of
the a and B adrenoreceptor agonist noradrenaline increased the force of electrically
evoked contractions (MacLeod & Hunter, 1967; Maupoil et al., 2007; Sweeney et al.,
1999). In contrast, activation of muscarinic cholinergic receptors with acetylcholine

reduced the contractile amplitude. This suggests that the contractility of the pulmonary
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vein myocardial sleeve is regulated by the neurotransmitters of the autonomic nervous
sytem (MacLeod & Hunter, 1967; Sweeney et al., 1999).

1.7.2. Innervation of the pulmonary veins

Anatomical investigations of the rat and mouse pulmonary vein, using electron
microscopy and histological techniques, reported the presence of unmyelinated nerve
terminals, suggesting that the veins are innervated by the autonomic nervous system
(Hashizume et al., 1998; Karrer, 1960; Masani, 1986; Paes de Almeida et al., 1975).

In humans, the density of nerve fibres has been shown to be significantly higher at the
ostia compared to distal regions of the pulmonary veins (Chevalier et al., 2005).
Immunohistochemistry, which can be used to distiguish between the different nerve
fibres, determined that 25% of nerve bundles possessed adrenergic and cholinergic
nerves. Of the remaining fibres, approximately 60% were adrenergic and 10% were
cholinergic. The autonomic ganglion, which is located at the ostia, was found to be

rich in both adrenergic and cholinergic nerves (Tan et al., 2006).

In the canine, the injection of acetylcholine into the autonomic ganglion has been
shown to induce atrial fibrillation in vivo (Po et al., 2006). However, in contrast to the
human, the density of nerve bundles in the canine was greater in the distal compared
to the proximal regions of the pulmonary vein. Also, 67% of fibres contained
adrenergic and cholinergic nerves, while all the remaining fibres were purely
cholinergic (Arora et al., 2008). These studies show that the pulmonary veins are
highly innervated by the nerves of the automonic nervous system, but they also

highlight that there are notable histological differences between species.
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1.7.3. Autonomic tone and atrial fibrillation

In patients with paroxysmal atrial fibrillation where the origin of ectopic electrical
activity was in the pulmonary veins, electrocardiographic techniques were employed
and the heart rate variability was analysed as an indicator of autonomic tone. It was
found that there was a primary drive in sympathetic adrenergic activity, followed by
an abrupt shift in autonomic tone towards vagal predominance, which occured
immediately before the onset of atrial fibrillation (Bettoni & Zimmermann, 2002;
Zimmermann & Kalusche, 2001). Moreover, complete vagal denervation during the
circumferential pulmonary vein ablation procedure has also been shown to reduce the
reoccurrence of atrial fibrillation (Pappone et al., 2004). These clinical studies suggest
that variations in autonomic tone can act as a precursor towards pulmonary vein

ectopy.

1.7.4. The influence of autonomic tone on automaticity and triggered

activity in the pulmonary vein

In vivo experiments have been performed in the canine whereby rapid electrical pacing
(200 Hz) with very brief pulses (0.1 ms) was delivered to the pulmonary veins. The
objective was to directly stimulate the autonomic nervous system by delivering pulses
that were too brief to evoke action potentials, but could still induce local
neurotransmitter release. This intervention induced ectopic beats, which led to atrial
fibrillation, and this could be prevented with the muscarinic acetylcholine receptor
antagonist atropine. Furthermore, when the [3-adrenoreceptor blocker propranolol was
administered intravenously, the threshold voltage required to induce the activity was
significantly increased. This suggests that both sympathetic and parasympathetic nerve
stimulation contributed to abnormal electrical activity in the pulmonary veins, which
lead to atrial fibrillation (Schauerte et al., 2001).

When the canine pulmonary vein was isolated, the autonomic nervous system was

stimulated by delivering a high-frequency electrical stimulus (0.05 to 0.1 ms duration
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at 100 Hz), synchronised with a separate stimulus at 2 Hz in a different region on the
vein. The result was a shortening of the action potential duration and early
afterdepolarisations, which are afterdepolarisations that occur during the repolarisation
phase of the action potential. This also lead to triggered activity in 79% of the
preparations, which was prevented in 6 out of 8 tissues by pre-treatment with atropine
or in 8 out of 8 tissues with the B1-adrenoreceptor antagonist atenolol. These findings
lead to the conclusion that automaticity occurred due to the combined stimulation of
the parasympathetic and sympathetic nervous system. It was suggested that, as the
duration of action potentials is relatively short in pulmonary vein cardiomyocytes,
parasympathetic stimulation further shortens the action potential duration, which
combined with sympathetic stimulation, resulted in rapid firing, similar to what is

observed in patients with focal atrial fibrillation (Patterson et al., 2005).

In a separate study, triggered action potential firing, which was induced in the
pulmonary vein of the canine by high frequency electrical stimulation, was supressed
by autonomic denervation through ablating the ganglionic plexi (Lu et al., 2009). In
the same species, the heart and pulmonary veins were removed, and pituitary adenylate
cyclase-activating polypeptide (PACAP) was injected into the left coronary artery as
a surrogate for autonomic imbalance. The electrical activity and Ca?" signalling in the
pulmonary vein was then monitored by fluorescence microscopy. Rapid pacing
induced action potentials, which were supressed by inhibiting the LTCCs with
verapamil. This suggests that an increase in the intracellular Ca?* concentration occurs
during autonomic stimulation and this can underlie abnormal automaticity (Hirose &
Laurita, 2007).

1.7.5. Noradrenaline induced automaticity in the pulmonary vein

Microelectrode recordings in the guinea pig pulmonary vein showed that treatment
with noradrenaline can induce action potentials in otherwise electrically quiescent
preparations, and these action potentials originated at the end of the vein that would

have been distal to the left atrium. In preparations with the atria still attached,
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noradrenaline accelerated the rate of spontaneous action potentials, and the rate of
firing in the atria eventually superseded that in the pulmonary vein. Thus, the atria and
pulmonary veins became electrically uncoupled as they displayed action potentails at
different rates (Cheung, 1981a).

More recently, treatment with noradrenaline induced contractions (Maupoil et al.,
2007) and action potentials (Doisne et al., 2009) that occurred independently of
electrical stimulation in the rat pulmonary vein (93% of preparations), but not left
atrium. Following the application of noradrenaline, there was an approximately 10-15
min latency period, during which there was a gradual hyperpolarisation of the
membrane potential, before automaticity occured as periodic bursts of contractions and
action potentials. The frequency of automaticity within a burst initially increased
before decreasing again, and at the end of each burst there were one or more
afterdepolarisations, which were subthreshold to elicit further action potentials
(Doisne et al., 2009; Maupoil et al., 2007). Noradrenaline has since been shown to
induce repetitive bursts of action potentials in the mouse pulmonary vein (Tsuneoka
et al., 2012), and the sustained firing of action potentials in the guniea pig pulmonary
vein (Namekata et al., 2010).

In isolated pulmonary vein cardiomyocytes from the rat, noradrenaline also induced
action potentials, albeit with a lower incidence than in the tissue, of 27%. As opposed
to repetitive bursts, automaticity was manifest as the sustained firing of action
potentials, which eventually self-terminated. Simultaneous measurement of the
intracellular Ca?* signalling showed that following treatment with noradrenaline, Ca?*
oscillations of gradually increasing magnitude were observed, until they were above
the threshold to elicit action potentials (Okamoto et al., 2012). Inhibition of the NCX
with SEA0400 supressed the noradrenaline induced action potentials, but not the Ca?*
transients. However, both were abolished by inhibiting the IPs receptors with 2-APB.
It was therefore proposed that noradrenaline increased the production of IPs, thus
increasing spontanous SR Ca?* release, and causing a rise in the intracellular Ca?*

concentration. This in turn would activate the forward mode NCX causing
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depolarisation during Ca?* removal, and the induction of action potentials (Okamoto
etal., 2012).

In both the tissue preparation and in isolated cardiomyocytes, noradrenaline induced
automaticity could be inhibited with the ai-adrenoreceptor antagonist prazosin or the
B1-adrenoreceptor antagonist atenolol (Doisne et al., 2009; Maupoil et al., 2007;
Okamoto et al., 2012). Moreover, in the tissue, automaticity could only be induced by
the simultancous addition of the o-adrenoreceptor agonists phenylephrine or
cirazoline, and the -adrenoreceptor agonist isoprenaline; but not by their individual
application (Doisne et al., 2009; Maupoil et al., 2007). Thus, it was proposed that
noradrenaline induced automaticity requires the co-activation of o1 and pi-
adrenoreceptors (Doisne et al., 2009; Maupoil et al., 2007; Okamoto et al., 2012).

1.8. Aims of the thesis

Based on the research carried out to this date, it would appear that changes in
intracellular Ca?* play a key role in pulmonary vein arrhythmogenesis (Chen et al.,
2000; Honjo et al., 2003a; Namekata et al., 2010; Patterson et al., 2005). Thus, factors
that might influence Ca?* signalling may contribute towards the arrhythmogenic

properties of the pulmonary vein.

The initial aim of this thesis was to compare the structural characteristics of the
pulmonary vein cardiomyocytes to those of the atria and ventricle. Specifically, these
studies focussed on establishing the existence of t-tubules in pulmonary vein
cardiomyocytes as well as determining the distribution of the LTCCs, RyRs and the
NCX. Knowing the distribution of these ion channels and exchanger are crucial in
understanding how Ca?* signalling is regulated in these different myocytes. Since the
spontaneous Ca?* transients that have previously been observed in the rat pulmonary
vein occur in an asynchronous manner, different experimental manipulations were
then used to determine whether these events could be entrained to become more

synchronous in neighbouring cardiomyocytes. If the spontaneous Ca?* transients occur
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more synchronously, then they will be more likely to be arrhythmogenic. Following
on from this, as there is a growing body of evidence to suggest that adrenergic
stimulation is involved in arrhythmogenic activity in the pulmonary veins, the effect
of adrenergic stimulation on the spontaneous Ca?* transients and contractile activity
was studied using isoprenaline and noradrenaline. Finally, the underlying mechanims
of noradrenaline induced automaticity were investigated using pharmacological
inhibitors. In particular, the role of the NCX was examined, as it is thought be involved
in the generation of automaticity and triggered activity in response to an increase in

intracellular Ca2* concentration.
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Chapter 2

The arrangement of cardiomyocytes in the rat
pulmonary vein and the distribution of proteins
involved in excitation-contraction coupling
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2.1. Introduction

2.1.1. T-tubules in ventricular myocytes

The structure and morphology of the cardiac myocytes of the heart has been
extensively studied. It is well established that the surface membrane of ventricular
myocytes has narrow invaginations, approximately 200 nm in diameter, known as
transverse (T) — tubules that occur along the z-lines and penetrate deep towards the
centre of the cells (Ayettey & Navaratnam, 1978; Orchard & Brette, 2008; Soeller &
Cannell, 1999; Wagner et al., 2012). It is believed that the function of the T-tubules is
to ensure a spatially and temporally homogenous intracellular Ca?* transient during
excitation-contraction coupling (Brette et al., 2006; Kawai et al., 2009). This is
supported by immunolabelling studies in isolated ventricular myocytes, which showed
that voltage-gated L-type Ca?* channels (LTCCs) were concentrated along the T-
tubules. Moreover, the majority were found to be adjacent to ryanodine receptors
(RyRs) on the sarcoplasmic reticulum (SR) forming functional subunits or couplons
(Carl et al., 1995; Franzini-Armstrong et al., 2005; Scriven et al., 2010; Sun et al.,
1995). The Na*/Ca?* exchanger (NCX) has also been shown to be distributed along
the T-tubules, where they were adjacent to RyRs (Jayasinghe et al., 2009; Scriven et
al., 2000; Thomas et al., 2003).

2.1.2. T-tubules in atrial myocytes

Whether T-tubules are present in atrial myocytes has been the subject of much
discussion. However, it is widely regarded that in small mammals such as the mouse
(Forbes et al., 1984), rat (Ayettey & Navaratnam, 1978; Brette et al., 2002; Kirk et al.,
2003), guinea pig (Lipp et al., 1996), rabbit (Kettlewell et al., 2013; Tidball et al.,
1991) and cat (Blatter et al., 2003; Huser et al., 1996), the atrial myocytes lack a well-
developed T-tubule system. Thus, the LTCCs and the NCX are primarily located along
the periphery and outer surface of the myocytes. On the other hand, RyRs have been
shown to be mainly aligned in striations running perpendicular to the longitudinal axis
(Carl et al., 1995; Frisk et al., 2014; Schulson et al., 2011). More recently, it has been
shown that atrial myocytes from large mammals such as the canine (Wakili et al.,
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2010), sheep (Dibb et al., 2009), pig (Frisk et al., 2014), horse and human (Richards

et al., 2011) possess a more substantial T-tubule network.

2.1.3. T-tubules in pulmonary vein cardiomyocytes

Investigation into the structure and architecture of the pulmonary vein myocardial
sleeve has generally focused on the organisation of cardiomyocytes in the intact vein
(Klavins, 1963; Kramer & Marks 1965; Ludatscher, 1968; Masani, 1986; Mueller-
Hoecker et al., 2008; Paes de Almeida et al., 1975; Verheule et al., 2002). Despite the
cardiomyocyte sleeve being anatomically and electrically continuous with the left
atrium (Cheung, 1981a), structural differences between cells from the different regions
have been reported. Most notably, there are some studies that have reported the
presence of T-tubules in pulmonary vein cardiomyocytes (Ludatscher, 1968; Masani,
1986; Melnyk et al., 2005). However, whether or not the cardiomyocytes of the
pulmonary vein possess T-tubules, and if so, how their expression compares to atrial

and ventricular myocytes is still unclear.

Studies using electron microscopy to image the canine pulmonary vein reported the
absence of T-tubules (Verheule et al., 2002). However, in another study where the
sarcolemma of isolated cardiomyocytes was stained with wheat germ agglutinin, it was
reported that they were present (Melnyk et al., 2005). In the rat pulmonary vein, T-
tubules have been observed by electron microscopy (Ludatscher, 1968; Masani, 1986),
and when Di-8 ANEPPS was used to stain the sarcolemma of isolated cardiomyocytes
it was shown there was a dense T-tubular network. Furthermore, the NCX was
abundantly expressed at the T-tubules (Okamoto et al., 2012), and it was believed that
this predisposed the cardiomyocytes to automaticity generated by the depolarising
transient inward current (li) (Schlotthauer & Bers, 2000). In mouse lung slices, T-
tubules were not observed by staining with Di-8 ANEPPS; however, RyRs were shown

to be expressed in transverse striations (Rietdorf et al., 2014).
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2.1.4. Aims

The distribution of the key transporters involved in Ca?* signalling has been well
established in atrial and ventricular myocytes (Carl et al., 1995; Schulson et al., 2011,
Scriven et al., 2010; Scriven & Moore, 2013 for review). However, the equivalent
knowledge on pulmonary vein cardiomyocytes is limited. The aim of the current
chapter was therefore to investigate the structure and morphology of the pulmonary
vein cardiomyocytes using membrane bound dyes and immunocytochemistry.
Initially, the pulmonary vein and isolated cardiomyocytes were imaged using
fluorescence dyes that attach to the sarcolemma. The arrangement of the LTCCs, RyRs
and the NCX was then investigated by immunocytochemistry. Determining the
organisation of these transporters is key towards understanding how Ca?* release is

regulated in the cardiomyocytes of the pulmonary vein.
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2.2. Materials and Methods

2.2.1. Animals and pulmonary vein isolation

Adult male Sprague-Dawley rats, 8-10 weeks and weighing 250-430 g were sacrificed
by cervical dislocation according to the Animals (Scientific Procedures) Act, 1986.
After opening the thoracic cavity, the heart and lungs were removed en bloc and
immediately placed in ice cold physiological salt solution of the following composition
(in mM): 119 NaCl, 25 NaHCOs, 4.7 KCI, 1.17 MgSOQs4, 1.18 KH2POs3, 2.5 CaClz, and
5.5 glucose (pH 7.4 equilibrated with 95% O2 and 5% COz2). The heart and lungs were
then pinned onto a Sylgard® 184 (Dow Corning Corporation, Midland, MI, USA)
coated petri dish where the postcaval right (PCR) lobe was removed. The main
pulmonary vein branches to the left (L) and posterior right (PR) lung lobes were then
dissected from the lung parenchyma under a light microscope (Nikon SMZ645
stereomicroscope) (Figure 2.1). Once each of the branches, measuring approximately
10-15 mm in length and 2-3 mm outside diameter, were removed from the lungs, the

veins were cleaned of any surrounding lung parenchyma.

2.2.2. Imaging cardiomyocytes in the intact pulmonary vein

The ANEP group of dyes fluoresce in response to changes in electrical potential across
cell membranes and therefore, due to their binding properties, are a useful tool for
imaging live cells (Bub et al., 2010; Fluhler et al., 1985). Isolated segments of the
pulmonary vein were loaded in the dark for 10 min, in physiological solution
containing 10 uM Di-4 ANEPPS. The tissue was then washed in fresh physiological
salt solution and pinned onto a Sylgard® 184 coated tissue chamber containing 4 ml of
the same solution. The outer surface of the pulmonary vein was then imaged using an
epifluorescence microscope (Zeiss Axioscop 50, Carl Zeiss, Germany). The tissue was
excited by light from a 50 W mercury short ARC lamp (Osram, Germany), passed
through a 450-490 nm band pass excitation filter. Emission at 515 nm was captured
with a Hamamatsu multiformat CCD camera (C4880-80, Hamamatsu Photonics K. K.,
Japan) using either a 5x, 40x or a 63x objective lens (Achroplan, Carl Zeiss, Germany).

Images were acquired using WinFluor V3. 2.19. (Dr John Dempster, University of
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Strathclyde) before they were exported as TIFF files into ImageJ 1.49 for presentation

and the application of a yellow pseudocolour lookup table.

2.2.3. Arrangement of the mitochondria

The arrangement of the mitochondria in the pulmonary vein cardiomyocytes was
assessed using the potentiometric dye, tetramethylrhodamine ethyl ester perchlorate
(TMRE) (Scaduto & Grotyohann, 1999). The tissue was loaded with TMRE (1 uM)
for 10 min in the dark, and then washed and pinned on a Sylgard® 184 coated tissue
chamber containing 4 ml physiological salt solution. Images were acquired by wide-
field epifluorescence microscopy as described in 2.2.2. For TMRE, the tissue was
excited by light at BP 546 + 12 nm and emission was captured at LP 590 nm. For the

presentation of representative recordings, square ROIs (5 x5 pixels) were employed.
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Figure 2.1. Photograph of the heart and lungs showing the sections of the
pulmonary veins that were used in the present investigations. Lung lobes are
labelled as: L, left; PCR, postcaval right; PR, posterior right; MR, median right; AR,
anterior right. The preparation has been pinned out on a Sylgard® 184 coated petri dish
and the sections of the pulmonary veins that were dissected and used in the

experiments are highlighted in white.
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2.2.4. Cardiomyocyte isolation

Cardiomyocytes from the rat ventricles, atria and pulmonary vein were enzymatically
isolated using a modified Langendorff retrograde perfusion protocol (Louch et al.,
2011). The system was primed with Ca?* free Tyrode’s solution of the following
composition (in mM); 120 NaCl, 20 HEPES, 5.4 KCI, 0.52 NaH2PQO4, 3.5 MgCl_z, 20
taurine, 10 creatine, 11.1 glucose (pH 7.4 with NaOH). During priming, ethylene
glycol-bis(2-aminoethylether)-N,N,N’,N’-tetraacetic acid (EGTA) (1 mM) was added
to the Tyrode’s solution to chelate any residual Ca®* in the system. The temperature
was maintained at 37 °C throughout the entire procedure using a heating coil and

thermal chamber connected to a water bath.

Adult male Sprague-Dawley rats (8 to 10 weeks and 250-400 g) were anesthetised by
intraperitoneal injection of sodium pentobarbital (Euthanase®) (100 mg/kg), before
they were transported to the laboratory in accordance with the regulations of the
University of Strathclyde Biological Procedures Unit. The rats were sacrificed by
cervical dislocation, and the heart and lungs were removed and placed in Ca?* free
Tyrodes solution containing 0.2 ml Heparin (5000 U/ml) (Leo Laboratories Ltd.). This
was to prevent coagulation of blood within the chambers of the heart and the
surrounding blood vessels. The heart, with the lungs still attached, was cannulated at
the ascending aorta and perfused with Ca?* free Tyrode’s solution for approximately
6-7 min until blood cleared from the coronary and pulmonary circulation (Figure
2.2A). The heart and lungs were then perfused with 0.66 mg/ml (240 U/ml)
collagenase type I (Worthington Biochemical Corporation batch number 43D14199B)
and 0.04 mg/ml protease type XIV (Sigma Aldrich) for approximately 11 min until the
heart and lungs appeared suitably digested. This was assessed by the level of
discolouration and elasticity of the heart, as well the viscosity of the enzyme solution
that was collected underneath the heart, which was recycled during the procedure. The
preparation was then perfused with Ca?* free Tyrodes solution containing 0.8% wi/v
bovine serum albumin (BSA) for 7 min to block any further enzymatic activity. The
heart and lungs were removed from the cannula, and the left atrium and ventricles were

dissected and diced into small chunks in separate dishes containing oxygenated Kraft
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Brihe (KB) solution of the following composition (in mM); 70 L-glutamic acid, 25
KCI, 20 taurine, 10 KH2PO4, 3 MgClz, 10 glucose, 10 HEPES, 0.5 EGTA, 0.8 % w/v
BSA (pH 7.4 with KOH). The atrial and ventricular chunks were gently triturated with
a fire polished glass pipette or plastic Pasteur pipette respectively to release the single

myocytes.

The partially digested pulmonary veins were dissected from the lungs under a light
microscope in Ca?* free Tyrode’s solution containing 0.8% w/v BSA (Figure 2.2.B).
The isolated veins were then incubated in collagenase type | (20 mg/ml) and protease
type XIV (10 mg/ml) for a further 15-20 min, at 37 °C. The time that the pulmonary
veins were exposed to the enzyme solution depended on how digested the heart was
after removal from the Langendorff apparatus. The pulmonary veins were then cut into
small segments and gently triturated in KB solution using a fire polished glass pipette.

Isolated cardiomyocytes were stored for 1 hr at 4 °C before use.

2.2.5. Fluorescence imaging of the isolated cardiomyocytes

A round glass coverslip (22 mm diameter) was sealed with silicone grease to the
bottom of a circular petri dish, which was supported in a custom made Perspex
chamber. Isolated cardiomyocytes were suspended in KB solution and a drop of the
cell suspension (~50 ul) was placed on the cover slip. The cardiomyocytes were then
allowed 5 min to settle, before 2 ml physiological salt solution containing Ca?* was
carefully applied at the edge on the petri dish, so as not to disturb the cells. The final
Ca?* concentration in the solution would be approximately 1 mM. The concentration
of Di-4 ANEPPS used was varied between 1-5 uM in order to determine the optimum
(1 pM) for cell imaging. Di-4 ANEPPS was added directly into the physiological salt
solution and after 10 min exposure, the cells were imaged by wide-field
epifluorescence microscopy using a 40x or 63x objective lens as described in 2.2.2.
During the recording period, which was within the first 5 min after the incubation

period, Di-4 ANEPPS was present in the physiological salt solution.
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Figure 2.2. Photographs of the cardiomyocyte isolation procedure. A. Photograph
of the rat heart and lungs mounted on the Langendorff apparatus and being
retrogradely perfused through the ascending aorta. B. The heart and lungs post
enzymatic digest and pinned onto a Sylgard® 184 coated petri dish. Note the

discolouration of the heart, pulmonary vasculature and lungs.

53



2.2.6. Immunolabelling of the L-type Ca®** channels, ryanodine

receptors and the NCX

Glass cover slips (18 x 18 mm square) were cleaned using 100% ethanol and then
sterile water, before being allowed to dry in a laboratory oven. They were then coated
with 0.01% w/v poly-L-lysine and placed in six well plates before being left to dry for
1 hr in the oven. A drop of cell suspension was applied and the cardiomyocytes were
allowed 15 min to adhere to the cover slips, before being fixed with 2.5% wi/v formalin
(1% paraformaldehyde) for 20 min. The cover slips were then washed twice for 10
min with phosphate buffered saline (PBS) of the following composition (in mM); 10
NazHPOs, 2.7 KCI and 137 NaCl (pH 7.4). The cardiomyocytes were permeabilised
with 0.1% wi/v Triton-X 100 for 15 min and, following a further two washes in PBS,
the cells were exposed to 10% wi/v goat serum for 60 min to block non-specific binding
sites. After another wash in PBS, the solution was removed from the well and the cover
slips were placed face down on parafilm containing 25 ul diluted primary antibody
solution and left overnight at 4 °C. All of the reagents used in the protocol were diluted
in PBS. Moist tissue paper was placed on the underside of the lid of the plate to

maintain a moist atmosphere and to prevent the cells from drying out.

The next day, the primary antibody solution was removed and the cardiomyocytes
were washed for 10 min, three times in PBS. The cells were then incubated for 60 min
at room temperature with Alexa Fluor® 488-conjugated secondary antibodies (2
mg/ml, dissolved in PBS at a dilution factor of 1:250) (Invitrogen™, Glasgow, UK).
After another three washes of 10 min duration in PBS, the coverslips were mounted
face down on glass slides with 25 pl hard-set Vectashield®. In some of the studies, the
Vectashield® contained 4',6-diamidino-2-phenylindole (DAPI) for labelling of the
nuclei. The coverslips were allowed to set before being sealed with clear nail polish

and the glass slides were stored in the dark at 4 °C prior to imaging.

The LTCCs were labelled with rabbit polyclonal Cav1.2 (1:100) (Merck Millipore,
Billerica, MA, USA), and goat secondary anti-rabbit IgG (H+L) antibodies. RyRs were
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probed with mouse (IG1) monoclonal RyR2 (1:50) (Pierce Antibody Products,
Thermo Fisher Scientific Inc., Waltham, MA, USA) and goat anti-mouse 1gG (H+L)
antibodies. Finally the NCX was detected using rabbit polyclonal NCX-1 (1:100)
(Alomone Labs Ltd., Jerusalem, Israel), followed by goat anti-rabbit IgG (H+L)
antibodies. In order to ensure that the secondary antibodies were detecting the specific
primary antibodies targeted, the same procedure was repeated with no primary

antibody.

Immunolabelled cardiomyocytes were imaged at 63x using a confocal microscope
(Leica TCS SP50, Leica Microsystems, UK). Once a cell was identified, an image
stack was obtained every 2.5 um through the z-axis of the cell using an upright
microscope with a DM6000 B lens. Alexa fluor® 488 was excited at 488 nm and the
emission was captured at 510 nm. At each frame, DAPI was excited at 360 nm and the
emission was captured at 460 nm. Leica image file format (LIF) files were imported

into ImageJ using LOCI Bio-Formats Importer software for analysis and presentation.

2.2.7. Measurement of cardiomyocyte dimensions

Data represent mean + s.e.m. The length and width of the isolated cardiomyocytes was
determined in ImageJ from the immunofluorescence images, by measuring the
maximum distance between either end of the cells across the longitudinal (length) and
the transverse (width) axes. The dimensions of the ventricular, left atrial and
pulmonary vein cardiomyocytes were compared via a one-way ANOVA with Tukey’s

post-test and P<0.05 was considered as statistically significant.

2.2.8. Chemicals and drugs

The membrane bound dye; Di-4 ANEPPS (Invitrogen™, Life Technologies, Glasgow,
UK) was prepared at a stock concentration of 2 mM in dimethyl sulfoxide (DMSO)
(Sigma Aldrich, Gillingham, Dorset, UK). The membrane potential sensitive indicator;

TMRE (Invitrogen™) was prepared in DMSO at a stock concentration of 1 mM, and
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both dyes were aliquoted and stored at 4 °C. Collagenase type | (Worthington
Biochemical Corp., Lakewood, NJ, USA) was stored at 4 °C and protease type XIV
(Sigma Aldrich, Gillingham, Dorset, UK) was stored at -20 °C, and both enzyme
containing solutions were prepared on the day of experimentation. Bovine serum
albumin, creatine, EGTA, formalin, goat serum, HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid), L-glutamate, poly-L-lysine, taurine and Triton X-100
were all obtained from Sigma. Heparin was obtained from Leo Laboratories Ltd.
(Hurley, Berkshire, UK) and stored at 4 °C. Vectashield® was obtained from Vector
Laboratories (Peterborough, Cambridgeshire, UK), and stored in the dark at 4 °C. All
other reagents (CaClz, glucose, KCI, KH2PO3, KOH, MgCl2, MgSOa, NaCl, NaHCO3,
NaOH, NaHPO4) were obtained from BDH Laboratories (VWR International, Radnor,
PA, USA).

56



2.3. Results

2.3.1. Pulmonary vein cardiomyocytes

In order to assess the organisation of cardiomyocytes in the pulmonary vein, intact
segments were labelled with Di-4 ANEPPS, and the vein was imaged by wide-field
fluorescence microscopy. Rod shaped cardiomyocytes orientated along the
longitudinal axis of the vein are visible in Figure 2.3A, and demarcation of the
individual cardiomyocytes can be clearly observed at the higher magnifications
(Figure 2.3B and C). The myocardial sleeve extended into the intrapulmonary regions
of the veins. While striations are visible in the individual cardiomyocytes, consistently
spaced T-tubules like those in skeletal muscle from the rat diaphragm were not
observed (Figure 2.3D).

Cardiomyocytes that were enzymatically dissociated from the pulmonary veins were
compared to myocytes isolated from the ventricle and left atria. All of the ventricular
myocytes that were imaged had a consistent network of evenly spaced T-tubules, 2.08
+ 0.03 um apart, running perpendicular to the longitudinal axis, towards the centre of
the cells (n = 16 myocytes from 3 rats) (Figure 2.4A). On the other hand, in left atrial
myocytes, the dye predominantly stained the cell boundaries, suggesting that they do
not possess a substantial T-tubule system (Figure 2.4B). T-tubules were observed in
11% of atrial myocytes, but there was a sparse distribution and striations were not
observed (n = 18 myocytes from 3 rats). In 92% of pulmonary vein cardiomyocytes,
T-tubules were observed at regular intervals along the longitudinal axis of the cell,
where there was a mean distance of 1.86 + 0.03 um between striations (n = 36
cardiomyocytes from 3 rats) (Figure 2.5). However, the T-tubules were not always
transverse and occasionally projected along the longitudinal axis (Figure 2.5A and B).
The T-tubules did appear to be more abundant when the pulmonary vein
cardiomyocytes were imaged at higher resolution using a confocal microscope (n = 6
cardiomyocytes from 1 rat), where they were visible through the height of the image
stack (Figure 2.5C).
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2.3.2. Arrangement of mitochondria in the pulmonary vein

cardiomyocytes

The pulmonary vein was labelled with TMRE in order to look at the arrangement of
the mitochondria in the cardiomyocytes. In Figure 2.6A cardiomyocytes are visible,
aligned obliquely in the pulmonary vein. When imaged at higher magnification, small
rod shaped structures arranged in consistent rows along the cardiomyocytes are visible
(Figure 2.6B and C). These are likely to be individual mitochondria due to their length
of 1-2 um (Hollander et al., 2014; Lukyanenko et al., 2009). In some mitochondria
there appeared to be a spontaneous decrease in TMRE fluorescence (Figure 2.6D),
which is indicative of a depolarisation in the mitochondrial membrane potential and is
commonly referred to as a mitochondrial flicker (Duchen, 1999; Loew et al., 1993).
The mitochondria appeared to flicker independently of one another and whilst the
imaging period (5 seconds) was too short to allow for a detailed analysis of the time
course of these events, the depolarisation was often maintained for the duration of the
recording period (Fig 2.6D). Not all mitochondria within a cardiomyocyte flickered
during the recording period and whilst not investigated in detail, it appeared that there
were some cells where the mitochondria flickered and other cells where no flickers

were observed.
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Figure 2.3. Imaging of the rat pulmonary vein and diaphragm with Di-4
ANEPPS. A. The pulmonary vein, which has been labelled with Di-4 ANEPPS (10
puM), and presented in yellow pseudocolour. Imaging was by wide-field
epifluorescence microscopy at 5x magnification. The pulmonary vein was also imaged
using a 40x (B) and 63x (C) objective lens. D. For comparison with the cardiac tissue,
an image of Di-4 ANEPPS fluorescence from the skeletal muscle of the thoracic
diaphragm was obtained. Scale bars represent 100 um for A. and 20 um for B, C and
D.
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Figure 2.4. Imaging of ventricular and left atrial myocytes with Di-4 ANEPPS.
Isolated ventricular (A) and left atrial (B) myocytes labelled with Di-4 ANEPPS (1-5
K1M). Images were obtained by wide-field epifluorescence microscopy with a 40x (A(i)
and B(i)) or 63x (A(ii and iii) and B(ii and iii)) objective lens. Images are
representative of 16 ventricular myocytes and 18 atrial myocytes from 3 separate cell

isolations. Scale bars represent 20 pum.
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Figure 2.5. Imaging of pulmonary vein cardiomyocytes with Di-4 ANEPPSs.
Isolated pulmonary vein cardiomyocytes labelled with Di-4 ANEPPS and imaged by
wide-field epifluorescence microscopy at 40x (A) and 63x (B and C). Images are
representative of 36 cardiomyocytes from 3 separate cell isolations. D. Image obtained
by confocal microscopy at x63 magnification (representative of 1 cell isolation). Scale
bars represent 20 um. The region in the orange box has been expanded and the scale

bar represents 5 pum.
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Figure 2.6. Imaging of the mitochondria in the pulmonary vein. A. Image of the
pulmonary vein, which has been labelled with TMRE (1 uM) and presented in orange
pseudocolour. Imaging was by wide-field epifluorescence microscopy at 5x
magnification and the scale bar represents 100 um. The region in the black box has

been expanded and the scale bar represents 10 pm.
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Figure 2.6. (cont.). Pseudocolour images of TMRE (1 puM) fluorescence in the

pulmonary vein at 40x (B) and 63x (C) magnification. Scale bars represent 20 pum.
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Figure 2.6. (cont.). D. Sequential images (i-v), presented every 1 s, of TMRE
fluorescence in the region of tissue indicated by the white box in (C). Scale bar
represents 10 um. The fluorescence intensity in the ROIs (5 x 5 pixels) (1-5) are

displayed to the right.
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2.3.3. Comparison of cell size

Pulmonary vein cardiomyocytes had a mean length of 135.7 + 5.06 um and width of
23.63 £ 1.10 um (n = 28 cardiomyocytes from 14 cell isolations). Left atrial myocytes
were significantly smaller than those from the pulmonary vein, having a length of
99.77 £ 4.54 um (P<0.001) and a width of 17.17 = 1.25 um (P<0.05; n = 17 myocytes
from 14 cell isolations). Ventricular myocytes, being 142.1 + 5.94 um long, were not
significantly different in length compared to pulmonary vein cardiomyocytes;
however, they were significantly wider at 40.6 £ 2.13 um (P<0.001; n = 22 myocytes
from 13 cell isolations) (Figure 2.7).

2.3.4. Localisation of the key transporters involved in intracellular

Ca?* signalling
2.3.4.1. Control experiments

Control studies suggest that there was no non-specific binding of Alexa fluor® 488 in
isolated cells from the ventricles, left atrium and pulmonary veins. Counterstaining
DNA with DAPI revealed that ventricular myocytes were binuclear (Figure 2.8),

whereas pulmonary vein and left atrial cells were mononuclear (Figures 2.9 and 2.10).

2.3.4.2. The L-Type Ca?* channels

Isolated cells from the ventricles, left atrium and pulmonary veins were labelled with
antibodies raised against the Cav1.2 subunit (Catterall et al., 2005). In 100% of
ventricular myocytes, the LTCCs were aligned in regular transverse striations, spaced
1.95 = 0.05 um apart, along the length of the cell (n = 10 myocytes from 5 cell
isolations) (Figure 2.8). In 75% of left atrial myocytes Cav1.2 was predominantly
expressed in a punctate manner on the cell surface and, as illustrated in the section
obtained through the middle of the cell, continued along the periphery. There was also
some channel distribution in the cell interior. In the 25% of left atrial myocytes that

displayed a striated distribution of Cav1.2, the distance between the striations was 1.90
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+ 0.1 pm (n = 8 myocytes from 5 cell isolations) (Figure 2.9). Pulmonary vein
cardiomyocytes also displayed a punctate distribution of Cav1.2 on the cell surface and
boundary, as well as in the cell interior. Compared to left atrial myocytes, there was a
more regular alignment of LTCCs, and striations were observed in 83% of
cardiomyocytes, where they were spaced 1.72 + 0.11 pm apart (n = 6 cardiomyocytes
from 5 cell isolations). However, these striations were not as well-defined as in the

ventricular cells (Figure 2.10).

2.3.4.3. Ryanodine receptors

The localisation of RyRs was investigated by immunostaining for the cardiac isoform,
RyR2 (Otsu et al., 1990). In 100% of ventricular myocytes, RyR2 was expressed in
regular transverse striations, spaced 1.89 = 0.04 um apart along the length of the cells.
Furthermore, RyR2 did not align along the cell periphery in any of the ventricular
myocytes studied (n = 10 myocytes from 5 cell isolations) (Figure 2.11).
Cardiomyocytes from the left atria (n = 5 myocytes from 5 isolations) and pulmonary
vein (n = 7 cardiomyocytes from 5 isolations) also displayed striations that were
spaced 1.85 + 0.06 pm and 1.70 + 0.05 um apart respectively. However, RyR2 was
also expressed along the periphery, as can be seen more clearly in the expanded
images, and this was observed in every cell studied (Figures 2.12 and 2.13). It is
notable that the present investigation is the first to show RyR2 expression along the
periphery of pulmonary vein cardiomyocytes. There was also some punctate
distribution of RyR2 between the striations in the left atrial and pulmonary vein

cardiomyocytes (Figures 2.12 and 2.13).

2.3.4.4. The Na*/Ca** exchanger

In order to investigate the expression of the NCX, the cells were labelled with
antibodies raised against the cardiac isoform NCX-1 (Philipson et al., 1988; Quednau
et al., 1997). In all of the ventricular myocytes studied, NCX-1 was expressed in

regularly arranged striations, running perpendicular to the longitudinal axis of the cells
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with a mean spacing of 2.02 + 0.06 um. However, there was also a punctate
distribution between the striations. There was no expression of NCX-1 along the cell
periphery; however, there was a dense expression at the intercalated discs (n = 2
myocytes from 1 cell isolation), which was not observed in the pulmonary vein or left
atrial myocytes (Figure 2.14). Myocytes isolated from the left atria displayed a
heterogonous expression of NCX-1 in the cell population. While there was a largely
punctate distribution observed in the interior, and around the periphery of the cells, in
38% of myocytes there was a more striated pattern of NCX-1, where the striations
were spaced 1.86 £ 0.06 um apart (n = 6 myocytes from 4 isolation) (Figure 2.15).
Similar observations were made in the pulmonary vein cardiomyocytes; however, in
the 67% of cardiomyocytes that showed a striated distribution (n = 3 cardiomyocytes
from 3 isolations), the NCX did appear to be more organised than in the left atrial cells.
This is shown in Figure 2.16, where the cell on the left displays consistently spaced
striations, whereas the cardiomyocyte on the right displays a more punctate
distribution of NCX-1. The mean spacing between striations in the pulmonary vein

cardiomyocytes was 1.95 + 0.01 um (Figure 2.16).

2.3.4.5. Dual labelling of the ryanodine receptors and L-type Ca?*

channels

In order to try and establish the co-distribution of the LTCCs and RyRs, the cells were
labelled with anti-mouse RyR2 and anti-rabbit Cav1.2 primary antibodies. The cells
were then labelled with anti-mouse Alexa Fluor® 488 and anti-rabbit Alexa Fluor® 594
secondary antibodies (Figure 2.17A). However, control data showed that spectral
bleed through from the Alexa Fluor® 488 fluorescence was detected by the emission
channel for Alexa Fluor® 594 (Figure 2.17B). In a separate experiment, anti-rabbit
Alexa fluor® 594 antibodies were also found to bind to the anti-mouse primary
antibodies for RyR2 (Figure 2.17C). Thus, the data was inconclusive. Alexa fluor®
350 was also tested; however, the emission at 442 nm could not be captured using the

available settings on the confocal microscope.
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Figure 2.7. Comparison of cardiomyocyte dimensions. Graphs displaying the mean
length and width of the ventricular (V) (n = 22 cells), left atrial (LA) (n = 17 cells),
and pulmonary vein (PV) (n = 28 cells) cardiomyocytes. Data represent mean + s.e.m.
*P<0.05 LA vs. PV, ""P<0.001 V vs. LA, #¥P<0.001 LA vs. PV and #iP<0.001 V vs.
PV.
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Surface

Figure 2.8. Localisation of L-type Ca?* channels in ventricular myocytes. Isolated
ventricular myocyte labelled with primary antibodies against Cav1.2 and Alexa Fluor®
488 secondary antibodies (green), and counterstained with DAPI (blue). Negative
control (Neg) where no primary antibody was used. A fluorescence image where the
focal plane was at the cell surface and another from the middle. Cell is representative
of 10 myocytes from 5 cell isolations. Scale bars represent 20 um. The region in the

orange box has been expanded and the scale bar represents 5 um.
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Middle

Figure 2.9. Localisation of L-type Ca?* channels in left atrial myocytes. Isolated
left atrial myocyte labelled with primary antibodies against Cav1.2 and Alexa Fluor®
488 secondary antibodies (green), and counterstained with DAPI (blue). Negative
control (Neg) where no primary antibody was used. A fluorescence image where the
focal plane was at the cell surface and another from the middle. Cell is representative
of 8 myocytes from 5 isolations. Scale bars represent 20 um. The region in the orange

box has been expanded and the scale bar represents 5 pum.
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Figure 2.10. Localisation of L-type Ca?* channels in pulmonary vein
cardiomyocytes. Isolated pulmonary vein cardiomyocyte labelled with primary
antibodies against Cav1.2 and Alexa Fluor® 488 secondary antibodies (green), and
counterstained with DAPI (blue). Negative control (Neg) where no primary antibody
was used. A fluorescence image where the focal plane was at the cell surface and
another from the middle. Cell is representative of 10 myocytes from 5 isolations. Scale
bars represent 20 um. The region in the orange box has been expanded and the scale

bar represents 5 pm.
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Figure 2.11. Localisation of ryanodine receptors in ventricular myocytes.
Negative control (Neg) where no primary antibody was used and the nuclei were
labelled with DAPI (blue). Isolated ventricular myocyte labelled with primary
antibodies against RyR2 and Alexa Fluor® 488 secondary antibodies (green). A
fluorescence image where the focal plane was at the cell surface and another from the
middle. Cell is representative of 10 myocytes from 5 cell isolations. Scale bars
represent 20 um. The region in the orange box has been expanded and the scale bar

represents 5 pum.
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Surface

Figure 2.12. Localisation of ryanodine receptors in left atrial myocytes. Negative
control (Neg) where no primary antibody was used and the nucleus was labelled with
DAPI (blue). Isolated left atrial myocyte labelled with primary antibodies against
RyR2 and Alexa Fluor® 488 secondary antibodies (green). A fluorescence image
where the focal plane was at the cell surface and another from the middle. Cell is
representative of 5 myocytes from 5 cell isolations. Scale bars represent 20 um. The

region in the orange box has been expanded and the scale bar represents 5 um.
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Figure 2.13. Localisation of ryanodine receptors in pulmonary vein
cardiomyocytes. Negative control (Neg) where no primary antibody was used and the
nucleus was labelled with DAPI (blue). Isolated pulmonary vein cardiomyocyte
labelled with primary antibodies against RyR2 and Alexa Fluor® 488 secondary
antibodies (green). A fluorescence image where the focal plane was at the cell surface
and another from the middle. Cell is representative of 7 myocytes from 5 cell
isolations. Scale bars represent 20 um. The region in the orange box has been expanded

and the scale bar represents 5 pm.
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Figure 2.14. Localisation of Na*/Ca?* exchanger in ventricular myocytes. Isolated
ventricular myocyte labelled with primary antibodies against NCX-1 and Alexa Fluor®
488 secondary antibodies (green), and counterstained with DAPI (blue). Negative
control (Neg) where no primary antibody was used. A fluorescence image where the
focal plane was at the cell surface and another from the middle. Cell is representative
of 2 myocytes from 1 cell isolation. Scale bars represent 20 um. The region in the

orange box has been expanded and the scale bar represents 5 um.
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Figure 2.15. Localisation of the Na*/Ca®* exchanger in left atrial myocytes.
Isolated left atrial myocytes labelled with primary antibodies against NCX-1 and
Alexa Fluor® 488 secondary antibodies (green), and counterstained with DAPI (blue).
Negative control (Neg) where no primary antibody was used. Fluorescence images
where the focal plane was at the cell surface and another from the middle. Cells are
representative of 6 myocytes from 4 cell isolations. Scale bars represent 20 um. The

regions in the orange boxes have been expanded and the scale bars represent 5 pm.
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Figure 2.16. Localisation of Na*/Ca?* exchanger in pulmonary vein

cardiomyocytes. Isolated pulmonary vein cardiomyocytes labelled with primary
antibodies against NCX-1 and Alexa Fluor® 488 secondary antibodies (green), and
counterstained with DAPI (blue). Negative control (Neg) where no primary antibody
was used. Fluorescence images where the focal plane was at the cell surface and
another from the middle. Scale bars represent 20 um. Cells are representative of 3
myocytes from 3 cell isolations. The regions in the orange boxes has been expanded

and the scale bars represent 5 pum.
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A RyR2 Cav1.2
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Figure 2.17. Dual labelling in cardiac myocytes A. Left atrial myocyte labelled with
primary antibodies raised against RyR2 and Cav1.2. The images were obtained using
the emission channels for Alexa Fluor® 488 and 594. In the overlay, the images from

both emission channels have been merged. Scale bar represents 10 pm.
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Figure 2.17. (cont.). B. Ventricular myocyte labelled with primary antibodies raised
against anti-mouse RyR2 and anti-mouse Alexa Fluor® 488 secondary antibodies.
Emission was captured at 617 nm. C. Ventricular myocyte labelled with primary
antibodies raised against anti-mouse RyR2 and anti-rabbit Alexa Fluor® 594 secondary

antibodies. Excitation/emission settings were for 594 nm. Scale bars represent 20 pm.
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2.4. Discussion

2.4.1. Pulmonary vein cardiomyocytes

When the pulmonary vein was labelled with Di-4 ANEPPS, cardiomyocytes were
observed, orientated either longitudinally or obliquely in the vein. This is consistent
with earlier reports on the rat pulmonary vein using electron microscopy and
histological techniques (Hashizume et al., 1998; Ludatscher, 1968; Paes de Almeida
et al., 1975). It was evident when the pulmonary vein cardiomyocytes were isolated
that T-tubules were present. However, the T-tubule network was inconsistent and their
expression varied between cardiomyocytes. There also appeared to be fewer

connections to the surface membrane compared to ventricular myocytes.

The distance between the T-tubules in rat ventricular myocytes was approximately 2
pum, which is very similar to what has been reported previously for these cells (1.8-2
pum) (Asghari et al., 2009; Smyrnias et al., 2010; Soeller & Cannell, 1999; Song et al.,
2006). In pulmonary vein cardiomyocytes the T-tubule spacing was slightly less, being
approximately 1.8 to 1.9 um. Okamoto et al., (2012) previously showed, using Di-8
ANEPPS, that rat pulmonary vein cardiomyocytes have T-tubules; however, they did
not provide specific details regarding their spacing. Nevertheless, they did report that
the NCX and IPs receptors were arranged in a striated distribution with a cyclic interval
of 1.8 to 1.9 um and suggested that they may co-localise in the T-tubule microdomain
(Okamoto et al., 2012). In contrast, in lung slices from the mouse, Di-8 ANEPPS was
shown to predominantly stain the boundary of the pulmonary vein cardiomyocytes
(Rietdorf et al., 2014) suggesting an absence of T-tubules in these cells. When atrial
myocytes were labelled with Di-4 ANEPPS, staining was typically only observed
around the periphery of the cells, suggesting that they possessed few or no T-tubules,

an observation that was also made in the earlier study by Okamoto et al., (2012).
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2.4.2. Organisation of mitochondria in the pulmonary vein

Mitochondria were organised in a regular manner throughout the length of the
cardiomyocytes, which is similar to what has been observed in ventricular (Delcamp
etal., 1988; Jang et al., 2007; Kurz et al., 2010) and atrial myocytes (Mackenzie et al.,
2004). Early electron microscopy studies also reported abundant mitochondria in
pulmonary vein cardiomyocytes (Karrer, 1959; Ludatscher, 1968; Masani, 1986; Paes
de Almeida et al., 1975).

Mitochondrial flickers were observed for the first time in pulmonary vein
cardiomyocytes, and these events occurred asynchronously within an individual cell.
While it wasn’t possible to provide detailed information regarding the time course of
the mitochondrial flickers; they did appear to be much slower than what was reported
in the seminal study showing spontaneous mitochondrial depolarisations in rat
ventricular cardiomyocytes (Duchen et al., 1998). In ventricular cardiomyocytes, the
mitochondrial depolarisations were transient and the recovery time constant was
approximately 0.5 s. However, more recently the duration of spontaneous
mitochondrial depolarisations was found to be approximately 60 s in mouse ventricular
myocytes (Lu et al., 2016). In both studies, influx of Ca* into the mitochondrial matrix
was found to be important for depolarisation of the mitochondrial membrane potential
(Duchen et al., 1998; Lu et al., 2016).

Further studies are clearly necessary to understand the nature of the mitochondrial
flickers in pulmonary vein cardiomyocytes. Initially, the tissue would need to be
imaged over a much longer time period in order to establish the kinetics of the
mitochondrial depolarisations. More detailed information regarding the frequency of
these events would also be informative. Whilst Ca?* influx has been shown to play an
important role in mitochondrial flickers in ventricular myocytes (Duchen et al., 1998;
Lu et al., 2016), there are also reports that reactive oxygen species are responsible
(Brady et al., 2004; Zorov et al., 2000; Zorov et al., 2006). Thus, the underlying

mechanisms of the mitochondrial flickers merit future investigation.
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2.4.3. Localisation of Ca?* handling proteins in pulmonary vein

cardiomyocytes compared to left atrial and ventricular myocytes

In ventricular myocytes, the LTCCs, RyRs and the NCX were arranged in consistently
spaced (~1.8 to 2 um) striations orientated transversely to the longitudinal axis of the
cells, which is in agreement with the previous reports (Carl et al., 1995; Scriven et al.,
2000). RyRs were not distributed along the cell periphery, suggesting that all of the
receptors align at the T-tubules (Mackenzie et al., 2001). It has been established that
this forms a dyadic cleft where the close coupling of the LTCCs to the RyRs allows
for a rapid and homogenous rise in intracellular Ca?* throughout the entire cytosol
during systole (Brette et al., 2004; Cannell et al., 1995; Shacklock et al., 1995). In
ventricular myocytes that were detubulated by osmotic shock treatment with
formamide, a loss of the NCX current (Incx) has been demonstrated using the whole-
cell patch clamp technique (Yang et al., 2002). This suggests that transsarcolemmal
Ca?* flux via the NCX also occurs in the domain of the T-tubules in ventricular

myocytes.

It was notable that the NCX appeared to be densely expressed at the intercalated discs
in ventricular, but not left atrial or pulmonary vein cardiomyocytes. Localisation of the
NCX at the intercalated disc region has previously been observed in guinea pig (Kieval
et al., 1992) and rat ventricular myocytes (Bootman et al., 2006; Garciarena et al.,
2013; Thomas et al., 2003). However, it has been suggested that bright fluorescence
at the intercalated discs reflects extensive infolding of the membrane, which
encompases a large fraction of the total sarcolemmal surface area (Kieval et al., 1992;
Page, 1978). Electon microscopy studies have shown that cardiomyocytes in the rat
(Kramer & Marks 1965) and mouse (Kracklauer et al., 2013) pulmonary vein are
connected by intercalated discs, so the difference in distribution of the NCX in
ventricular and pulmonary vein cardiomyocytes may reflect differences in the
functional properties of the exchanger, for example to allow transport of Ca?* between
cells. It has been shown in the failing heart that Cx43 is downregulated, whereas NCX

is upregulated (Johannsson et al., 1997; Wasserstrom et al., 2000), and it has therefore
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been suggested that the presence of NCX at the disc region could be to maintain

homgenous contraction in viable regions of the myocardium (Thomas et al., 2003).

In left atrial myocytes, RyRs were arranged in regularly arranged transverse striations,
approximatly 1.8 to 2 um apart, as well as along the cell periphery. This has previously
been observed in numerous immunolabelling studies (Carl et al., 1995; Mackenzie et
al., 2001; Schulson et al., 2011; Smyrnias et al., 2010). The RyRs at the cell periphery
have been termed junctional RyRs, as they are located in the subsarcolemmal region.
Those located on the striations have been described as being non-junctional since they
are distributed in the cell interior (Mackenzie et al., 2001; Mackenzie et al., 2004). In
several species such as rat, guinea pig and human, it has been shown that the influx of
Ca?" through LTCCs, and the initial Ca?" -induced Ca?* release occuring at the
junctional RyRs is localised primarily at the periphery of the cell. The Ca?* signal then
propagates towards the interior of the cell, and a variable degree of Ca?*-induced Ca?*
release occurs at the non-junctional RyRs depending on the intracellular Ca?*
concentration (Berlin, 1995; Hatem et al., 1997; Kockskamper et al., 2001; Mackenzie
et al., 2001; Tanaami et al., 2005; Woo et al., 2002).

The distribution of RyRs was similar in pulmonary vein cardiomyocytes, with non-
junctional RyRs aligned as transverse striations along the interior of the cells. This is
consistent with a previous report where RyR2 was immunolabelled in mouse
pulmonary vein cardiomyocytes (Rietdorf et al., 2014). However, this is the first study
to show that pulmonary vein cardiomyocytes display junctional RyR aligned along the

cell periphery.

In the majority of left atrial myocytes, the LTCCs were primarily located at the
periphery, with some punctate distribution in the cell interior; however, there was also
slight striated distribution in some of the cells. It is unclear why, despite rat atrial
myocytes lacking discernible T-tubules, there was a striated distribution of Cav1.2 in

25% of cells, particularly since previous studies have shown LTCCs to be primarily
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localised around the periphery (Schulson et al., 2011; Smyrnias et al., 2010). However,
a detailed study has recently reported a much more variable distribution of LTCCs in
rat atrial myocytes, with 10% of cells showing a regular striated appearance of LTCCs

and these cells also had an extensive T-tubule system. (Frisk et al., 2014).

In the present study, the atrial cells where a striated distribution was observed
displayed quite a high level of fluorescence between the striations. This was very
similar to that observed in a separate study investigating the distribution of T-type Ca?*
channels in mouse atrial cells (Curran et al., 2015). Clearly, there is some question as
to the specificity of the primary antibody used in these studies, and it would be
advantageous to perform additional investigations with a primary antibody obtained

from a different supplier.

In the pulmonary vein cardiomyocytes, the LTCCs were more likely to form a striated
distribution compared to atrial myocytes, which could be a reflection of the T-tubules.
It is plausible that transsarcolemmal Ca?* flux through the LTCCs occurs to a larger
degree in the cell interior in the pulmonary vein, compared to left atrial
cardiomyocytes. Indeed, it has been shown that the L-type Ca?* current was greater in
atrial myocytes with T-tubules, compared to those without (Frisk et al., 2014).
Consequently, the non-junctional RyRs might also be more likely to play a larger role

in the initial SR Ca?* release during excitation-contraction coupling.

Left atrial and pulmonary vein cardiomyocytes had a heterogeneous distribution of
NCX-1, with some cells displaying a punctate and others displaying a striated
distribution. Overall, the NCX was more likely to be organised in a striated manner in
pulmonary vein cardiomyocytes. It was notable that there was a high degree of
punctate distribution of NCX-1 compared to what has been reported previously
(Schulson et al., 2011) and therefore it is possible that there was some unspecific
binding of the primary antibody. An alternative explanation for the striated distribution

of NCX in atrial myocytes is that these cells did possess T-tubules and were
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preferentially detected due to being more visible in the immunolabelling studies
compared to the experiments carried out with Di-4 ANEPPS using the epifluorescence

microscope.

To determine if the LTCCs and NCX align at the T-tubules in the pulmonary vein
cardiomyocytes that displayed a striated distribution, studies would have to be
performed using techniques whereby the T-tubules could be labelled in fixed cells.
Antibodies raised against the membrane scaffolding protein dystrophin have been
shown to be effective for labelling T-tubules, particularly in tissue (Frank et al., 1994;
Frisk et al., 2014; Klietsch et al., 1993; Kostin et al., 1998). Initially dichroic settings
would be used to prevent any potential spectral bleed through between the emission
channels for Alexa-Fluor® 488 and 594 (Koyama-Honda et al., 2005), and highly
cross absorbed secondary antibodies could also be used to minimise unspecific binding

to the primary antibodies.

2.4.4. Functional significance of T-tubules in pulmonary vein

cardiomyocytes

A possible reason why T-tubules were usually observed in pulmonary vein, but not
left atrial cardiomyocytes is because of the larger cell width. In reports that have
described atrial myocytes as possessing a rudimentary T-tubule system, it was shown
to be more apparent in cells that had a larger width (Kirk et al., 2003; Smyrnias et al.,
2010). Furthermore, the density of T-tubules in human atrial myocytes was found to
be proportional to cell width (Richards et al., 2011). Detubulation of ventricular
myocytes with formamide is associated with the loss of a synchronous Ca?* transient
during electrical stimulation, whereas Ca?* signalling in atrial myocytes has been
shown to be unaffected following treatment with formamide. (Brette et al., 2002;
Kawai et al., 2009). The above observations suggest that cardiomyocytes of a larger
width, such as those in the pulmonary vein and ventricle, require a more extensive T-
tubule network, to enable a more homogenous intracellular Ca?* transientin the interior

of the cell.
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2.4.5. Summary

In the present chapter it was shown that pulmonary vein cardiomyocytes have a similar
distribution of RyRs to atrial myocytes, whereby junctional RyRs were distributed
along the cell periphery in addition to the striations in the interior. However, the
expression of LTCCs and the NCX was largely more organised in the pulmonary vein
cardiomyocytes, where a striated distrubution was observed in a greater proportion of
cells. It was shown that the vast majority of pulmonary vein cardiomyocytes had T-
tubules suggesting intrinsic differences in Ca?* handling compared to atrial cells. It is
conceivable that these differences could account for the different electrophysiological
properties of the pulmonary vein cardiomyocytes (Chen et al., 2002b; Cheung, 1981a;
Ehrlich et al., 2003).
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Chapter 3

Intracellular Ca?* signalling in rat pulmonary

vein cardiomyocytes.
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3.1. Introduction

Intracellular Ca?* signalling controls a vast array of cellular processes such as gene
transcription, differentiation, neurotransmission and contraction. The temporal and
spatial properties of the Ca?" signal are controlled through a diverse range of
intracellular transport and buffering processes; therefore the way in which the cell
utilises Ca?* can be discretely regulated to control cell function (Bootman et al., 2001
for review). As well as intracellular Ca* oscillations controlling normal cell function,
spontaneous Ca?* release from the intracellular store, or sarcoplasmic reticulum (SR),
can occur. These spontaneous Ca?* transients can range from highly localised events,
to large Ca?" waves that travel along the length of the cell (Cheng et al., 1996).
Spontaneous Ca?* transients have been implicated in arrhythmogenesis in cardiac

tissue (ter Keurs & Boyden, 2007 for review).

3.1.1. Spontaneous Ca?* transients in cardiac myocytes

The notion that cardiac myocytes display spontaneous Ca?* transients in the absence
of electrical stimulation was first proposed in the early 1980s, from studies on isolated
ventricular myocytes. Fluctuations in scattered light were used as a marker for
contractility and these fluctuations increased in frequency following manipulations
that would increase Ca?* influx, such as increasing the external Ca?* concentration or
applying ouabain (Lakatta & Lappé, 1981). Furthermore, the fluctuations in scattered
light could be abolished by inhibiting Ca?* influx with verapamil, or by inhibiting SR
Ca?" release with ryanodine, confirming that they were caused by changes in
intracellular Ca?* (Kort & Lakatta, 1984). Studies using light microscopy later showed
that isolated ventricular myocytes displayed mechanical oscillations that propagated
longitudinally along the cell as contractile waves. These oscillations could also occur
simultaneously at multiple foci, either originating in the centre of the cell before
splitting into two waves, or occurring as two waves originating at either end of the cell
before colliding in the middle. Spontaneous contractile waves were more likely to
occur at multiple foci in the myocytes after increasing the external Ca?* concentration,
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or in the presence the B-adrenoreceptor agonist isoprenaline (Capogrossi et al., 1987,
Capogrossi & Lakatta, 1985).

Spontaneous increases in intracellular Ca?* were directly recorded for the first time in
frog ventricular myocytes using the bioluminescent protein aequorin (Orchard et al.,
1983). The advent of Ca?* sensitive fluorescent indicators has since established that
spontaneous Ca?* transients are the temporal and spatial summation of the elementary
Ca?* sparks that occur when Ca?* is spontaneously released from the SR through the
ryanodine receptor (RyR) (Cheng et al., 1996; Wier et al., 1997). It is now widely
regarded that spontaneous Ca?* transients in cardiac myocytes are typically manifest
as waves of regenerative Ca®* release that propagate along the longitudinal axis of the

cell.

In the context of ventricular tissue, where the myocytes are electrically coupled in a
large multicellular preparation, Ca®* waves would tend to extinguish when they
reached a cell boundary, or upon collision with another Ca?* wave propagating in the
opposite direction (Fujiwara et al., 2008; Kaneko et al., 2000; Minamikawa et al.,
1997; Wasserstrom et al., 2010). However, approximately 13% of Ca?" waves
continued to propagate into myocytes that were adjacent at the transverse axis (Kaneko
et al., 2000; Lamont et al., 1998). Spontaneous Ca?* waves have been shown to occur
asynchronously in neighbouring ventricular myocytes, meaning that the myocytes
displayed spontaneous Ca?* waves at variable frequencies. Simultaneous measurement
of the membrane potential determined that any oscillatory depolarisations were
subthreshold to elicit action potentials (Fujiwara et al., 2008; Hama et al., 1998;
Kaneko et al., 2000; Wasserstrom et al., 2010).

Spontaneous Ca?* sparks and waves have been recorded in isolated pulmonary vein
cardiomyocytes from the canine (Coutu et al., 2006), rabbit (Chang et al., 2008; Jones
et al., 2008) and rat (Cruickshank & Drummond, 2003). In rat and mouse pulmonary

vein tissue, spontaneous Ca?* transients have been shown to occur asynchronously in
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neighbouring cells, and were almost completely inhibited by blocking the RyRs
(Logantha et al., 2010; Rietdorf et al., 2014). In the rat pulmonary vein, inhibiting the
L-type Ca?* channels (LTCCs) with verapamil or preventing Ca?* entry by removing
Ca?* from the external solution had no significant effect on the frequency of the
spontaneous Ca?* transients. This indicates that the spontaneous Ca?* transients in rat
pulmonary vein cardiomyocytes are primarily caused by Ca?* release from the SR
(Logantha et al., 2010).

3.1.2. Electrically evoked Ca?* transients in the pulmonary vein

In the rat and mouse pulmonary vein, electrical field stimulation has been shown to
evoke a synchronous rise in intracellular Ca?" in neighbouring cardiomyocytes
(Logantha et al., 2010; Rietdorf et al., 2014). The Ca?* transient amplitude was
significantly reduced by inhibiting the LTCCs with nicardipine or verapamil, or
completely abolished by removing Ca?* from the external solution. In addition, the
Ca?* transients were mostly abolished by inhibiting the RyRs (Logantha et al., 2010;
Rietdorf et al., 2014). Thus, it was determined that both Ca?* entry through the LTCCs
and SR Ca?* release through the RyRs are responsible for the electrically evoked Ca?*

transients in the pulmonary vein.

3.1.3. The influence of electrical stimulation on the spontaneous Ca?*

transients in the pulmonary vein

Depolarisation of the sarcolemma with KCI activates voltage-gated Ca?* channels,
leading to Ca?" influx, and this has been shown to increase the frequency of
spontaneous Ca®" transients in the rat and mouse pulmonary vein (Logantha et al.,
2010; Rietdorf et al., 2014). It has also been shown in the guinea pig pulmonary vein
that a brief period of electrical stimulation at 10 Hz induced one or two action
potentials after termination of the stimulus. This triggered activity was prevented by
verapamil or ryanodine, suggesting that it was caused by intracellular Ca?* signalling
(Takahara et al., 2011).
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3.1.4. The influence of electrical stimulation on the spontaneous Ca?*

transients in the ventricle

The influence of electrical stimulation on spontaneous Ca?* transients has been well
established in the ventricle. Following the cessation of a period of electrical
stimulation, there is a transient pause, or latency period, before the spontaneous Ca?*
transients re-emerge (Kaneko et al., 2000; Shkryl & Blatter, 2013; Wasserstrom et al.,
2010). Early contractile studies have inferred that spontaneous Ca?" signalling in
ventricular myocytes is influenced by the rate of the prior electrical stimulus. In
isolated ventricular myocytes, increasing the stimulation frequency from 0.4 to 1.4 Hz,
shortened the latency period between the removal of the electrical stimulus and the re-
emergence of spontaneous contractile oscillations. Furthermore, when the spontaneous
contractile oscillations reappeared they did so at an increased frequency (Capogrossi
& Lakatta, 1985).

More recently, the spontaneous Ca?* transients that immediately followed a period of
electrical stimulation were recorded in the rat heart, using the Ca?* sensitive
fluorescent indicator fluo-4. The spontaneous Ca?* transients were shown to occur
more frequently after a period of electrical stimulation at 1 Hz, compared to with no
prior stimulation. It was suggested that the increase in frequency was due to increased
Ca?" loading of the cells (Kaneko et al., 2000). In a separate study on the rat heart,
when the frequency of electrical stimulation was increased from 2 to 5 Hz, the latency
period for the re-emergence of spontaneous Ca?* transients was shortened, and the
frequency of the spontaneous Ca?* transients was increased (Wasserstrom et al., 2010).
Raising the external Ca?* concentration caused a further reduction in the latency period
after a period of electrical stimulation, and also increased the frequency of the
subsequent spontaneous Ca?* transients to a greater extent than under control
conditions. While the mechanism underlying these changes in latency and frequency
of the spontaneous Ca?* transients was not extensively investigated in this study, it was
hypothesised that they were due to an increased SR Ca?* load. The electrical activity
of the heart was also recorded using an ECG and, following a period of electrical

stimulation in conditions of high external Ca?*, extra systoles were observed. Of
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particular note, these extra systoles occurred when spontaneous Ca?* transients were
present at the same time in all of the myocytes in the field of view (Wasserstrom et al.,
2010). While it wasn’t possible to determine the site of origin of the extrasystole, the
fact that that it coincided with the point when spontaneous Ca®* release occurred,
indicated that the site of origin was nearby or that the spontaneous Ca®* release is
occurring with fairly uniform timing throughout the heart. Furthermore, this study goes
on to use a mathematical model to show that a decrease in the variability in the timing
of the spontaneous Ca?* release leads to a higher amplitude delayed
afterdepolarisation, and is likely to be pro-arrhythmic.

3.1.5. The effect of adrenergic stimulation on the spontaneous Ca?*

transients

Stimulation of B-adrenoreceptors with isoprenaline has also been shown to shorten the
latency period between the termination of electrical stimulation to the re-emergence of
spontaneous contractile oscillations in isolated ventricular myocytes (Capogrossi &
Lakatta, 1985), and the re-emergence of spontaneous Ca?* waves in the fluo-4 loaded
rat heart (Fujiwara et al., 2008). Simultaneous measurement of the membrane
potential using the fluorescent indicator RH237 revealed that, following termination
of a period of electrical stimulation at 2 Hz or higher, the spontaneous Ca?* transients
re-emerged as a synchronous burst, and this was accompanied by afterdepolarisations.
These afterdepolarisations were abolished with a high concentration of ryanodine or
by inhibiting the NCX with SEA0400 (Fujiwara et al., 2008). This suggests that the
cause of the afterdepolarisations was increased SR Ca?* release, which activated the
forward mode NCX causing depolarisation (Kass et al., 1978; Schlotthauer & Bers,
2000). Thus, it is apparent that transiently increasing the frequency of spontaneous
Ca?" transients means that there is a better chance that they will be present in
neighbouring cardiomyocytes at the same time, which in turn can influence the
electrical activity of the tissue (Fujiwara et al., 2008). Additionally, noradrenaline,
which activates a and B adrenoreceptors, has been shown to induce automaticity in the

rat pulmonary vein in the form of repetitive bursts of contractions (Maupoil et al.,
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2007) or action potentials (Doisne et al., 2009). However, the role of intracellular Ca*

signalling in noradrenaline induced automaticity has yet to be determined.

3.1.6. Aims

The hypothesis of the present chapter was that, if a cardiomyocyte in the pulmonary
vein depolarises due to spontaneous SR Ca?" release, electrical coupling between
quiescent neighbouring cells would act as a current sink, preventing depolarisation
(Spach & Boineau, 1997; Winslow et al., 1993; Xie et al., 2010). This would mean
that for changes in intracellular Ca?* signalling to be arrhythmogenic, there would need
to be synchronisation or entrainment of spontaneous activity. Manipulations that alter
the characteristics of the spontaneous Ca?* transients may be capable of increasing
their frequency, such that they are more likely to occur in neighbouring
cardiomyocytes at the same time. Increasing the frequency of spontaneous Ca?*
transients in a number of neighbouring cardiomyocytes would therefore reduce the
disparity between frequencies, improving synchronisation and leading to entrainment,
as has been demonstrated in mathematical models of action potential firing in cardiac
myocytes (Krishnan et al., 2005; Michaels et al., 1987). A more synchronous increase
in intracellular Ca* in neighbouring cardiomyocytes could result in depolarisation due
to the transient inward current (Is) generated by Ca?* removal through the NCX
(Capogrossi et al., 1987; Houser, 2000; Schlotthauer & Bers, 2000).

The primary aim of the present chapter was therefore to investigate whether the
characteristics of the spontaneous Ca?* transients that have previously been observed
in the rat pulmonary vein (Logantha et al., 2010) are altered by interventions that might
entrain them to become more synchronous and thus arrhythmogenic. This included
subjecting the pulmonary vein to brief periods of electrical stimulation at increasing
frequencies, and also increasing the external Ca?* concentration. The effect of
isoprenaline and noradrenaline on the characteristics (frequency, amplitude and
propagation velocity) of the spontaneous events was also investigated to determine the

influence of adrenergic stimulation.
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3.2. Materials and methods

3.2.1. Animals and pulmonary vein isolation.

The pulmonary vein was isolated from adult male Sprague-Dawley rats (8-10 weeks)

as described in section 2.2.1.

3.2.2. Imaging of the Ca?* signalling in the pulmonary vein

Changes in intracellular Ca?* were monitored using the Ca?* sensitive fluorescent
indicator, fluo-4 (Gee et al., 2000). Isolated sections of the pulmonary vein were
incubated for 60 min in the dark, at room temperature, in physiological salt solution
containing 10 uM fluo-4 AM and the non-ionic solubilising agent cremophor EL
(0.03%). The tissue was then washed in fresh solution and pinned onto a Sylgard® 184
coated recording chamber containing 4 ml physiological salt solution of the following
composition (in mM): 119 NaCl, 25 NaHCOs3, 4.7 KCl, 1.17 MgSOs4, 1.18 KH2POs,
2.5 CaCl2 and 5.5 glucose (pH 7.4 with 95% O2 and 5% CO2). The preparation was

allowed 15 min for equilibration before commencing experimentation.

The tissue was imaged using wide-field epifluorescence microscopy, with a Zeiss
Axioscop 50 (Carl Zeiss, Germany) as described in section 2.2.2. Fluo-4 was excited
at BP 450-490 nm and emission was captured at LP 515 nm using the CCD camera set
up. Images were acquired using WinFluor 2.19 (Dr John Dempster, University of
Strathclyde) with an exposure time of 110 ms (~9 frames per second). Unless indicated
otherwise, a 128 frame image series was obtained, which approximates a 14 s
recording period. This was to provide a suitable time frame by which to analyse the
characteristics of the spontaneous Ca?* transients, without overexposing the tissue to

light and photobleaching the dye.

3.2.3. Electrical stimulation of the pulmonary vein

The pulmonary vein was electrically stimulated using a pair of platinum or silver wire
electrodes positioned either side of the tissue, approximately 1-2 cm apart. A Grass

SD9 stimulator was used to provide rectangular pulses, 2 ms in width, at supramaximal
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voltage (80-100 V) via a stimulus isolation unit (SIU 5A, Grass Instrument Co., USA).

The frequency of electrical stimulation was 1 Hz unless stated otherwise.

3.2.4. Application of caffeine to the pulmonary vein

Caffeine sensitises the RyRs, causing Ca?* to be released from the SR (Rousseau et
al., 1987). When rapidly applied at a high concentration, the magnitude of the caffeine
induced Ca?* transient can be used as an indicator of the Ca?* load of the SR (Bers,
2000b; Chang et al., 2008; Varro et al., 1993). A region of tissue displaying
spontaneous Ca?* transients was located with a 5x objective lens using fluorescence
imaging. A glass micropipette (World Precision Instruments, Sarasota, FL, USA) was
then fabricated from a borosilicate glass capillary using a vertical micropipette puller
(pp-830, Narishige, Japan), and filled with 100 mM caffeine dissolved in physiological
salt solution. The tip of the micropipette was broken on a glass coverslip in the tissue
chamber, just enough to allow for adequate release of the caffeine solution, but not too
much as to result in leak prior to application. During the recording, caffeine (100 mM)
was applied onto the surface of the tissue for 5 s using a pressure ejection system
(Picospritzer, Parker Hannifin, N.J., USA). A 224 frame image series was obtained,
which approximates a 27 s recording period. This was to allow a suitable time frame
for the fluo-4 fluorescence to decline following the application of caffeine. The tissue

was allowed 15 min to recover before any subsequent application of caffeine.

3.2.5. Analysis of intracellular Ca** transients

Images were imported into ImageJ in the TIFF format. Spontaneous Ca?* transients
were analysed for peak amplitude and frequency using a custom-made plugin written
for ImageJ (Dr Francis Burton, University of Glasgow). A region of interest (ROI) (20
x 20 pixels) was drawn in a cardiomyocyte that displayed spontaneous Ca?* transients,
and an initial trace of pixel intensity through time was obtained. The plugin then fitted
a polynomial 4th order curved baseline to the raw data and divided the pixel intensity
value at each time point by the calculated baseline value at each time point. This

provided dimensionless data with a baseline level of 1 at points where the original data
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was equal to the fitted baseline and >1 when the fluorescence signal had increased
(Figure 3.1). This allowed for a direct comparison between tissues obtained from
different animals and also corrected for any reduction in fluorescence caused by
photobleaching of the dye. For each image series, 2-7 cardiomyocytes were analysed
depending on the number of clearly defined cells in the field of view (FOV) that

displayed spontaneous Ca?* transients.

The plugin contained an algorithm that distinguished instances where there was an
increase or decrease in the fluorescence signal, which accounted for the peaks and
troughs. The change in fluorescence for each Ca?* transient was then automatically
calculated from the peak fluorescence, providing a value for the amplitude (AF/Fmin).
The mean amplitude of the Ca?* transients during the recording period was calculated
for each cardiomyocyte. The number of peaks per second was also obtained, which
provided a value for the mean frequency of the Ca?* transients in each cardiomyocyte

during the recording period.

The settings in the ImageJ plugin could be adjusted to change the way in which the
algorithm identified the Ca?* transients. An exclusion threshold was applied so that
peaks in the trace that were lower than a specified percentage (approximately 10%) of
the maximum peak fluorescence in the recording could be excluded (Figure 3.1, red
arrow head). Small peaks occurring within a specified time-scale before and after a
Ca?* transient (Figure 3.1, yellow arrow head), and small peaks during the upstroke or
downstroke (Figure 3.1, green arrow head) were also excluded from the analysis.
Therefore, genuine Ca?" transients could be distinguished from noise in the
background fluorescence. The same settings were applied when successive recordings

were made using the same ROIs (Figure 3.1).

Sometimes when obtaining successive recordings the tissue moved slightly, either due
to contraction, or during the application of a drug or reagent. When this happened the

coordinates of an anatomical reference point were used to quantify the shift on a pixel
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by pixel basis, and the ROIs were moved accordingly. This was checked visually in

successive image series to ensure that the ROIs were in the same cells.

Electrically evoked Ca?* transients were analysed for peak amplitude using the same
ImageJ plugin, and the fluo-4 fluorescence was measured in the FOV (40x
magnification). All of the electrically evoked Ca?* transients that occurred during the
sampling period were used to calculate the mean amplitude. The spontaneous Ca?*
transients between those that were evoked were also analysed by placing ROIs in the
individual cardiomyocytes. Once fluorescence recordings were obtained in the ROISs,
they were compared with a recording from the FOV and the spontaneous Ca?*

transients were distinguished from those that were evoked.

To measure the velocity of the spontaneous Ca?* transients that manifested as waves,
a line was drawn parallel to the longitudinal axis of the cell, following the trajectory
of the waves. A line-scan was then obtained using the “Kymograph” plugin in ImageJ,
which creates a 2-dimensional image, in which time is displayed along the y-axis and
the Ca?* waves were visible as oblique diagonal lines. The differences in the x and y
axes were then used to calculate the change in distance and time respectively, and the

wave velocity was calculated as distance/time.

A custom script written in the Python language for the Spyder integrated development
environment by Dr Niall MacQuaide (University of Glasgow), was used to determine
whether the spontaneous Ca?* transients occurred more synchronously after a specific
intervention. This code determined the maximum and minimum intensity of every
pixel during an image series. The half maximal pixel intensity was then calculated and
a threshold applied so that a binary image series was created, whereby any pixel more
intense than this value was white (active) and any pixel less intense than this value was
black (inactive). Thus, the spontaneous Ca?* transients were represented as white and
inactive tissue as black. A mask was then applied to select the region of tissue that was
most in focus and displayed spontaneous Ca?* transients. The code then calculated the

percentage of pixels that was active for each frame, in other words calculating the area
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of tissue that was displaying spontaneous Ca?* transients at any one time point. This
produced a synchronisation index between 0 and 1, whereby a value of 0 represents
0% of the pixels displaying an increase in Ca?* and a value of 1 represents the whole

FOV displaying an increase in Ca?* and these values were displayed over time.

3.2.6. Pseudo-linescan images

The spatiotemporal properties of the spontaneous and electrically evoked Ca?*
transients were visualised by generating pseudo-linescan images. When a TIFF image
was imported into ImageJ, a straight pixel-wide line was applied across the transverse
axis of the cardiomyocytes, spanning multiple cells in the FOV. The fluo-4
fluorescence across the line was then displayed over time using the ‘reslice’ command,
which provided a 2-dimensional image where distance was represented horizontally

and time vertically (x-t).
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Figure 3.1. ImageJ plugin used to calculate the frequency and amplitude of Ca?
transients in an image series. A. Wide field image of fluo-4 fluorescence, presented
in green pseudocolour, in a region of the rat pulmonary vein. The white square is a
region of interest (ROI) that was analysed using the custom plugin. Scale bar
represents 20 um. B. The raw fluorescence intensity in the ROI, where the red line
displays the fitted baseline (upper trace). The lower trace displays the F/Fmin at each
time point. The red circles indicate the peaks and the blue circles indicate troughs in
fluorescence, with green circles displaying where the end of a Ca?" transient is
different to the beginning of the subsequent one. The pink line displays the baseline
normalised to 1. The red arrow head indicates a small Ca?* transient, and the yellow

and green arrow heads indicate noise that were excluded from the analysis.
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3.2.7. Analysis of the sarcoplasmic reticulum Ca** content

The magnitude of the caffeine induced Ca?* transient was analysed in ImageJ, where
a ROI (20 x 20 pixels; 75 x 75 pum) was placed in the region of tissue where caffeine
was initially applied. The minimum fluorescence was quantified as the fluorescence
intensity before the application of caffeine, and each fluorescence value was divided
by this minimum in order to normalise the data to 1. The peak of the Ca?" transient
was identified as the maximum fluorescence value during the recording, and the
difference in fluorescence was used to estimate the SR Ca?* content. The rise time of
the caffeine induced Ca?* transient was defined as the time from 10 to 90% of the
upstroke and was measured using OriginPro (OriginLab Corp., Northampton,
Massacheussets). The time to 50% decline in fluorescence was used as a metric to

compare the rate of Ca* removal under the different experimental conditions.

3.2.8. Experimental Protocols

All experiments were performed at room temperature (21-24°C) unless stated

otherwise.

3.2.8.1. Effect of p-adrenergic stimulation on the spontaneous and

electrically evoked Ca?* transients

To investigate the effect of B-adrenergic stimulation on the characteristics of the
spontaneous Ca?* transients, an initial control recording of fluo-4 fluorescence was
obtained in the absence of electrical stimulation. The tissue was then treated with
isoprenaline (10 uM) and after a 2 min equilibration period, a second recording was
obtained. To investigate the effect of isoprenaline on the electrically evoked Ca?*
transients, a control recording was obtained during electrical field stimulation at 1 Hz.
The tissue was treated with isoprenaline (10 uM) and following a 2 min equilibration
period, during which electrical stimulation was maintained, a subsequent recording

was obtained.
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3.2.8.2. Effect of increasing the external Ca** concentration on the

spontaneous and electrically evoked Ca?* transients

The same protocol described in 3.2.8.1 was used to examine the effect of increasing
the external Ca®" concentration on the spontaneous and electrically evoked Ca?*
transients. Between the first and second recordings, the concentration of Ca?* in the
physiological salt solution was increased from 2.5 to 4.5 mM. In a separate series of
experiments, the protocol was repeated in the presence of both isoprenaline (10 uM)

and an increased external Ca%* concentration.

3.2.8.3. Effect of a period of electrical stimulation on the spontaneous

Ca?* transients

A region of tissue that both displayed spontaneous Ca?* transients at rest, and also
responded to electrical stimulation was located, and a control recording was obtained
under unstimulated conditions. The tissue was then electrically stimulated at 1 Hz for
5 s, and the fluo-4 fluorescence was recorded immediately after the cessation of the
stimulus. Following a 2 min rest period, the pulmonary vein was electrically stimulated
for 5 s at 3 Hz, and a subsequent recording was made in the same region of tissue. The

same procedure was repeated after a period of electrical stimulation at 5, 7 and 9 Hz.

The same experiments were repeated in the presence of isoprenaline (10 uM) and/or a
high external Ca?* concentration (4.5 mM). The pulmonary vein was treated 2 min
prior to the initial recording, which was obtained with no prior electrical stimulation.
The characteristics of the spontaneous Ca?* transients (amplitude and frequency) were

analysed using ROIs as described in 3.2.5.
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3.2.8.4. Estimation of sarcoplasmic reticulum Ca*" content using

caffeine

To examine the effect of a period of electrical stimulation on the caffeine induced Ca?*
transient, an initial control recording was obtained where caffeine was applied to the
pulmonary vein under unstimulated conditions. After a 15 min recovery period, the
tissue was stimulated for 5 s at a frequency of 5 Hz, and immediately after termination

of the stimulus, caffeine was applied to the same region of tissue.

The effect of increasing the external Ca?* concentration in combination with
isoprenaline (10 uM), on the caffeine induced Ca?* transient after a period of electrical
stimulation was also investigated. The pulmonary vein was electrically stimulated at 3
Hz for 5 s, and an initial recording was obtained where caffeine was applied
immediately after termination of the stimulus. After 13 min, the tissue was treated with
isoprenaline (10 uM) and the external Ca?* concentration was increased to 4.5 mM.
The preparation was allowed to equilibrate for 2 min, which accounts for a 15 min
recovery period from the initial application of caffeine. A subsequent recording was
then obtained where caffeine was applied to the same region of tissue after another 5
s period of electrical stimulation at 3 Hz.

3.2.8.5. Effect of noradrenaline on the spontaneous Ca?* transients

The following experiments were conducted at near physiological temperature (37 °C),
the reasons for which will be explained in the results section In order to analyse the
effect of noradrenaline on the characteristics of the spontaneous Ca?* transients, a
control recording of the fluo-4 fluorescence was obtained in the absence of electrical
stimulation. The tissue was then treated with noradrenaline (10 uM), and after a 2 min

equilibration period, a subsequent recording was obtained
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3.2.9. Statistical Analysis

Data are expressed as the mean * standard error of the mean (s.e.m.), and n refers to
the number of cardiomyocytes from the number of pulmonary veins from the number
of rats. When performing statistical analyses, the frequency, amplitude and wave
velocity data for all the cardiomyocytes (i.e. ROIs) that were analysed were compared.
When comparing two groups (i.e. before and after a treatment), Student’s paired t-test
was used. Student’s unpaired t-tests were also used to compare the properties of the
spontaneous Ca?* transients at room temperature and at 37 °C. Comparison of the
frequency, amplitude and wave velocity of the spontaneous Ca?* transients following
electrical stimulation at increasing frequencies (3.2.8.3) was performed via a repeated-
measures analysis of variance (ANOVA) followed by Dunnett’s multiple comparison
test. The amplitude and frequency of the subsequent spontaneous Ca?* transients after
electrical stimulation at 1-9 Hz was compared with the initial (control) recording,
which was obtained when the pulmonary vein had been unstimulated for 2 min.
Finally, student’s paired t-tests were used to compare the Ca?" transient
synchronisation between the first and last 2 s of the recordings. Statistical significance

was considered when P<0.05.

3.2.10. Chemicals and drugs

Fluo-4 AM (Invitrogen™, Glasgow, UK) was prepared at a stock concentrations of 1
mM in DMSO, and stored at -20 °C. Isoprenaline and noradrenaline were obtained
from Sigma-Aldrich and prepared at stock concentrations of 1 mM in physiological
salt solution on the day of experimentation. Caffeine was also obtained from Sigma
and was prepared at a stock concentration of 100 mM in physiological salt solution on
the day of experimentation. All other reagents (NaCl, KCI, MgClz, CaCl2, NaOH,
MgSQO4, NaHCOs3, KH2PO4 and glucose) were obtained from BDH Laboratories, and

the physiological salt solution was prepared on the morning of the experiments.
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3.3. Results

3.3.1. Spontaneous Ca?* transients in pulmonary vein cardiomyocytes

When the pulmonary vein was isolated from the rat and loaded with fluo-4,
spontaneous Ca?" transients were observed in the cardiomyocytes in the absence of
electrical stimulation. Not every cell in a preparation displayed spontaneous Ca?*
transients, though the cells that did were usually widespread throughout the pulmonary
vein, including the intrapulmonary regions, and were observed in almost every tissue
studied.

Figure 3.2A shows a typical region of the pulmonary vein, displaying spontaneous
Ca?* transients apparent as waves propagating along the longitudinal axis of the cells.
Analysis of the fluorescence intensity in the 3 ROIs, shows that the frequency of
spontaneous Ca?" transients was variable in the individual cardiomyocytes.
Furthermore, the pseudo-linescan image shows that the Ca?" transients were
asynchronous in neighbouring cardiomyocytes, as the peaks in fluorescence occurred
at different time points (Figure 3.2B). The initial figures (3.3-3.8) show the different
types of Ca?* transients that were observed in the pulmonary vein. During the analysis,

the different types of Ca?* transients were not discriminated.

Overall, there was no consistent pattern in the propagation of the spontaneous Ca*
transients, as waves in cardiomyocytes that were side-to-side propagated in the same
(Figure 3.3), or opposite directions (Figure 3.4). Occasionally, a localised rise in
intracellular Ca2* occurred in a cardiomyocyte, which would then produce two waves
that propagated in opposite directions (Figure 3.5). In other cases, two separate waves
propagated towards each other and extinguished upon collision (Figure 3.6).
Sometimes there would be a localised rise in Ca?* in a cardiomyocyte that did not
propagate (Figure 3.7), and other times a Ca?* wave would propagate in a circular as
opposed to linear manner (Figure 3.8). The spontaneous Ca?* transients were
associated with slight movement in the cardiomyocytes; however, because this

occurred asynchronously, it did not result in co-ordinated contraction of the tissue.
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In the time matched control recordings, the mean frequency of spontaneous Ca?*
transients in the pulmonary vein was 1.33 = 0.08 Hz, and this was not significantly
different at 1.31 £ 0.09 Hz when a second recording was obtained after a 2 min break
in the recording (Figure 3.9A and B). Similarly, the mean amplitude was 0.20 = 0.02
(AF/Fmin), and after 2 min was 0.19 £+ 0.02 (AF/Fmin) (n = 31 cardiomyocytes from 7
PVs from 7 rats, n.s.) (Figure 3.9A and C). The mean velocity of the spontaneous Ca?*
waves under control conditions was 118.0 £ 5.57 pum/s and this was not significantly
different at 111.8 + 5.2 pym/s, 2 min later (n = 30 cardiomyocytes from 9 PVs from 7
rats, n.s.) (Figure 3.9A and D).

3.3.2. Electrically evoked Ca®" transients in pulmonary vein

cardiomyocytes

Electrical field stimulation evoked a synchronous rise in intracellular Ca?* in
neighbouring cardiomyocytes. Notably, the electrically evoked Ca?* transients
occurred in discrete regions, surrounded by cardiomyocytes that did not respond to the
electrical stimulus. The electrically evoked Ca?* transients ranged in size from a region
of 2-5 cardiomyocytes to large regions of tissue approximating 500 x 500 pum (Figure
3.10). It was possible to electrically evoke Ca?* transients in cardiomyocytes that also
displayed spontaneous activity, as well as in cells that did not display spontaneous
Ca?* transients under resting conditions (Figures 3.10 and 3.11). Figure 3.10 shows the
fluo-4 fluorescence in the pulmonary vein, imaged at low magnification, during
electrical stimulation. Note that asynchronous spontaneous Ca?* transients are visible
before the electrically evoked Ca?* transient. The pseudo-linescan image confirms that
the electrically evoked Ca?* transients were synchronous in the region of tissue, as they
occurred at the same time in all of the cardiomyocytes across the white line (Figure
3.10).

When imaged at 40x, spontaneous Ca?* transients could be observed in the individual
cardiomyocytes. It is clear from the pseudo-linescan image that electrical stimulation

evoked a synchronous rise in Ca* in the neighbouring cardiomyocytes, regardless of
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whether or not spontaneous Ca?* transients were present between those that were
evoked. This can be seen more clearly when the fluo-4 fluorescence was analysed in
the individual cardiomyocytes using ROIls. In ROIs 2 and 3, spontaneous Ca?*
transients were present between those that were electrically evoked at 1 Hz. However,
the cardiomyocytes still consistently responded with Ca?* transients, albeit of a lower

amplitude, according to the rate of electrical stimulation (Figure 3.11).

3.3.3. Caffeine induced Ca?* transient

The rapid application of caffeine (100 mM) induced an increase in Ca?* concentration
in the proximity of the glass microelectrode, and the Ca?* concentration continued to
increase as the caffeine solution diffused across the tissue (Figure 3.12A). In the time
matched control recordings, the amplitude of the caffeine induced Ca?* transient was
0.16 £ 0.03 (AF/Fmin), and was not significantly different at 0.15 + 0.05 (AF/Fmin) when
a subsequent recording was made after a 15 min break in the recording (Figure 3.12B
and C). The mean time for the fluo-4 fluorescence to rise to peak was 0.59 + 0.25 s
and was also not significantly different at 0.43 + 0.11 after 15 min (Figure 3.12B and
D). The time for caffeine induced Ca?* transient to decline by 50% from the peak was
6.37 £ 1.16 s in the first recording and was shorter during the second recording, being
5.16 = 0.62 s; however, this decrease was not statistically significant (n = 3 PVs from
3rats, n.s.) (Figure 3.12B and E).
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Figure 3.2. Spontaneous Ca?* transients in rat pulmonary vein cardiomyocytes.
A. Wide field image of fluo-4 fluorescence in the pulmonary vein, which was imaged
at 40x magnification and displayed in green pseudocolour. The traces represent the
fluorescence intensity in the 3 regions of interest (ROI), depicted by the white boxes.
B. Pseudo-linescan displaying the fluo-4 fluorescence over time in the section of tissue

indicated by the white line in A. Scale bar represents 20 um.
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Figure 3.3. Propagation of Ca®* waves in the same direction in adjacent

cardiomyocytes. Sequential images, obtained every 109 ms, of fluo-4 fluorescence in
the pulmonary vein. Two Ca®* waves in adjacent cardiomyocytes can be observed
propagating in the same direction along the longitudinal axis of the cardiomyocytes.

Scale bar represents 20 pum.
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Figure 3.4. Propagation of Ca?" waves in opposite directions in adjacent

cardiomyocytes. Sequential images, obtained every 109 ms, of fluo-4 fluorescence in
the pulmonary vein. Two Ca®* waves in adjacent cardiomyocytes can be observed
propagating in opposite directions along the longitudinal axis of the cardiomyocytes.

Scale bar represents 20 pum.
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Figure 3.5. Initiation and propagation of Ca?* waves from a single site. Sequential
images, obtained every 109 ms, of fluo-4 fluorescence in the pulmonary vein. A
localised rise in intracellular Ca?* can be observed before splitting into two Ca?* waves
that propagated in opposite directions along the longitudinal axis of the cardiomyocyte.

Scale bar represents 20 pum.
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Figure 3.6. Collision of two Ca?* waves propagating in opposite directions.
Sequential images, obtained every 109 ms, of fluo-4 fluorescence in the pulmonary
vein. Two Ca?* waves can be observed propagating in opposite directions, which

extinguish after colliding. Scale bar represents 20 pm.
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Figure 3.7. Non-propagating Ca?* transient. Sequential images, obtained every 109
ms, of fluo-4 fluorescence in the pulmonary vein. A localised rise in intracellular Ca®*
that diminishes without propagating as a wave can be observed. Scale bar represents

20 pm.
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Figure 3.8. Circularly propagating Ca?* wave. Sequential images, obtained every
109 ms, of fluo-4 fluorescence in the pulmonary vein. A rise in intracellular Ca?* which
propagates as a wave in a circular manner, as opposed to along the longitudinal axis.

Scale bar represents 20 pum.
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Figure 3.9. Time matched control recordings of spontaneous Ca?* transients in
pulmonary vein cardiomyocytes. A. Representative recordings of fluo-4
fluorescence in a cardiomyocyte in the pulmonary vein under control conditions and
in the same cell following a 2 min break in the recording. The mean frequency (B) and
amplitude (C) of the spontaneous Ca?* transients and the Ca?* wave velocity (D). For
the frequency and amplitude data, n = 31 cardiomyocytes from 7 PVs from 7 rats and

for the wave velocity, n = 30 cardiomyocytes from 9 PVs from 7 rats.
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Figure 3.10. Electrically evoked Ca?* transients in the pulmonary vein. A. Images
presented every 218 ms (i-iv) of fluo-4 fluorescence in the pulmonary vein at 5x
magnification when electrically stimulated. The image appears slightly out of focus in
iii due to the contraction of the vein. Scale bar represents 100 pum. The pseudo-linescan
image displays the fluo-4 fluorescence over a 14 s period in the section of tissue
indicated by the white line in i. The arrow heads indicate the electrical stimulus,

applied at 1 Hz.
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Figure 3.11. Electrically evoked Ca?* transients in the individual pulmonary vein
cardiomyocytes. Sequential images (i-vi), obtained every 109 ms, displaying fluo-4
fluorescence in the pulmonary vein at 40x magnification, during electrical stimulation.
Images are presented in green pseudocolour. Scale bar represents 20 um. The fluo-4
fluorescence in the FOV is also displayed. Recordings of the fluo-4 fluorescence in
the ROIs indicated in (i). Note the spontaneous Ca?* transients in ROIs 2 and 3, which
are indicated by asterisks. The pseudo-linescan displays the fluo-4 fluorescence over
a 14 s recording period in the section of tissue indicated by the white line in (vi). The

Arrow heads indicate the electrical stimulus applied at 1 Hz.
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Figure 3.12. Caffeine induced Ca?* transient in the pulmonary vein A. Images of

fluo-4 fluorescence in a region of the pulmonary vein during the application of caffeine
(100 mM). Images are displayed every 900 ms and are presented in green
pseudocolour. Magnification is 5x and the scale bar represents 100 um. The
representative recording displays the fluor-4 fluorescence in the ROI (20 x 20 pixels)

indicated by the white box.
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Figure 3.12. (cont.). B. Representative recordings of fluo-4 fluorescence during an
initial application of caffeine (100 mM) (black), and during a second application in the
same region of tissue after a 15 min recovery period (red). C. The mean amplitude of
the caffeine induced Ca?* transient during the first and the second application. D. The
mean rise time (10 to 90%) of the caffeine induced Ca?* transient. E. Mean time for
the Ca?* transient to decline by 50%. Data represent mean + s.e.m and n = 3 PVs from
3 rats.
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3.3.4. Effect of a period of electrical stimulation on the subsequent

spontaneous Ca?* transients

Following a period of electrical stimulation at 3 Hz or greater, it was apparent that the
spontaneous Ca?* transients re-emerged at an increased frequency. This can be seen in
the pseudo-linescan images and representative recordings, which compare a control
tissue with no prior electrical stimulation, to the same region of tissue immediately

after a period of stimulation at 1-9 Hz (Figure 3.13A).

This effect was dependent on the rate of prior electrical stimulation, as the frequency
of the spontaneous Ca?* transients was greater after a period of electrical stimulation
at higher frequencies (5 to 9 Hz). There was a significant increase in the frequency of
spontaneous Ca?* transients from 0.45 + 0.06 Hz in the control, to 0.59 + 0.05 Hz after
electrical stimulation at 3 Hz (P<0.001 vs. no prior E.S.).The frequency of the
spontaneous Ca?* transients was increased to 0.65 + 0.05 Hz after stimulation at 5 Hz.
However, there was no additional increase after electrical stimulation at 7 Hz and 9
Hz, where the frequency of spontaneous Ca?* transients was 0.64 + 0.05 Hz and 0.65

+0.06 Hz respectively (n = 26 cardiomyocytes from 6 PVs from 6 rats) (Figure 3.13B).

Despite causing an increase in the frequency, a period of electrical stimulation had no
effect on the amplitude of the subsequent spontaneous Ca?* transients. The mean Ca?*
transient amplitude in the control recordings was 0.26 + 0.02 (AF/Fmin) and was not
significantly different after a period of electrical stimulation at 1-9 Hz (n = 26

cardiomyocytes from 6 PVs from 6 rats, n.s.) (Figure. 3.13C).

The mean velocity of the spontaneous Ca?* transients was increased from 95.62 + 3.87
pum/s under control conditions, to 120.2 £ 13.15 um/s after electrical stimulation at 1
Hz. After a period of electrical stimulation at 3 Hz, the mean wave velocity was 114.2
+9.76 um/s. However, neither increase was statistically significant. The wave velocity

was significantly increased to 127 + 10.31 um/s following a period of electrical
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stimulation at 5 Hz (P<0.05 vs. no prior E.S.). However, after stimulation at 7 and 9
Hz, the wave velocity was 115 + 8.98 um/s and 115.6 = 6.69 um/s, which was not
significantly greater than with no prior electrical stimulation (n = 21 cardiomyocytes
from 7 PVs from 7 rats) (Figure 3.13D).

In order to determine if the spontaneous Ca?* transients occurred more synchronously
following a period of electrical stimulation, the percentage of active tissue was
analysed for every time-frame to provide a synchronisation index between 0 and 1. It
was apparent during the analysis that the Ca?* transient synchronisation was increased
after a period of electrical stimulation; however this effect was transient with the
synchronisation returning to control levels during the time course of the recording
(Figure 3.13E). Therefore the data has been presented as the mean synchronisation
index during the first and last 2 s of the recordings. In the control recordings with no
electrical stimulation the mean synchronisation was 0.13 £ 0.02 in the first 2 s and this
was not significantly different in the last 2 s, being 0.11 + 0.01. After a period of
electrical stimulation at 1 Hz, the mean synchronisation was 0.17 = 0.03 in the first
and 0.11 £ 0.02 in the last 2 s; however, this was not a statistically significant
difference. Following electrical stimulation at 3 Hz, the mean synchronisation was
significantly greater in the first 2 s, being 0.23 + 0.04 compared to 0.08 £ 0.01 in the
last 2 s (P<0.001). The mean synchronisation remained significantly greater in the first
2 s after a period of electrical stimulation at 5, 7 and 9 Hz; being, 0.23 £ 0.04, 0.25 £
0.05, 0.24 + 0.05 respectively in the first 2 s and 0.09 = 0.01, 0.09 £ 0.01 0.09 + 0.02
respectively in the last 2 s (Figure 3.13F).

Caffeine was used to investigate if the increase in the frequency of the spontaneous
Ca?* transients was caused by an increased SR Ca?* content. With no prior electrical
stimulation, the mean magnitude of the caffeine induced Ca?* transient was 0.12 + 0.01
(AF/Fmin), and remained the same at 0.12 + 0.02 (AF/Fmin) immediately following a
period of electrical stimulation at 5 Hz (Figure 3.14A and B). The rise time was also
not significantly changed, being 0.72 + 0.18 s during the initial recordings and 0.69 *
0.21 s after electrical stimulation at 5 Hz (Figure 3.14A and C). Similarly, the time to
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50% decline was 6.84 = 1.9 s in the control recordings and was not significantly
changed at 5.92 + 1.43 s after a period of electrical stimulation at 5 Hz (n = 4 PVs from
4 rats, n.s) (Figure 3.14A and D).

121



255

Fluorescence

Cont.

1Hz

3Hz

5Hz

7 Hz

9 Hz

0.1 AF/Fpin

Figure 3.13. The effect of a period of electrical stimulation on the subsequent
spontaneous Ca?* transients in the pulmonary vein. A. Wide field image depicting
the region of interest that was used to produce the fluorescence vs. time records and
the while line used to generate the pseudo-linescans that are shown below. Images
were obtained during a control recording with no prior electrical stimulation, and
immediately following termination of a period of electrical stimulation at 1-9 Hz. Scale

bar represents 20 pm.
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Figure 3.13. (cont.). The mean frequency (B) and amplitude (C) of the spontaneous
Ca?" transients and velocity of Ca** waves (D) in the control recordings and
immediately following electrical stimulation at 1-9 Hz. Data represent mean £ s.e.m.,
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for wave velocity.

123



First2s Last2s Synchronisation
1.0-
) o
? '5 0.6
Cont. EM
gaz
w ool l
0 5 10 15
1.04 Time (s)
3
g 0.8
% 0.6
1 HZ 30.4
s L4 T 1
5 10 15
Time (s)
.-,-: " 1.0
’ E 0.8
% 0.6
S Hz
EO.Z-
0. T T 1
0 5 10 15
Time (s)
- W
’ 5: |'0 1'5
Time (s)
7 Hz o
) } 10 15
Time (s)
9 Hz

Figure 3.13. (cont.). E. Representative analysis of spontaneous Ca?* transient
synchronisation in a control recording with no prior electrical stimulation, and
immediately following termination of a period of electrical stimulation at 1-9 Hz. The
wide-field images are threshold images displaying pixels that have a greater intensity
than half maximum as white. The mask used for the analysis is shown in white in the
top left panel. The recordings on the right represent the synchronisation index for each
frame over time in the control recording (black) and after a period of E.S. at 1-9 Hz

(red). Scale bar represents 10 pm.
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Figure 3.13. (cont.). F. The mean synchronisation during the first 2 s and last 2 s of
the recording period in the control recordings with no prior electrical stimulation and
immediately following a period of E.S. at 1-9 Hz. Date represent mean + s.e.m.
“P<0.05 and ""P<0.01; first 2 s vs. last 2's. n = 6 PVs from 6 rats.
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Figure 3.14. The effect a period of electrical stimulation on the caffeine induced

Ca?* transient. A. Representative recordings of fluo-4 fluorescence in a region of the

pulmonary vein during the application of caffeine (100 mM) in a control recording

with no prior electrical stimulation (black), and in the same region immediately after

electrical stimulation at 5 Hz (red). B. The mean amplitude of the caffeine induced

Ca?* transient in the control recordings and immediately following stimulation at 5 Hz.

C. The mean rise time (10 to 90%) of the caffeine induced Ca?" transient. D. The mean

time to 50% decline from the peak of the caffeine induced Ca?* transient in the control

recordings and after electrical stimulation at 5 Hz. Data represent mean + s.em.n=4

PVs from 4 rats.
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3.3.5. Effect of isoprenaline on the spontaneous and electrically

evoked Ca?* transients

Isoprenaline was used to examine the effect of B-adrenergic stimulation on the
characteristics of the spontaneous and electrically evoked Ca?* transients. In the
presence of isoprenaline (10 uM) there was a small but statistically significant
decrease in the frequency of the spontaneous Ca?* transients from 1.2 + 0.1 Hz to 1.1
*+ 0.1 Hz (n = 42 cardiomyocytes from 8 PVs from 8 rats, P<0.05) (Figure 3.15A and
B). The mean amplitude of the spontaneous Ca?* transients was 0.15 + 0.01 (AF/Frmin),
and was unaffected at 0.15 + 0.02 (AF/Fmin) (n = 42 cardiomyocytes from 8 PVs from
8 rats, n.s.) (Figure 3.15A and C). Isoprenaline also had no significant effect on the
wave velocity. The mean propagation velocity was 123.1 + 10.53 um/s before and then
108.6 + 12.43 um/s in the presence of isoprenaline (n = 12 cardiomyocytes from 7 PVs
from 7 rats, n.s.) (Figure 3.15D).

Surprisingly, as isoprenaline has been shown to increase the Ca?* transient amplitude
in ventricular myocytes (Ginsburg & Bers, 2004; Hussain & Orchard, 1997), there was
asmall, but statistically significant, decrease in the amplitude of the electrically evoked
Ca?* transients from 0.22 + 0.04 (AF/Fumin) to 0.20 + 0.04 (AF/Fmin) (P<0.05,n =7 PVs
from 7 rats) (Figure 3.16). ROIs were placed in the individual cardiomyocytes to
determine if the frequency of spontaneous Ca?* transients between those that were
evoked by electrical stimulation was changed by isoprenaline. Although variable
between preparations, there was no significant difference as the frequency of
spontaneous Ca?* transients, which was 0.52 + 0.22 Hz under control conditions and

0.52 + 0.16 Hz in the presence of isoprenaline.

3.3.6. Effect of a period of electrical stimulation on the subsequent

spontaneous Ca?* transients in the presence of isoprenaline

Similar to the experiments performed under control conditions, a period of electrical

stimulation resulted in an increase in the frequency of the subsequent spontaneous Ca?*
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transients (Figure 3.17A and B). However, unlike under untreated conditions, this
effect was statistically significant after a period of electrical stimulation at 1 Hz, where
there was an increase from 0.50 £ 0.07 Hz in the control recordings to 0.59 + 0.05 Hz
after stimulation at 1 Hz (P<0.05 vs. no prior E.S.). The frequency of the spontaneous
Ca?* transients was increased further to 0.73 + 0.04 Hz after a period of electrical
stimulation at 3 Hz (P<0.001 vs. no prior E.S.). Following electrical stimulation at 5,
7 and 9 Hz, the increase in the frequency of the spontaneous Ca?* transients plateaued,
being 0.75 £ 0.05 Hz, 0.79 + 0.04 Hz and 0.73 £ 0.04 Hz respectively (n = 33
cardiomyocytes from 6 PVs from 6 rats) (Figure 3.17B).

The mean amplitude of the spontaneous Ca?* transients decreased significantly from
0.31£0.03 (AF/Fmin) in the control recordings, to 0.25 £ 0.02 (AF/Fmin) after electrical
stimulation at 1 Hz (P<0.01 vs. no prior E.S.), and remained significantly decreased,
after a period of electrical stimulation at 3 to 9 Hz (n = 33 cardiomyocytes from 6 PVs
from 6 rats) (Figure 3.17C).

The mean wave velocity was 94.22 + 6.06 um/s in the presence of isoprenaline and
was not significantly different at 94.82 + 5.77 um/s following a period of electrical
stimulation at 1 Hz. However, following stimulation at 3 Hz, the Ca?* wave velocity
was significantly increased to 115.5 + 9.9 um/s (P<0.05 vs. no prior E.S.). The wave
velocity after a period of electrical stimulation at 5 Hz was 119 + 8.26 um/s (P<0.05
vs. control) and continued to steadily increase after electrical stimulation at 7 and 9
Hz, where the wave velocity was 122.4 £ 7.06 pum/s (P<0.01 vs. no prior E.S.) and
125.2 £ 9.67 um/s (P<0.001 vs. no prior E.S.) respectively (n = 26 cardiomyocytes
from 7 PVs from 7 rats) (Figure 3.17D).

In the presence of isoprenaline, the mean synchronisation index for the spontaneous
Ca?* transients was 0.20 * 0.02 in the first 2 s and 0.15 + 0.03 in the last 2 s of the
recordings. After a period of electrical stimulation at 1 Hz, the mean synchronisation

was increased to 0.24 £ 0.02 in the first 2 s, which was significantly greater than in the
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last 2 s, where itwas 0.12 + 0.02 (P<0.01). Immediately following a period of electrical
stimulation at 3 Hz, there was a much greater increase in synchronisation to 0.35 £
0.02 in the first 2 s, compared with 0.10 £ 0.03 in the last 2s (P<0.001). Increasing the
frequency of electrical stimulation to 5, 7 and 9 Hz resulted in no further increase in
the synchronisation of spontaneous Ca?* transients. The mean synchronisation index
was 0.36 £ 0.02, 0.34 + 0.02 and 0.34 £+ 0.02 in the first 2s after electrical stimulation
at 5, 7 and 9 Hz respectively. During the last 2 s of the same recordings, the mean
synchronisation index was significantly lower, being 0.12 + 0.02, 0.11 + 0.02 and 0.14
+ 0.02 respectively (P<0.001) (Figure 3.17E and F).
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Figure 3.15. The effect of isoprenaline on the spontaneous Ca?* transients in
pulmonary vein cardiomyocytes. A. Representative recordings of fluo-4
fluorescence in a cardiomyocyte under control conditions, and in the same cell in the
presence of isoprenaline (10 uM). The mean frequency (B) and amplitude (C) of the
spontaneous Ca?" transients, and the Ca* wave velocity (D) under control conditions
and in the presence of isoprenaline (10 uM). Data represent mean + s.e.m., *P<0.05
and n = 42 cardiomyocytes from 8 PVs from 8 rats for frequency and amplitude and n

= 12 cardiomyocytes from 7 PVs from 7 rats for wave velocity.
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Figure 3.16. The effect of isoprenaline on the electrically evoked Ca?* transients
in the pulmonary vein. A. Representative recordings of the fluo-4 fluorescence in the
entire FOV during electrical stimulation at 1 Hz, and in the same region in the presence
of isoprenaline (10 uM). B. The mean amplitude of the electrically evoked Ca?*
transients under control conditions and in the presence of isoprenaline (10 uM). Data

represent mean + s.e.m.,*P<0.05 and n = 7 PVs from 7 rats.
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Figure 3.16. (cont.) D. Representative recordings displaying fluo-4 fluorescence in
individual cardiomyocytes (ROIs) during electrical stimulation at 1 Hz in a control
recording and in the presence of isoprenaline (10 uM). Spontaneous Ca?* transients
are indicated by the asterisks. E. Mean frequency of spontaneous Ca?* during electrical
stimulation at 1 Hz in the control recordings and in presence of isoprenaline. Data

represent mean + s.e.m. and n = 10 cardiomyocytes from 5 PVs from 5 rats.
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Figure 3.17. The effect of isoprenaline on the subsequent spontaneous Ca?*
transients in the pulmonary vein after a period of electrical stimulation. A. Wide
field image depicting the region of interest that was used to produce the fluorescence
vs. time records and the while line used to generate the pseudo-linescans that are
shown below. Images were obtained during a control recording with no prior electrical
stimulation, and immediately following termination of a period of electrical
stimulation at 1-9 Hz. The pulmonary vein was treated with isoprenaline 2 min prior

to commencing the recordings. Scale bar represents 20 um.
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Figure 3.17 (cont.). The mean frequency (B) and amplitude (C) of the spontaneous
Ca?* transients and velocity of Ca** waves (D) in the presence of isoprenaline (10 pM),
in the control recordings with no prior electrical stimulation, and immediately
following electrical stimulation at 1-9 Hz. Data represent mean + s.e.m., *P<0.05;
**pP<0.01; ***P<0.001 vs. Cont. n = 33 cardiomyocytes from 6 PVs from 6 rats for
amplitude and frequency and 26 cardiomyocytes from 7 PVs from 7 rats for the wave

velocity.
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Figure 3.17. (cont.). E. Representative analysis of spontaneous Ca?* transient
synchronisation in the presence of isoprenaline in a control recording with no prior
electrical stimulation, and immediately following termination of a period of electrical
stimulation at 1-9 Hz. The wide-field images are threshold images displaying pixels
that have a greater intensity than half maximum as white. The mask used for the
analysis is shown in white in the top left panel. The recordings on the right represent
the synchronisation index for each frame over time in the control recording (black)

and after a period of E.S. at 1-9 Hz (red). Scale bar represents 10 pm.
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the recording period in the control recordings with no prior electrical stimulation and
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3.3.7. Effect of increasing the external Ca®* concentration on the

spontaneous and electrically evoked Ca?* transients

The effect of increasing the external Ca?* concentration on the spontaneous and
electrically evoked Ca?* transients was next examined. The frequency of spontaneous
Ca?* transients was 1.3 + 0.1 Hz under control conditions and was significantly
reduced to 1.1 + 0.09 Hz after the external Ca?* concentration was increased (n = 52
from 8 cardiomyocytes from 8 rats, P<0.001) (Figure 3.18A and B). The mean
amplitude of the spontaneous Ca?* transients was 0.22 + 0.02 (AF/Fmin) under control
conditions and was not significantly altered at 0.20 + 0.01 (AF/Fmin) after increasing
the external Ca?* concentration (Figure 3.18A and C) (n = 52 from 8 cardiomyocytes
from 8 rats, n.s.). Similarly, the wave velocity was 109.1 + 11.3 pum/s and this was not
significantly different at 100.4 + 11.29 um/s after increasing the external Ca?*

concentration (28 cardiomyocytes from 12 PVs from 11 rats, n.s.) (Figure 3.18D).

Figure 3.19A and B shows the fluo-4 fluorescence in the FOV from two different
preparations in the presence of a high external Ca?* concentration, during electrical
stimulation (1 Hz). In the first pulmonary vein, the characteristics of the electrically
evoked Ca?" transients resemble those that were evoked under control conditions
(Figure 3.19A). However, in 22% of preparations there was a premature rise in the
fluorescence signal in the FOV that preceded each electrically evoked Ca?* transient
(Figure 3.19B). The mean amplitude of the electrically evoked Ca?* transients was 0.3
+ 0.05 (AF/Fmin) and was not significantly different at 0.27 £+ 0.04 (AF/Fmin) when the

external Ca?* concentration was increased (n = 7 PVs from 7 rats, n.s.) (Figure 3.19C).

In order to determine if the premature rise in fluorescence observed in 22% of the
preparations reflects changes in spontaneous Ca?* signalling, the fluo-4 fluorescence
was analysed in individual cardiomyocytes using ROIs. It was found that the frequency
of spontaneous Ca?* transients between those that were evoked was significantly
increased from 0.11 + 0.06 Hz to 0.41 + 0.28 Hz (n = 16 cardiomyocytes from 7 PVs
from 6 rats, P<0.001), suggesting that an increase in the frequency of spontaneous Ca?*
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transients may have been the cause of the rise in fluorescence in the FOV between the

electrically evoked Ca?* transients (Figure 3.19D and E).

3.3.8. Effect of electrical stimulation on the subsequent spontaneous

Ca®" transients in the presence of high external Ca*

The effect of increasing the external Ca?* concentration on the spontaneous Ca?*
transients after a period of electrical stimulation was also investigated. The pseudo-
linescan images demonstrate that, when the pulmonary vein was maintained in
physiological salt solution containing a high external Ca?* concentration, there was an
increase in the frequency of the spontaneous Ca?* transients immediately following
cessation of electrical stimulation (Figure 3.20A). It is also evident in the pseudo-
linescan images that the spontaneous Ca?* transients that initially re-appeared after a
period of electrical stimulation at 5 Hz or greater were present in all of the
cardiomyocytes in the FOV the same time (Figure 3.20A).

The increase in the frequency of spontaneous Ca?* transients that immediately
followed a period of electrical stimulation reached statistical significance after
electrical stimulation at 3 Hz. The frequency of spontaneous transients was 0.39 £+ 0.06
Hz in the control recordings with no prior electrical stimulation, and was 0.75 + 0.06
Hz immediately after electrical stimulation at 3 Hz (P<0.001 vs. no prior E.S.). After
a period of electrical stimulation at 5 Hz, the frequency of spontaneous transients was
increased further to 0.91 = 0.07 Hz (P<0.001 vs. no prior E.S.), which was a greater
increase compared to the recordings obtained under control conditions. Following a
period of electrical stimulation at 7 and 9 Hz, the increase in the frequency of
spontaneous Ca?* transients plateaued, being 0.94 + 0.09 Hz and 0.93 + 0.1 Hz
respectively (n =34 from 6 PVs from 6 rats) (Figure 3.20B).

There was no significant change in the mean amplitude of the spontaneous Ca?*

transients after a period of electrical stimulation up to 5 Hz. However, there was a
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significant decrease in the amplitude after stimulation at 7 and 9 Hz. The mean
amplitude of the spontaneous Ca?* transients was 0.29 + 0.02 (AF/Fmin) in the control
recordings with no prior electrical stimulation, and was 0.25 + 0.02 (AF/Fmin) and 0.23
+ 0.02 (AF/Fnmin) after a period of electrical stimulation at 7 and 9 Hz respectively (n =
34 cardiomyocytes from 6 PVs from 6 rats, P<0.001 vs. no prior E.S.) (Figure 3.20C).

Increasing the external Ca?* concentration resulted in an increase in the velocity of the
Ca?" waves following a period of electrical stimulation. This effect reached
significance after stimulation at 3 Hz, where the wave velocity was increased to 141.7
+ 10.09 pm/s, compared to 103.5 + 6.27 pm/s under control conditions (n = 32
cardiomyocytes from 6 PVs from 6 rats, P<0.05 vs. no prior E.S.). After a period of
electrical stimulation at 5 Hz, the propagation velocity of the subsequent Ca?* waves
was increased further to 166.9 + 14.73 um/s (n = 32 cardiomyocytes from 6 PVs from
6 rats, P<0.001 vs. no prior E.S.). The wave velocity plateaued after electrical
stimulation at 7 and 9 Hz, being 171.5 + 17.03 pm/s and 170.5 + 16.17 pm/s
respectively (|[Figure 3.20D).

When the external Ca®" concentration was increased, a brief period of electrical
stimulation at 3 Hz or greater transiently increased the synchronisation of the
subsequent spontaneous Ca?* transients. This can be seen in the representative
recordings in Figure 3.20E. Under control conditions the mean synchronisation index
was 0.11 + 0.02 in the first 2s and 0.10 £ 0.02 in the last 2 s of the recordings. After a
period of electrical stimulation at 1 Hz, the mean synchronisation was not significantly
different in the first and last 2 s, being 0.14 + 0.02 and 0.10 + 0.01 respectively. The
mean synchronisation after a period of electrical stimulation at 3 Hz was 0.26 £0.04 in
the first 2 s, which was significantly greater than in the last 2 s where it was 0.09 +
0.01 (P<0.01). Similarly, after electrical stimulation at 5, 7 and 9 Hz, the
synchronisation was greater in the first 2 s, being 0.28 + 0.05, 0.29 £ 0.04 and 0.28 +
0.05, compared to 0.09 + 0.02, 0.10 + 0.01 and 0.13 + 0.00 respectively (Figure
3.20F).
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Figure 3.18. The effect of increasing the external Ca?* concentration on

spontaneous Ca?* transients in pulmonary vein cardiomyocytes. A. Representative

recordings of fluo-4 fluorescence in a cardiomyocyte under control conditions and in

the same cell 2 min after the external Ca?* concentration ([Ca?*]o) was increased to 4.5

mM. The mean frequency (B) and amplitude (C) of spontaneous Ca?* transients, and

Ca?* wave velocity (D) under control conditions and after the [Ca?*]o was increased.

Data represent mean + s.e.m., "P<0.05 and n = 52 cardiomyocytes from 8 PVs from 8

rats and 28 cardiomyocytes from 12 PVs from 11 rats for wave velocity.
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Figure 3.19. The effect of increasing the extracellular Ca?* concentration on the
electrically evoked Ca?* transients in the pulmonary vein. A. Representative
recordings of fluo-4 fluorescence in the entire FOV during electrical stimulation at 1
Hz in a control recording and in the same region after the external Ca®* concentration
([Ca?*]o) was increased to 4.5 mM. B. Representative recordings from a different
preparation. A section from each recording, indicated by the black and red boxes, has
been merged and presented over an expanded time scale. C. The mean amplitude of
the electrically evoked Ca?* transients under control conditions and after the [Ca?*]o

was increased. Data represent mean £ s.e.m. and n =9 PVs from 7 rats.
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Figure 3.19. (cont.) D. Representative recordings displaying fluo-4 fluorescence in
ROIs during electrical stimulation at 1 Hz in a control recording and after the external
Ca?* concentration ([Ca?*]o) was increased to 4.5 mM. Spontaneous Ca?* transients are
indicated by the asterisks. E. Mean frequency of spontaneous Ca?* transients during
electrical stimulation at 1 Hz in the control recordings and after the [Ca®*]o was
increased. Data represent mean * s.e.m. " P<0.01 and n = 16 cardiomyocytes from 7

PVs from 6 rats.
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Figure 3.20. The effect of increasing the external Ca?* concentration on the
subsequent spontaneous Ca?* transients in the pulmonary vein after a period of
electrical stimulation. Wide field image depicting the region of interest that was used
to produce the fluorescence vs. time records and the while line used to generate the
pseudo-linescans that are shown below. Images were obtained during a control
recording with no prior electrical stimulation, and immediately following termination
of a period of electrical stimulation at 1-9 Hz. The external concentration of Ca?* was
raised from 2.5 to 4.5 mM, 2 min prior to commencing the recordings. Scale bar

represents 20 pm.
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Figure 3.20 (cont.). The mean frequency (B) and amplitude (C) of the spontaneous
Ca?* transients and velocity of Ca?* waves (D) in the presence of high [Ca®']o in the
control recordings with no prior electrical stimulation, and immediately following a
period of electrical stimulation (E.S.) at 1-9 Hz. Data represent mean + s.e.m., "P<0.05
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vs. Cont., "P<0.001 vs. Cont. and n = 34 cardiomyocytes from 6 PVs from 6 rats for
frequency and amplitude and n = 32 cardiomyocytes from 6 PVs from 6 rats for wave

velocity.
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Figure 3.20. (cont.). E. Representative analysis of spontaneous Ca?" transient
synchronisation in the presence of high external Ca?" in a control recording with no
prior electrical stimulation, and immediately following termination of a period of
electrical stimulation at 1-9 Hz. The wide-field images are threshold images displaying
pixels that have a greater intensity than half maximum as white. The mask used for the
analysis is shown in white in the top left panel. The recordings on the right represent
the synchronisation index for each frame over time in the control recording (black)

and after a period of E.S. at 1-9 Hz (red). Scale bar represents 20 um.
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3.3.9. Effect of isoprenaline in combination with increasing the
external Ca?" concentration on the spontaneous and electrically

evoked Ca®* transients

The frequency of the spontaneous Ca?* transients was 0.90 + 0.13 Hz under control
conditions and was not significantly different at 0.94 + 0.13 Hz in the presence of
isoprenaline (10 uM) and high external Ca?* (n = 60 cardiomyocytes from 7 PVs from
7 rats, n.s.) (Figure 3.21A and B). There was, however, a statistically significant
decrease in the amplitude of the spontaneous Ca?* transients from 0.23 * 0.02
(AF/Fmin) to 0.20 £ 0.01 (AF/Fmin) (n = 60 cardiomyocytes from 7 PVs from 7 rats,
P<0.01) (Figure 3.21A and C). The propagation velocity of the spontaneous Ca?*
transients that occurred as waves was 104.2 + 5.72 um/s under control conditions and
this was not significantly different at 100.4 + 5 um/s after increasing the external Ca*
concentration and adding isoprenaline (n = 22 cardiomyocytes from 8 PVs from 8 rats,

n.s.)

The mean amplitude of the electrically evoked Ca?* transients was 0.31 + 0.06
(AF/Fmin) under control conditions and was unaffected at 0.30 + 0.06 (AF/Fmin) in
presence of isoprenaline and high external Ca?* (n = 7 PVs from 7 rats, n.s.) (Figure
3.22A and C). In 43% of preparations there was evidence of a global increase in the
fluorescence signal in the FOV, occurring between the electrically evoked Ca?*
transients (Figure 3.22B). ROI analysis determined the frequency of spontaneous Ca?*
transients between those that were evoked was increased from 0.14 + 0.07 Hz in the
control recordings to 0.68 + 0.07 Hz in the presence of isoprenaline and high external
Ca?* (n = 18 cardiomyocytes from 5 PVs from 5 rats, P<0.001) (Figure 3.22D and E).
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3.3.10. Effect of electrical stimulation on the subsequent spontaneous

Ca?* transients in the presence of isoprenaline and high external Ca?*

Immediately after a period of electrical stimulation at 1 Hz or greater, there was an
increase in the frequency of the spontaneous Ca?* transients compared the control
recordings, which were obtained in the absence of any prior stimulation. This is similar
to the results obtained in the presence of isoprenaline alone (Figure 3.23A). The mean
frequency of the spontaneous Ca?* transients was 0.45 + 0.05 Hz in the presence of
isoprenaline and high external Ca?*, and was significantly increased to 0.60 + 0.05 Hz
after a period of electrical stimulation at 1 Hz (P<0.05 vs. no prior E.S.). There was a
further increase to 0.91 £+ 0.07 Hz after a period of electrical stimulation at 3 Hz
(P<0.001 vs. no prior E.S.), before the increase in the frequency of spontaneous Ca?*
transients plateaued at the higher frequencies of stimulation. The frequency of the
spontaneous Ca?* transients was 0.93 + 0.07 Hz, 0.94 + 0.09 Hz and 0.95 + 0.1 Hz
after a period of electrical stimulation at 5, 7 and 9 Hz respectively (n = 36

cardiomyocytes from 7 PVs from 7 rats) (Figure 3.23B).

Following a period of electrical stimulation at frequencies of 5 Hz or greater, the
amplitude of the subsequent spontaneous Ca?* transients was significantly decreased
compared to the control recordings, which obtained with no prior stimulation. The
mean amplitude in the control recordings was 0.31 £ 0.03 (AF/Fmin), and was reduced
to 0.27 + 0.02 (AF/Fmin) after a period of electrical stimulation at 5 Hz (P<0.01 vs. no
prior E.S.). The mean amplitude was 0.25 + 0.02 (AF/Fmin) and 0.24 £ 0.02 (AF/Fmin)
after a period of electrical stimulation at 7 Hz and 9 Hz respectively (n = 36

cardiomyocytes from 7 PVs from 7 rats, P<0.001 v vs. no prior E.S.) (Figure 3.23C).

The propagation velocity of the spontaneous Ca?* waves was 104.2 + 4.73 pm/s under
control conditions and was increased, although not statistically significantly to 123.6
+ 5.78 um/s after a period of electrical stimulation at 1 Hz. Immediately following a
period of electrical stimulation at 3 Hz the wave velocity was 147.2 + 9.12 um/s, which

was significantly greater than with no prior electrical stimulation (P<0.05 vs. vs. no
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prior E.S.). There was a further increase in the wave velocity to 165.4 + 10.58 pum/s
after electrical stimulation at 5 Hz and when the frequency of stimulation was
increased to 7 and 9 Hz, the wave velocity was 158.3 + 10.71 um/s and 163.6 + 12.65
um/s respectively (n = 30 cardiomyocytes from 7 PVs from 7 rats, P<0.001 vs. no prior
E.S.) (Figure 3.23D).

The caffeine induced Ca?* transient after a period of electrical stimulation was also
investigated in the presence of isoprenaline and a high external Ca* concentration.
This was to examine if the more pronounced increase in the frequency of spontaneous
Ca?* transients after a period of electrical stimulation under these conditions was due
to an increased SR Ca?* load. The magnitude of the caffeine induced Ca?* transient
was 0.15 + 0.02 (AF/Fmin) after a period of electrical stimulation at 3 Hz, and was
unaffected at 0.15 + 0.03 (AF/Fmin) in the presence of isoprenaline and high external
Ca?* (n = 10 PVs from 10 rats, n.s.) (Figure 3.24A and B). There was also no
significant change in the rise time, as it was 0.75 £ 0.11 s after stimulation 3 Hz under
untreated conditions and 0.92 + 0.12 s in the presence of isoprenaline and high Ca?* (n
=10 PVs from 10 rats, n.s.) (Figure 3.24A and C). The time to 50% decline was also
not significantly different, being 6.44 + 0.94 s before and 5.61 + 0.87 s after adding
isoprenaline and increasing the external Ca?* concentration (n = 10 PVs from 10 rats,
n.s.) (Figure 3.24A and D).

As can be seen in the representative recordings, when the pulmonary vein was treated
with isoprenaline and the external Ca?* concentration was increased, a brief period of
electrical stimulation at 1 Hz or greater transiently increased the synchronisation of the
subsequent spontaneous Ca?* transients (Figure 3.23E). Under control conditions, the
mean synchronisation index was 0.13 £ 0.01 in the first and 0.14 + 0.02 in the last 2 s.
Following a period of electrical stimulation at 1 Hz, the mean synchronisation was
increased to 0.23 £ 0.03 in the first 2 s, which was significantly greater than in the last
2 s, where it was 0.10 £ 0.02 (P<0.01). In the first 2 s after electrical stimulation at 3
Hz, there was a further increase in synchronisation to 0.31 + 0.04, which decreased to

0.10 +£0.01 in the last 2 s of the recordings (P<0.001). The spontaneous Ca?* transients
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remained more synchronous in the first compared to the last 2s after a period of
electrical stimulation at 5 to 9 Hz. The mean synchronisation was 0.33 £ 0.04, 0.30 +
0.05 and 0.28 £0.05 in the first 2s and 0.10 +£0.02, 0.12 + 0.02 and 0.14 £+ 0.03 in the
last 2 s after electrical stimulation at 5, 7 and 9 Hz respectively (P<0.001, 0.01 and
0.05) (Figure 3.23F).
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Figure 3.21. The effect of isoprenaline in combination with increasing the external
Ca?* concentration on the spontaneous Ca?* transients in pulmonary vein
cardiomyocytes. A. Representative recordings of fluo-4 fluorescence in a
cardiomyocyte under control conditions, and in the same cell in the presence of
isoprenaline (10 uM) and 4.5 mM [Ca?*]o. The mean frequency (B) and amplitude (C)
of the spontaneous Ca?* transients, and Ca?* wave velocity (D) under control
conditions and in the presence of isoprenaline (10 puM) and high [Ca?*]o. Data represent
mean * s.e.m., ~'P<0.01 and n = 60 cardiomyocytes from 7 PVs from 7 rats for
frequency and amplitude and n = 22 cardiomyocytes from 8 PVs from 8 rats for wave

velocity.
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Figure 3.22. The effect of isoprenaline in combination with increasing the external
Ca?* concentration on the electrically evoked Ca?* transients in the pulmonary
vein. A. Representative recordings of fluo-4 fluorescence in the entire FOV during
electrical stimulation at 1 Hz, and in the same region in the presence of isoprenaline
(10 puM) and 45 mM [Ca®'lo. B. Representative recordings from a different
preparation. A section from each recording, indicated by the black and red boxes, has
been merged and presented over an expanded time scale C. The mean amplitude of the
electrically evoked Ca?* transients under control conditions and in the presence of
isoprenaline (10 uM) and high [Ca?*]o. Data represent mean * s.e.m. and n = 7 PVs

from 7 rats.
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Figure 3.22. (cont.) D. Representative recordings displaying fluo-4 fluorescence in
ROIs during electrical stimulation at 1 Hz in a control recording and in the presence
of isoprenaline (10 uM) and after the external Ca?* ([Ca?*]o) was increased to 4.5 mM.
Spontaneous Ca®" transients are indicated by the asterisks. E. Mean frequency of
spontaneous Ca?" during electrical stimulation at 1 Hz in the control recordings and
after the [Ca®*]o was increased. Data represent mean + s.e.m. = P<0.001 and n = 18

cardiomyocytes from 5 PVs from 5 rats.
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Figure 3.23. The effect isoprenaline in combination with raising the external Ca?*
on the subsequent spontaneous Ca?* transients in the pulmonary vein after a
period of electrical stimulation. A. Wide field image depicting the region of interest
that was used to produce the fluorescence vs. time records and the while line used to
generate the pseudo-linescans that are shown below. Images were obtained during a
control recording with no prior electrical stimulation, and immediately following
termination of a period of electrical stimulation at 1-9 Hz. The external Ca?*
concentration was raised from 2.5 mM to 4.5 mM, and the tissue was treated with
isoprenaline (10 pM), 2 min prior to commencing the recordings. Scale bar represents

20 pm.
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Figure 3.23 (cont.). The mean frequency (B) and amplitude (C) of the spontaneous
Ca?" transients and velocity of Ca?* waves (D) in the presence of isoprenaline (10 pM)
and high [Ca®']o in the control recordings with no prior electrical stimulation, and
immediately following a period of electrical stimulation at 1-9 Hz. Data represent
mean * s.e.m., "P<0.05, “"P<0.01., ““P<0.001 vs. Cont. and n = 36 cardiomyocytes
from 7 PVs from 7 rats for frequency and amplitude and 30 cardiomyocytes from 7

PVs from 7 rats for wave velocity.
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Figure 3.23. (cont.). E. Representative analysis of spontaneous Ca?" transient
synchronisation in the presence of isoprenaline and high external Ca?* in a control
recording with no prior electrical stimulation, and immediately following termination
of a period of electrical stimulation at 1-9 Hz. The wide-field images are threshold
images displaying pixels that have a greater intensity than half maximum as white. The
mask used for the analysis is shown in white in the top left panel. The recordings on
the right represent the synchronisation index for each frame over time in the control
recording (black) and after a period of E.S. at 1-9 Hz (red). Scale bar represents 20

pm.
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Figure 3.24. The effect of isoprenaline in combination with increasing the external
Ca?* concentration on the caffeine induced Ca?* transient. A. Representative
recordings of fluo-4 fluorescence in a region of tissue during the application of caffeine
(100 mM) under control conditions (black), and in the same region in the presence of
isoprenaline (10 uM) and 4.5 mM [Ca?*]o. Recordings were obtained immediately
after a period of electrical stimulation at 3 Hz. B. The mean amplitude of the caffeine
induced Ca?* transient after a period of electrical stimulation at 3 Hz, under control
conditions, and then in the presence of isoprenaline and high [Ca?*]o. C. The mean rise
time (10 to 90%) of the caffeine induced Ca?* transient after electrical stimulation at 3
Hz. D. The mean time to 50% decline from the peak of the caffeine induced Ca?*
transient after electrical stimulation at 3H and in the presence of isoprenaline and high
Ca?*. n =10 PVs from 10 rats
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3.3.11. Effect of noradrenaline on the spontaneous Ca** transients

In the presence of noradrenaline, synchronous Ca?" transients, like those that were
evoked by electrical stimulation, were not observed in any of the preparations. This
was surprising since previous studies have shown that noradrenaline induces
automaticity in the rat pulmonary vein (Doisne et al., 2009; Maupoil et al., 2007). In
order to reconcile the differences between the observations in the present chapter and
the literature, the temperature of the physiological salt solution was increased to near
37 °C.

The characteristics of the spontaneous Ca?* transients were compared at room
temperature and at 37 °C. The mean frequency of the spontaneous Ca?* transients was
significantly higher in the room temperature group, being 1.33 + 0.08 Hz (n = 31
cardiomyocytes from 7 PVs from 7 rats), compared to 1.01 £ 0.12 Hz at 37 °C (n = 34
cardiomyocytes from 10 PVs from 8 rats, P<0.05) (Figure 3.25A). The mean
amplitude of the spontaneous Ca?* transients at room temperature was 0.2 + 0.02
(AF/Fmin) and this was approximately double that at 37 °C, being 0.11 + 0.01 (AF/Fmin)
(n = 34 cardiomyocytes from 10 PVs from 8 rats, P<0.001) (Figure 3.25B). In contrast
to the frequency and amplitude, the wave velocity was not significantly different
between the two groups, where it was 118 = 5.57 um/s at room temperature (30
cardiomyocytes from 7 PVs from 7 rats) and 129.4 + 10.51 um/s at 37 °C (n = 18
cardiomyocytes from 6 PVs from 4 rats, n.s.) (Figure 3.25C).

As the properties of spontaneous Ca?* transients were different at 37 °C compared to
room temperature, time matched control recordings were also obtained. The mean
frequency of spontaneous Ca?* transients was 1.01 + 0.12 Hz and was not significantly
different after a 2 min break in the recording, at 0.91 £0.11 Hz (n = 34 cardiomyocytes
from 10 PVs from 8 rats, n.s.) (Figure 3.26A and B). The mean amplitude was 0.11 £
0.01 (AF/Fmin), and in this case was significantly changed after 2 min, being 0.09 +
0.01 (AF/Fmin) (n = 34 cardiomyocytes from 10 PVs from 8 rats, P<0.01.) (Figure

3.26A and C). The wave velocity was not significantly different after 2 min, being

159



129.4 + 10.51 pm/s in the initial recording and 133.8 + 9.84 um/s after 2 min (n = 17
cardiomyocytes from 6 PV from 4 rats, n.s.) (Figure 3.26D).

In the presence of noradrenaline, there was a significant decrease in the amplitude of
the spontaneous Ca?* transients from 0.13 £ 0.02 (AF/Fmin) to 0.11 £ 0.02 (AF/Fmin) (n
= 24 cardiomyocytes from 7 PVs from 7 rats, P<0.05) (Figure 3.27A and B). The
frequency of the spontaneous Ca?* transients was increased from 0.76 + 0.08 Hz under
control conditions to 0.96 £ 0.08 Hz in the presence of noradrenaline (n = 24
cardiomyocytes from 7 PVs from 7 rats, P<0.05) (Figure 3.27A and C). The mean
velocity of the Ca?* waves was 148.4 + 16.41 um/s under control conditions and this
was not significantly affected at 143.9 + 10.87 pum/s in the presence of noradrenaline

(n = 11 cardiomyocytes from 5 PVs from 4 rats, n.s.) (Figure 3.27D).
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Figure 3.25. Comparison of the spontaneous Ca?* transients at room temperature

and at 37 °C. Mean frequency (A), amplitude (B) and velocity (C) of spontaneous

Ca?* transients under control conditions at room temperature (RT) and at 37 °C. Data

represent mean + s.e.m. "P<0.05,

*kk

P<0.001. n = 31 cardiomyocytes from 7 PVs from

7 rats for the frequency and amplitude and 30 cardiomyocytes from 7 PVs from 7 rats

for the wave velocity at room temperature. For the frequency and amplitude at 37 °C,

n = 34 cardiomyocytes from 10 PVs from 8 rats and for the wave velocity at 37 °C, n

= 18 cardiomyocytes from 6 PVs from 4 rats.
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Figure 3.26. Time matched control recordings of spontaneous Ca?* transients in
pulmonary vein cardiomyocytes at higher temperature. A. Representative
recording of fluo-4 fluorescence in a cardiomyocyte under control conditions and in
the same cell after a 2 min break in the recording. The mean frequency (B) and
amplitude (C) of the spontaneous Ca?* transients, and Ca?* wave velocity (D). The
temperature of the bath solution was maintained near 37 °C. n = 34 cardiomyocytes
from 9 PVs from 7 rats for the frequency and amplitude and n = 17 cardiomyocytes

from 6 PV from 4 rats for the wave velocity.
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Figure 3.27. The effect of noradrenaline on spontaneous Ca?* transients in
pulmonary vein cardiomyocytes. A. Representative recordings of fluo-4
fluorescence in a cardiomyocyte under control conditions, and in the presence of
noradrenaline (NA) (10 puM). The mean frequency (B) and amplitude (C) of the
spontaneous Ca?* transients, and Ca?* wave velocity under control conditions, and in
the presence of noradrenaline. The temperature of the bath solution was maintained
near 37 °C. "P<0.05; “"P<0.01 and n = 24 cardiomyocytes from 7 PVs from 7 rats for
frequency and amplitude and n = 11 cardiomyocytes from 5 PVs from 4 rats for wave

velocity.
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3.4. Discussion

3.4.1. Spontaneous Ca** transients in the rat pulmonary vein

In the rat pulmonary vein, spontaneous Ca?* transients were present in the absence of
any external stimulation, and were usually apparent as waves that propagated along
the longitudinal axis of the cell. Spontaneous Ca?* transients could be observed in the
extrapulmonary and intrapulmonary sections of the vein, which is consistent with the
notion that in the rat, the cardiomyocyte sleeve extends beyond the hilus and into the
lung (Hashizume et al., 1998; Mueller-Hoecker et al., 2008). The most notable feature
of the spontaneous Ca®' transients was that they were asynchronous, with
neighbouring cardiomyocytes displaying spontaneous Ca?* transients at distinct
frequencies, and there was no consistent pattern of activity. Asynchronous
spontaneous Ca?* transients have previously been observed as waves propagating
along the longitudinal axis of the cardiomyocytes in the pulmonary vein of the rat
(Logantha et al., 2010; Namekata et al., 2010) and mouse (Rietdorf et al., 2014).
Circularly propagating Ca?* waves, similar to those that were observed in the present
study, have also been previously reported in the rat pulmonary vein (Namekata et al.,
2010). The spontaneous Ca?* transients in the rat pulmonary vein shared similar
characteristics to those in the mouse in that they were typically present as waves, and
the frequency was highly variable between individual cardiomyocytes (Rietdorf et al.,
2014).

The velocity of spontaneous Ca?* waves in the rat pulmonary vein was approximately
100 to 120 pum/s, which is greater than what has been reported in the mouse pulmonary
vein, where the velocity was ~70 um/s (Rietdorf et al., 2014). However, this was
similar to the rat ventricle, where the reported wave velocity ranges from 70 to 150
um/s, usually being ~100 um/s (Brette et al., 2005; Kaneko et al., 2000; O'Neill et al.,
2004; Okada et al., 2005; Takamatsu & Wier, 1990; Wasserstrom et al., 2010). When
the external Ca?* concentration was increased, a period of electrical stimulation at 3
Hz or greater induced a much larger increase in the frequency of the spontaneous Ca?*

transients than under normal conditions, and this was accompanied by significant
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increase in the wave velocity. An increase in Ca?* wave velocity has previously been
reported in myocytes in rat ventricular tissue when the external Ca?* concentration was
increased, and this correlated with a marked increase in their frequency, suggesting
that an increase in Ca?* wave frequency predicts an increase in their velocity (Kaneko
et al., 2000; Minamikawa et al., 1997; Wasserstrom et al., 2010). Of particular note,
Wasserstrom et al., (2010) reported that the Ca?" wave velocity was approximately
15% greater following rapid pacing, which is similar to what was observed in the

pulmonary vein in the present study.

According to the “fire-diffuse-fire” model of Ca?" wave propagation, Ca** waves
travel along the length of a cardiomyocyte due to release of SR Ca?*, which diffuses
and activates adjacent clusters of RyRs (Keizer & Smith, 1998; Keizer et al., 1998).
However, it is thought that Ca?* wave propagation also depends on a RyR sensitisation
wave front that provides local increases in SR Ca?* as the wave travels, priming the
RyRs for activation by cytosolic Ca?* (Keller et al., 2007). Thus, propagation of the
Ca?* wave is facilitated by SERCA uptake acting in tandem with an increase in
cytosolic Ca** (Maxwell & Blatter, 2012). Inhibition of SERCA has been shown to
reduce the Ca?* wave velocity independently of any changes in SR Ca?* load (Keller
et al., 2007), and the wave velocity is also slower in in ventricular myocytes from
SERCA2 knockout mice (Stokke et al., 2010). Furthermore, in rabbit ventricular
myocytes that were permeabilised in order to be able to control intracellular Ca?*,
increasing the “external” Ca?* concentration caused an increase in Ca?* wave velocity,
which occurred in parallel with increased SERCA activity (MacQuaide et al., 2007).
Direct evidence for this comes from the finding that the propagation velocity of Ca?*
waves is dependent on the latency period between the rise in intracellular Ca?* at the
wave front and the activation of SR Ca?* release at the same location, during which
there is a localised increase in SR Ca?* (Maxwell & Blatter, 2012). In summary, these
studies demonstrate that the rate of local Ca?* uptake by SERCA is an important

determinant of the velocity of Ca?* waves in cardiac myocytes.
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The spontaneous Ca®* transients did not cause any notable contraction of the
pulmonary vein, which suggests that they did not evoke action potentials. In isolated
ventricular myocytes, spontaneous Ca?* waves have been shown to activate a transient
inward current (i), which has been linked to arrhythmias (Berlin et al., 1989; Cheng
et al., 1996). However, in the intact ventricle, spontaneous Ca?* waves are not
associated with spontaneous depolarisation, leading to the conclusion that their
asynchronous nature means that any depolarisation that is generated dissipates into the
surrounding inactive tissue (Fujiwara et al., 2008; Hama et al., 1998; Kaneko et al.,
2000; Wasserstrom et al., 2010). Several studies that have monitored the electrical
activity in rat pulmonary vein tissue have reported the absence of spontaneous action
potentials under control conditions (Doisne et al., 2009; MacLeod & Hunter, 1967,
Miyauchi et al., 2005; Paes de Almeida et al., 1975). There is one study where
spontaneous action potentials were recorded in the rat pulmonary vein, but the

incidence was low at 3.8% (Namekata et al., 2010).

Under control conditions the spontaneous Ca?* transients were present at a lower
frequency and amplitude at 37 °C, compared to at room temperature. This is similar to
earlier studies in mouse and rat ventricular myocytes where Ca?* sparks occurred at a
lower frequency at 37 °C, compared to at room temperature (Ferrier et al., 2003; Fu
et al., 2005). In mouse ventricular myocytes, the Ca?* spark amplitude was reduced as
well, while the caffeine induced Ca?* transients were of a lower magnitude at 37 °C,
suggesting that changes in SR Ca?" load are responsible (Ferrier et al., 2003).
Increasing the temperature has also been shown to reduce the open probability and
opening times of single sheep RyRs suspended in lipid bilayers, so it is possible that
differences in the function of the Ca?" release channels may also be occurring at
different temperatures (Sitsapesan et al., 1991). Despite temperature affecting the
frequency of the spontaneous Ca?* transients in rat pulmonary vein cardiomyocytes, it

had no significant effect on the propagation velocity of the Ca?* waves.

Spontaneous Ca?* transients have previously been shown to be present under control

conditions in the rat pulmonary vein when maintained in physiological salt solution
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with a Ca?* concentration of 1.8 mM (Logantha et al., 2010), and also in the mouse
pulmonary vein when maintained in Hank’s balanced salt solution (HSS) with a Ca®*
concentration of 1.3 mM (Rietdorf et al., 2014). In both species, spontaneous Ca?*
transients continued for a prolonged period in the absence of extracellular Ca?*
(Logantha et al., 2010; Rietdorf et al., 2014). The observations that spontaneous Ca?*
transients persist for a significant period in the absence of extracellular Ca?* suggests
that there is very little loss of Ca?* from the cell during these spontaneous events and

that the SR is very efficient at sequestering any Ca?* that has been released.

3.4.2. Electrically evoked Ca?* transients in the rat pulmonary vein

Electrical field stimulation evoked a synchronous rise in intracellular Ca?* in
neighbouring cardiomyocytes, as has previously been shown in the rat (Logantha et
al., 2010) and mouse pulmonary vein (Rietdorf et al., 2014). Similar to the report in
the mouse, the amplitude of the electrically evoked Ca?* transients was irregular in
some of the recordings (Rietdorf et al., 2014). Beat to beat non-uniformity in Ca?*
transient amplitude is thought to be caused by differences in L-type Ca®* current
density and SR Ca?" load, caused by partial depletion of the SR during spontaneous
Ca?* release (Diaz et al., 2004; Llach et al., 2011). However, it has also been suggested
that variability in Ca?* transient amplitude is due to the availability of RyRs for
activation during each stimulus (Picht et al., 2006). The amplitude of the electrically
evoked Ca?' transients was greater than that of the spontaneous ones, being
approximately double in magnitude. This most likely reflects the observation that
during electrical stimulation there is synchronisation of the Ca®" release events,
thereby producing a larger, and global, increase in intracellular Ca?*. Essentially,
global Ca?* signals arise via the co-ordinated recruitment of many elementary Ca?*

release and entry channels.

Electrically pacing the pulmonary vein interrupted the spontaneous Ca?* transients and
there was a brief latency period after cessation of stimulation before they re-emerged,

which is in agreement with the reports in the ventricle (Fujiwara et al., 2008; Kaneko
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et al., 2000; Wasserstrom et al., 2010). However, spontaneous Ca?* transients were
occasionally present between the electrical stimuli, even when the pulmonary vein was
maintained in an external Ca?* concentration of 2.5 mM and paced at 1 Hz. This differs
from the ventricle where an external Ca?* concentration of 6 mM was required for
spontaneous Ca?* transients to be observed between electrical stimuli (Kaneko et al.,
2000).

Not every cardiomyocyte in the rat pulmonary vein responded to electrical stimulation.
Instead, the electrically evoked Ca?* transients tended to occur in discrete regions of
the tissue. It is unclear why this was the case; however, cardiomyocytes that did not
respond to electrical stimulation could still display spontaneous Ca?* transients
suggesting that these cells were loaded with fluo-4, and that SR Ca?* release was

functional.

3.4.3. The effect of p-adrenergic stimulation on the spontaneous and

electrically evoked Ca?* transients

In the presence of isoprenaline there was a small decrease in the frequency of the
spontaneous Ca?* transients, which was somewhat unexpected since isoprenaline has
previously been shown to increase the frequency of spontaneous Ca?* transients in
ventricular myocytes (Bovo et al., 2012; Curran et al., 2010; Ullrich et al., 2012). It
has been suggested that this is due to phosphorylation of the RyRs resulting in an
increased open probability (Bovo et al., 2012; Curran et al., 2007). However, it has
also been proposed that isoprenaline increases the SR Ca?* load through its effect on
phospholamban phosphorylation (Lindemann et al., 1983), which increases the

likelihood for spontaneous Ca?* transients to occur (Domeier et al., 2012).

There are studies that suggest that isoprenaline could have a bimodal effect on
cardiomyocytes depending on its concentration. In contractile studies on the rat

pulmonary vein, automatic contractions could be induced with isoprenaline when
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applied at nanomolar concentrations, in combination with the a-adrenoceptor agonist
phenylephrine. However, such activity ceased when the concentration of isoprenaline
was raised to 1 pM (Maupoil et al., 2007). This also supports the notion that
isoprenaline has a negative effect at higher concentrations in the rat pulmonary vein.
A similar phenomenon has been observed in isolated ventricular myocytes, where
scattered light fluctuations were used an index for spontaneous SR Ca?* release, and it
was found that increasing the concentration of isoprenaline beyond 1 uM reduced their

occurrence under resting conditions (Kort & Lakatta, 1988).

The amplitude of the electrically evoked Ca?* transients was slightly reduced in the
presence of isoprenaline. This differs from the studies conducted on isolated
pulmonary vein cardiomyocytes from the canine (Coutu et al., 2006) and rabbit (Chang
et al., 2008), where isoprenaline significantly increased the amplitude, although a
comparative study demonstrated that this effect was more prominent in left atrial
myocytes (Chang et al., 2008). A possible explanation is that the experiments in the
present chapter were conducted at room temperature, whereas those on the rabbit and
canine were carried out at approximately 37 °C (Chang et al., 2008; Coutu et al., 2006).
Support for this comes from the observation that isoprenaline increases the amplitude
of electrically evoked Ca?" transients in atrioventricular node cells at 37 °C (Hancox
et al., 1994), but not at room temperature (Ridley et al., 2008). It is noteworthy that
pulmonary vein cardiomyocytes have been suggested to have a similar embryonic
development to AV node cells, as they have been shown to express the human natural
killer-1 (HNK-1) antigen Leu-7. Immunohistochemistry for HNK-1 is typically used
to study developing atrioventricular node cells (Blom et al., 1999), and should the
embryonic development be reflected in the characteristics of the cells, this could mean
that pulmonary vein cardiomyocytes share similar properties. On the other hand, the
effect of isoprenaline on atrial and ventricular myocytes does not appear to be
temperature dependent, as isoprenaline has been shown to increase the amplitude of
electrically evoked Ca?* transients at room temperature and at 37 °C in rat atrial (Jahnel
et al., 1992; Mackenzie et al., 2002) and ventricular myocytes (Domeier et al., 2012;
Hussain & Orchard, 1997). Therefore, while it is certainly possible that temperature
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has an influence on the effect of isoprenaline on the electrically evoked Ca?* transients,

further investigation will be required to explain the present findings.

The aforementioned studies conducted on ventricular myocytes also reported that
isoprenaline increased the SR Ca?* load (Domeier et al., 2012; Hussain & Orchard,
1997). In the present study, as there was no increase in the amplitude of the electrically
evoked Ca?* transients, or increase in the frequency of the spontaneous Ca?* transients,
this would suggest that the SR Ca?* load was not increased. The opening of RyRs is
known to be modulated by the SR Ca?* concentration (Bassani et al., 1995; Fabiato,
1992; Lukyanenko et al., 1999). Furthermore, it has been established that spontaneous
Ca?* release occurs when the concentration in the SR is above a critical threshold level
(Jiang et al., 2004; Overend et al., 1997; Xiao et al., 2007). Therefore it is possible
that the reason why rat pulmonary vein cardiomyocytes have a tendency to display
spontaneous Ca?* transients under control conditions is because they already have a
relatively high SR Ca?* load, which would limit the capacity for it to be increased by

experimental manipulations (Diaz et al., 1997a).

It is important, however, to consider other reasons why pulmonary vein
cardiomyocytes have a high propensity to display spontaneous Ca?* transients under
control conditions. For example, IP3 receptors have been implicated in spontaneous
Ca?* signalling in cardiomyocytes from the rat pulmonary vein (Okamoto et al., 2012)
and atria (Mackenzie et al., 2002). Furthermore, inhibition of IPs receptors by 2-APB
has been shown to mostly inhibit spontaneous Ca?* transients in the rat pulmonary vein
(Logantha et al., 2010). In isolated rat atrial myocytes, treatment with endothelin-1
induced arrhythmogenic Ca?* transients with a similar incidence as a membrane
permeable form of IPs, and this arrhythmogenic activity was inhibited by 2-APB
(Mackenzie et al., 2002).

Another potential reason why pulmonary vein cardiomyocytes have a tendency to

display spontaneous Ca?* transients under control conditions is that their threshold for
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SR Ca?" release is relatively low. If the threshold for spontaneous Ca?* release is low
then there is a greater probability of spontaneous Ca?* transients occurring at a given
SR Ca?" content compared to in cardiomyocytes with a higher threshold for
spontaneous SR Ca?" release (Eisner et al., 2013 for review). A classic example of this
is in heart failure, where enhanced NCX expression and function (Hasenfuss & Pieske,
2002; Litwin & Zhang, 2002), in addition to reduced SERCA activity (Piacentino et
al., 2003), leads to a reduced SR Ca?" content due to greater removal and less
sequestering of intracellular Ca®* (Piacentino et al., 2003). However, spontaneous SR
Ca?* release is reported as being increased in heart failure (Ai et al., 2005; Curran et
al., 2007; Shannon et al., 2003), suggesting that there is a re-setting of the steady state
to allow more Ca?* to be released at a lower SR content than in the non-failing heart.
Consequently, cardiomyocytes from the failing heart are more prone to triggered
arrhythmias arising from B-adrenergic stimulation (Pogwizd et al., 2001).

3.4.4. The effect of increasing the external Ca®* concentration on the

spontaneous and electrically evoked Ca?* transients

The frequency of spontaneous Ca?* transients in the pulmonary vein was slightly
reduced when the external Ca?* concentration was increased. This is in contrast to
studies on the rat ventricle and isolated myocytes, where the frequency of spontaneous
Ca2* waves was shown to continue to increase as the external Ca?* concentration was
raised as high as 5 to 6 mM (Diaz et al., 1997a; Kaneko et al., 2000). As alluded to
earlier, an external Ca?* concentration of 6 mM was required for spontaneous Ca?*
transients to be present between repetitive electrical stimuli in the ventricle (Kaneko
et al., 2000), whereas in the pulmonary vein, this phenomenon was evident when the
external Ca®* concentration was 2.5 mM. This suggests that there a greater degree of
SR Ca?" loading in the pulmonary vein cardiomyocytes at a lower external Ca?*

concentration compared to ventricular myocytes.

The amplitude of the electrically evoked Ca?* transients was unaffected by increasing

the external Ca®* concentration, which could possibly be due to the cardiomyocytes
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having large SR Ca?* loads to begin with. In support of this hypothesis, rabbit
pulmonary vein cardiomyocytes that display spontaneous Ca?* transients have been
shown to respond to electrical stimulation with Ca?" transients that were larger in
magnitude than those evoked in cardiomyocytes that did not display spontaneous Ca?*
transients. Furthermore, the rabbit pulmonary vein cardiomyocytes that displayed
spontaneous Ca?* transients had larger SR Ca?* loads than those without spontaneous
activity (Chang et al., 2008). This suggests that the amplitude of the electrically evoked
Ca?* transients is dependent on the SR Ca?" load and cardiomyocytes that display
spontaneous Ca?* activity have a more replete SR. An alternative explanation is that
Ca?" dependent inactivation of the LTCCs may be occurring. Ca?* dependent
inactivation is caused by an elevated intracellular Ca?* concentration (Haack &
Rosenberg, 1994), and is thought to be mediated by calmodulin, which is bound to the
carboxy terminal of the channel (Bers, 2008 for review; Peterson et al., 2000; Zihlke
et al., 1999). This could be acting as a protective negative feedback mechanism,

limiting the amount of Ca?* influx.

In some preparations, when the pulmonary vein was maintained in solution containing
a high external Ca?* concentration, there was evidence of a rise in the fluorescence
signal in the entire field of view preceding the electrically evoked response. The
frequency of spontaneous Ca?* transients occurring between those that were
electrically evoked was considerably increased, suggesting that this was indeed caused
by spontaneous Ca?* transients occurring in multiple cardiomyocytes in the field of
view at the same time. It has been shown in ventricular myocytes that spontaneous
Ca?* waves cause a measurable depletion of SR Ca?* (Diaz et al., 1997b; MacQuaide
et al., 2009). Therefore, it is not unreasonable to assume that if the frequency of
spontaneous Ca?* transients was increased, this would equate to an increased rate of
depletion between the electrically evoked Ca?* transients, thereby reducing the

available Ca?* for release during each electrical stimulus.
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3.4.5. The effect of a period electrical stimulation on the subsequent

spontaneous Ca?* transients

In order to characterise the relationship between the electrically evoked and
spontaneous Ca?* transients, the frequency of the spontaneous Ca?* transients was
examined immediately after periods of electrical stimulation at increasing frequencies.
It was found that following a period of electrical stimulation at 3 Hz or greater, there
was an increase in the frequency of the subsequent spontaneous Ca?* transients,
compared to the control solution with no prior stimulation. The frequency of
spontaneous Ca?* transients was increased further following electrical stimulation at
higher frequencies (5 to 7 Hz). Similar findings have been reported in the rat ventricle,
where the frequency of spontaneous Ca?* transients was increased after a period of
electrical stimulation at 1 Hz, and then continued to increase when the rate of prior
electrical stimulation was increased to 2 and 3 Hz (Kaneko et al., 2000), In another
study, the frequency of spontaneous Ca?* transients was found to be greater following

a period of stimulation at 5 Hz compared to 2 Hz (Wasserstrom et al., 2010).

In the presence of isoprenaline, the increase in the frequency of spontaneous Ca?*
transients that was observed after a period of electrical stimulation, was more
pronounced, and reached significance after stimulation at a lower frequency of 1 Hz.
Isoprenaline has been shown in ventricular papillary muscle to increase fluctuations in
scattered light after termination of electrical stimulation, which infers that there was
increased SR Ca?* release. However, isoprenaline, when applied to the papillary
muscle in the absence of any prior electrical stimulation, caused a slight reduction in
the scattered light fluctuations (Kort & Lakatta, 1988). This dual effect of isoprenaline
could explain why, in the pulmonary vein, isoprenaline only influenced the
characteristics of the spontaneous Ca?* transients after a period of electrical
stimulation. It has been shown more recently in the ventricle that, following a period
of electrical stimulation at 2 Hz or greater in the presence of isoprenaline, the
spontaneous Ca?* transients re-emerged at an increased frequency. Unlike when the

ventricle was maintained in control solution, this was accompanied by oscillatory
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depolarisations and triggered action potentials, suggesting that this mechanism could

be arrhythmogenic (Fujiwara et al., 2008).

In the pulmonary vein, raising the external Ca?* concentration increased the frequency
of spontaneous Ca?* transients after electrical stimulation to a greater extent than in
the control solution, or in the presence of isoprenaline. Similar findings have been
made in the rat ventricle, where ECG recordings demonstrated extra-systoles
following a period of electrical stimulation at 5 Hz, when the external Ca®*
concentration was 6 mM (Wasserstrom et al., 2010). Of particular note, when an extra-
systole occurred, spontaneous Ca?* transients were present in all of the cardiomyocytes

in the field of view (Wasserstrom et al., 2010).

Based on the observations in the present chapter, it is evident that spontaneous SR Ca?*
release in rat pulmonary vein cardiomyocytes is not maximal under control conditions
and can occur at an increased frequency. The maximum frequency of spontaneous
Ca?* transients that was recorded in a cardiomyocyte under control conditions during
the entire series of experiments was 3.17 Hz at room temperature and 2.84 Hz at 37
°C. Given that the resting heart rate of the rat is 330-480 b.p.m., under resting
conditions, the activity in the pulmonary vein is likely to be suppressed by the normal
sinus rhythm. The contractile studies reported herein show that the frequency of
automaticity reached a maximum of approximately 5-6 Hz in the presence of
noradrenaline, which suggests that under the experimental conditions used in the Ca®*
imaging studies in the present chapter, the spontaneous Ca2* transients would be
unlikely to produce automaticity, at least in the manner observed in the contractile

studies, which will be covered in the next chapter.

It was apparent in the representative recordings that, in the presence of isoprenaline or
a high external Ca?* concentration, the initial spontaneous Ca?* transients after a period
of electrical stimulation at 5 Hz were simultaneously present in most or all of the

cardiomyocytes in the field of view. Further analysis showed that there was a transient
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increase in Ca?* transient synchronisation lasting for a few seconds before returning to
normal levels. Of particular importance, the synchronisation could reach as high as 0.8
to 0.9 at the point in which spontaneous Ca?* transients re-emerged after the period of
electrical stimulation. This means that 80-90% of the pixels within the region of tissue
shows an increase in intracellular Ca?* at the same time. This is similar to the studies
in the ventricle (Fujiwara et al., 2008; Wasserstrom et al., 2010), the former of which
used mathematical modelling of the latency period between spontaneous Ca®
transients to show that they occurred synchronously after a period of electrical
stimulation and that the spontaneous Ca?* transient synchronicity correlated with the

size of delayed after depolarisations (Wasserstrom et al., 2010).

It is unclear why increasing the external Ca?* concentration had the greatest effect on
the frequency of spontaneous Ca?* transients after a period of electrical stimulation,
despite there being a slight decrease under unstimulated conditions. In the rat
pulmonary vein, spontaneous Ca?* transients have been shown to be largely abolished
by the application of ryanodine (Logantha et al., 2010); therefore, it is likely that the
increase in frequency, which was observed after a period of electrical stimulation, was

due to modification of SR Ca?* release.

Spontaneous Ca?* release from the SR is not only regulated by the cytosolic Ca* levels
(Rousseau et al., 1986), but also by the SR Ca?* concentration, through a luminal
sensing mechanism located on the RyR (Bassani et al., 1995; Chen et al., 2014;
Fabiato, 1992; Gyorke & Terentyev, 2008; Keller et al., 2007; Lukyanenko et al.,
2001). In the rat ventricle, it has been shown that the frequency of spontaneous Ca?*
waves was higher in myocytes that had a greater SR Ca?* load (Kaneko et al., 2000;
Miura et al., 1999). This suggests that the SR Ca?* load determines the frequency of
spontaneous Ca®* transients and, should this be the case in the rat pulmonary vein
cardiomyocytes, then manipulations that increase the frequency of spontaneous Ca?*

transients would also be expected to have increased the SR Ca?* load.
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Caffeine was used to examine if the increased frequency of spontaneous Ca?*
transients was due an increased SR Ca?* content. Caffeine was used to examine if the
increased frequency of spontaneous Ca?* transients was due an increased SR Ca?*
content. A brief period of electrical stimulation at 5 Hz had no effect on the magnitude,
rise time or decline of the caffeine induced Ca?* transient. Similarly, after a period of
electrical stimulation when the external Ca?* concentration was increased and the
pulmonary vein was treated with isoprenaline, there was no significant effect on any
of the parameters of the caffeine induced Ca?* transient. Most of the studies that have
estimated the SR Ca?* content using caffeine have been conducted on isolated cells,
whereas the experiments in the present chapter were performed using intact tissue. Due
to the ability to gain a closer proximity when applying caffeine to isolated cells, the
upstroke velocity of the caffeine induced Ca?* transient appears to be faster in the
studies that used isolated ventricular myocytes (Chang et al., 2008; Coutu et al., 2006;
Diaz et al., 1997a; Varro et al., 1993), or isolated pulmonary vein cardiomyocytes (Dr
Stuart Cruikshank, Robert Gordon University; personal communication). Therefore, it
is possible that the slower application of caffeine to the multicellular preparation
means that Ca?* efflux was already occurring before the SR was depleted, which would
limit the magnitude of the caffeine induced Ca?* transient (Bassani et al., 1992; Bers,
2000a; Terracciano et al., 1995).

Another factor to be taken into consideration is the timing of the application of
caffeine. Similar to the studies in the ventricle (Fujiwara et al., 2008; Minamikawa et
al., 1997), there was a transient latency period between cessation of electrical
stimulation to the re-emergence of the spontaneous Ca?* transients. However, due to
the technical limitations of using the puffer ejection pipette, caffeine was not applied
until up to 3 s after a period of electrical stimulation. It therefore cannot be ruled out
that there was an initial increase in the SR Ca?* load which, because of the increased
frequency of spontaneous Ca?* transients, resulted in a more rapid depletion of Ca?*
from the SR. It has been shown in ventricular myocytes that, increasing the frequency
of spontaneous Ca?* transients by applying a low concentration of caffeine causes a
reduction in the SR Ca?* load (Domeier et al., 2010; Venetucci et al., 2007).

176



While it is clear that there are limitations to the approach used to estimate the SR Ca?*
content in the present studies, it is unclear what impact they would have had on the
results. Therefore, the conclusion that a period of electrical stimulation did not have
any effect on the SR Ca?" load should be approached with caution. In future, it would
be useful to use an approach that provides higher temporal resolution when assessing
the SR Ca?* content and Ca?* buffering processes, as well as conducting these studies
on isolated cells. It has been shown in voltage-clamped rat and ferret ventricular
myocytes that the application of caffeine results in an increase in intracellular Ca?* and
an inward electrogenic NCX exchange current as Ca?* is extruded from the cell. The
integral of the Ca2* transient and NCX current could be used to quantify the total Ca®*
released from the SR and extruded via the NCX (Trafford et al., 1999; Varro et al.,
1993). Therefore, such an approach in the pulmonary vein cardiomyocytes could
provide a more accurate technique to assess the SR Ca?* content.

If Ca?* waves occur in cardiac myocytes when the SR Ca?* concentration is above a
critical threshold level (Jiang et al., 2004; Overend et al., 1997; Venetucci et al., 2008
for review), then the SR Ca?* load in the pulmonary vein cardiomyocytes appears to
already be above this threshold, given the presence of spontaneous Ca?* transients and
Ca?" waves under control conditions. The relationship between spontaneous SR Ca?*
release and SR content has been shown to be highly non-linear in ventricular myocytes,
being exponential in the range in which spontaneous Ca®* waves are present. Due to
this steep function, increasing cellular Ca?* loading will increase the frequency of
spontaneous Ca?* transients in the absence of any marked changes in SR Ca?* content
(Diaz et al., 1997a for review; Shannon et al., 2002; Venetucci et al., 2008). It is
therefore possible that the SR Ca?* load in pulmonary vein cardiomyocytes is in this

range under control conditions in the rat pulmonary vein.

It is already known that Ca?* handling in rat cardiac myocytes differs from that of
larger mammals such as the rabbit. In the rat, SERCA accounts for approximately 90%
of cytosolic Ca?* removal during diastole, compared to 70% in the rabbit (Bassani et

al., 1994; Negretti et al., 1993). It has been shown in rabbit ventricular myocytes that,
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in the first 20 s after termination of electrical stimulation, the frequency of Ca?* sparks
is initially higher and then decreases along with the SR Ca?* load. In rat ventricular
myocytes, the frequency of Ca?" sparks gradually increases over 10 to 20 s after
electrical stimulation; however, this is not accompanied by an increase in the SR Ca?*
load and was instead suggested to be due to recovery of Ca®* release channels from
inactivation (Satoh et al., 1997). Furthermore, in the rabbit, the SR Ca?* load has been
shown to be increased when the frequency of electrical stimulation is increased from
3 to 5 Hz, whereas it was unchanged in the rat (Maier et al., 2000). All of these
observations suggest that an intrinsic property of rat cardiac myocytes is that they have

relatively high SR Ca?* loads.

High-frequency electrical stimulation activates Ca?*/calmodulin dependent protein
kinase Il (CaMKII) (Huke & Bers, 2007), which is known to phosphorylate RyRs,
increasing their sensitivity to Ca?*, and the open probability of the channel (Currie et
al., 2004; Guo et al., 2006; Hain et al., 1995; Wehrens et al., 2004). Furthermore, it is
thought that the activity of CaMKII is modulated by the frequency encoded, rather
than the total amplitude, of the Ca?* signal (De Koninck & Schulman, 1998). In
isolated cardiomyocytes from the pig left ventricle, the frequency of Ca?* sparks was
shown to be increased by a period of high-frequency electrical stimulation, and this
effect was prevented by inhibiting CaMKII with autocamtide-2-related inhibitory
peptide (AIP) or KN-93 (Dries et al., 2013). It is therefore possible that, in the
pulmonary vein, increasing the frequency of electrical stimulation increased SR Ca?*

release due to CaMKII mediated phosphorylation of the RyRs.

CaMKII also phosphorylates phospholamban, to increase SERCA uptake (Kranias et
al., 1988). In permeabilised rabbit ventricular myocytes, increasing the external Ca?*
concentration increased SERCA activity, as well as the frequency and velocity of
spontaneous Ca®* waves. This was prevented by AIP, which suggests that CaMKII
mediates the Ca?* dependent modulation of SERCA activity. (MacQuaide et al., 2007).
Should this be the case in pulmonary vein cardiomyocytes, then according to the

modified “fire-diffuse-fire” mechanism of Ca?* wave propagation, which accounts for
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the importance of dynamic SR Ca?* re-uptake (Keller et al., 2007), high-frequency
electrical stimulation, in combination with raising external Ca?*, could be increasing
cellular Ca?* loading, leading to enhanced SERCA activity and an increased rate of
rise of SR Ca®" at the cytosolic wave front (MacQuaide et al., 2009; Maxwell &
Blatter, 2012). The threshold for spontaneous Ca?* release would therefore be reached
more quickly, which would result in an increase in the frequency and velocity of the
spontaneous Ca?* transients, independently from changes in SR Ca?* content (Eisner
et al., 2013 for review). Thus, while the explanation for the increase in frequency after
electrical stimulation is unclear at the present time, two possibilities that warrant
further investigation are an enhanced SR Ca?* release or enhanced SERCA uptake of

Ca®*

3.4.6. The effect of noradrenaline on the spontaneous Ca?* transients

In the presence of noradrenaline there was a significant increase in the frequency of
the spontaneous Ca?* transients, and this was accompanied by a decrease in their
amplitude. There was, however, no change in the propagation velocity. Noradrenaline
has previously been shown to induce Ca?* transients in rat pulmonary vein tissue;
however, this was in cardiomyocytes that did not previously display any spontaneous
activity (Namekata et al., 2010). The findings with noradrenaline contrast to the earlier
observations with isoprenaline, where there was a slight decrease in the frequency of
the spontaneous Ca?* transients. It has previously been shown in the rat pulmonary
vein that automaticity in the form of contractions (Maupoil et al., 2007) and action
potentials (Doisne et al., 2009) could only be induced by the co-activation of o and -
adrenoreceptors, and not by the sole application of isoprenaline. This could explain
why in the present study only noradrenaline caused an increase in the frequency of the
spontaneous Ca?* transients. An alternative explanation for the different observations

is that the experiments with noradrenaline were performed at higher temperature.

In the present chapter, due to the experiments being carried out at higher temperature,

the effect of noradrenaline was assessed after 2 min. However, noradrenaline induced
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automaticity in the rat pulmonary vein has been shown to occur up to 17 min following
its application (Doisne et al., 2009; Maupoil et al., 2007). Therefore, the possibility
that the frequency of spontaneous Ca?* transients might be increased further if
recordings were obtained over a longer time period cannot be excluded. Unfortunately,
a limitation when performing Ca?" imaging experiments at over 30 °C is that the
extrusion of fluorescent dyes from cells is accelerated (Di Virgilio et al., 1990). This
had a major impact when recording, as the quality of the images deteriorated rapidly
at higher temperature, and often the fluorescence levels were too low for the images
to be analysed. In future, better fluorescent indicators that are more resistant to higher
temperatures will need to be examined. Alternatively, a different experimental
approach will be required to resolve the issues associated with investigating the effect

of noradrenaline over an extended period of time.

3.4.7. Summary

The main finding in the present chapter was that in the rat pulmonary vein, a period of
electrical stimulation increased the frequency of the subsequent spontaneous Ca?*
transients. Furthermore, this effect was more pronounced in the presence of
isoprenaline or if the extracellular Ca?* concentration was increased. However, neither
of these interventions increased the frequency of the spontaneous Ca?* transients when
no prior electrical stimulation was applied. When the SR Ca?* content was estimated
using caffeine, it was demonstrated that the there was no change following a period of
electrical stimulation. However, due to the limitations of using caffeine in a
multicellular preparation, these findings need to be regarded with caution. Although
unlikely to be due to one single mechanism, a more detailed investigation will be
required in order to explain these observations. Nevertheless, the interventions used in
the present chapter caused the spontaneous Ca?* transients to appear more frequently,
which means that there could be greater chance of spontaneous Ca?* transients
appearing in the neighbouring cardiomyocytes at the same time (Wasserstrom et al.,
2010). Of particular note, there was sometimes an increase in Ca?* in the entire field

of view between electrically evoked Ca?" transients. This is important because
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mechanisms that increase the frequency and synchronicity of spontaneous SR Ca?*

release potentially underlie arrhythmogenic activity in the pulmonary vein.
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Chapter 4

The effect of noradrenaline on the contractility
of the rat pulmonary vein and the potential for

automaticity
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4.1. Introduction

The pulmonary vein myocardium is continuous with and electrically coupled to the
left atrium (Challice et al., 1974; Cheung, 1981a; Paes de Almeida et al., 1975; Tasaki,
1969), which suggests that in situ the pulmonary veins contract according with the
sinus rhythm. Magnetic resonance imaging (MRI) of the human heart and surrounding
vasculature has since confirmed that the pulmonary veins display maximal contraction
during atrial systole (Bowman & Kovécs, 2005; Lickfett et al., 2005), and the degree
of contraction was reduced after the pulmonary veins were electrically isolated from
the left atrium by ablation at the ostia (Atwater et al., 2011).

4.1.1. Electrically evoked contractions of the pulmonary vein

In vitro studies on isolated segments from the rat pulmonary vein have observed rapid
transient contractions in response to electrical field stimulation (MacLeod & Hunter,
1967; Maupoil et al., 2007; Sweeney et al., 1999). It was shown that the vein
contracted according to the rate of electrical stimulation up to frequencies as high as
10 Hz, and as the stimulation frequency was increased, the resultant contractions
became smaller in amplitude (MacLeod & Hunter, 1967). This phenomenon is known
as a negative force-frequency relationship (FFR), and has also been reported in the
mouse (Heubach et al., 1999; Kirchhefer et al., 2002) and rat atrium (Landmark &
Refsum, 1977; Stemmer & Akera, 1986), as well as in rat ventricular tissue (Hoffman
& Kelly, 1959; Maier et al., 2000; Schouten & ter Keurs, 1986).

4.1.2. Pulmonary vein contractility is modulated by stimulation of

adrenorece ptors

In the rat pulmonary vein, activation of a and  adrenoreceptors with noradrenaline,
or activation of B adrenoreceptors with isoprenaline, has been shown to have a positive
inotropic effect, increasing the amplitude of the electrically evoked contractions
(MacLeod & Hunter, 1967; Sweeney et al., 1999). The positive inotropic effect of

noradrenaline was completely attenuated by the B adrenoreceptor blocker propranolol
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(MacLeod & Hunter, 1967), and mostly attenuated by P1 blockade with atenolol
(Sweeney et al., 1999). This suggests that the  adrenoreceptor subtype is responsible
for the regulation of the contractile force of the pulmonary vein.

Activation of muscarinic receptors with acetylcholine had a negative inotropic effect,
decreasing the amplitude of the electrically evoked contractions, and this was
prevented with the muscarinic antagonist atropine (MacLeod & Hunter, 1967;
Sweeney et al., 1999). From the studies described above, it can be argued that the
contractility of the pulmonary vein myocardial sleeve is regulated by input from the
neurotransmitters of the autonomic nervous system. Further support for this hypothesis
comes from the reports that the human and canine pulmonary veins are highly
innervated by autonomic nerves (Arora et al., 2008; Chevalier et al., 2005; Tan et al.,
2006).

4.1.3. Noradrenaline induced automaticity in the rat pulmonary vein

In the rat pulmonary vein, treatment with noradrenaline has been shown to induce
automatic bursts of contractions that occurred independently of electrical stimulation
(Maupoil et al., 2007). Noradrenaline induced automaticity was inhibited by either the
a1 adrenoreceptor antagonist prazosin or the 1 adrenoreceptor antagonist atenolol.
Automaticity was not observed when the a and [ agonists phenylephrine and
isoprenaline were applied separately, but was with a combination of the agonists. Thus,
it was concluded that noradrenaline induced automaticity occurs through the co-
activation of a and P adrenoreceptors (Maupoil et al., 2007). Subsequent
electrophysiological studies showed that noradrenaline induces action potentials in rat
pulmonary vein tissue (Doisne et al., 2009; Namekata et al., 2010), and in isolated
pulmonary vein cardiomyocytes (Okamoto et al., 2012). However, the cellular

mechanisms underlying noradrenaline induced automaticity are currently unknown.
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4.1.4. Possible mechanisms underlying noradrenaline induced

automaticity in the pulmonary vein

4.1.4.1. Increase in intracellular cyclic AMP

The plant alkaloid forskolin directly activates adenylate cyclase, thereby increasing
the cellular concentration of cyclic adenosine monophosphate (CAMP), which in turn
activates protein kinase A (PKA) (Seamon et al., 1981). In the isolated rat heart,
treatment with forskolin has been shown to increase the myocardial CAMP levels and
this was accompanied by premature atrial contractions and atrial fibrillation. This
effect was prevented by pre-treatment with the L-type Ca?* channel (LTCC) blocker
nifedipine, suggesting that the cause was increased Ca?* influx (Huang & Wong,
1989). In a recent study on human atrial trabeculae, forskolin and noradrenaline were
reported to induce automatic contractions with a similar incidence (17% and 14%
respectively). It was also shown using the whole-cell patch clamp technique, that the
L-type Ca?*current (IcaL) was increased in the presence of forskolin, further supporting

the role of intracellular Ca?* in automaticity (Christ et al., 2014).

4.1.4.2. Calcium/calmodulin dependent protein kinase Il

The contribution of Ca®*/calmodulin dependent protein kinase 11 (CaMKII) towards
cardiac arrhythmias has recently become a focus of research due to its effect on several
of the key proteins involved in Ca?* signalling in cardiac myocytes. This includes the
LTCCs (Dzhura et al., 2000), ryanodine receptors (RyRs) (Hain et al., 1995) and
phospholamban, the regulatory protein of SERCA (Kranias et al., 1988). Cardiac RyRs
are phosphorylated by CaMKII at a distinct site (serine?®*®), increasing their sensitivity
to Ca®* and the open probability of the channel, which can lead to increased

spontaneous Ca®* release from the SR (Wehrens et al., 2004).

In isolated atrial myocytes from an experimental mouse model of atrial fibrillation,
western blotting revealed that CaMKII mediated phosphorylation of the RyRs and
PLN was increased (Chelu et al., 2009). Phosphorylation of RyRs by CaMKII was
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also found to be greater in atrial myocytes that were isolated from human patients with
chronic atrial fibrillation, compared to patients in sinus rhythm. Furthermore, the levels
of auto-phosphorylated CaMKI|I, which is a good indicator of CaMKI|I activity, were
also reported to be higher in patients with chronic atrial fibrillation (Chelu et al., 2009).

Inhibition of CaMKII with KN-93 has been shown to reduce the occurrence of
spontaneous contractions in isolated ventricular myocytes from transgenic mice
overexpressing CaMKIId (Sag et al., 2009), which is the main cardiac isoform (Hoch
etal., 1999). Furthermore, isoprenaline induced arrhythmias were inhibited by KN-93
in the same transgenic mouse model in vivo (Sag et al., 2009). Biochemical assays
have indicated that CaMKII activity is activated after  adrenergic stimulation in
ventricular myocytes, through a signalling pathway that is independent of increased
cAMP (Wang et al., 2004). Overall, this data suggests that CaMKII might play a role
in aberrant Ca?* handling and the generation of automaticity in cardiac myocytes.
However, very little is known about the role of CaMKI|I in the pulmonary vein.

Another cAMP independent mechanism of B-adrenergic stimulation that could be
potentially arrhythmogenic is stimulation of nicotinic acid adenine dinucleotide
phosphate (NAADP) production. NAADP causes Ca?* to be released from acidic
vesicles, such as microsomes (Bak et al., 2001), and its inhibition has been shown to
reduce the incidence of isoprenaline induced spontaneous Ca2* transients in mouse
ventricular myocytes. Furthermore, NAADP inhibition has also been shown to prevent
isoprenaline induced tachycardias in vivo (Nebel et al., 2013). Two pore channels
(TPRs), which are Ca?* permeable lysosomal proteins, are thought to mediate NAADP
evoked Ca?* release, as mice lacking the TPR protein were less prone to ventricular
arrhythmias induced by rapid pacing in the presence of isoprenaline. In isolated
ventricular myocytes obtained from TPR knockout mice, NAADP failed to increase
the amplitude of electrically evoked Ca?* transients, unlike in myocytes obtained from
wild type mice. Isoprenaline also increased the Ca* transient amplitude and this effect
was reduced in TPR knockout mice. Inhibition of CaMKII supressed the NAADP
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induced increase in Ca?* transient amplitude in ventricular myocytes from wild type
mice, suggesting that the effects of NAADP on Ca?* handling in cardiac myocytes are
mediated by CaMKII (Capel et al., 2015).

4.1.4.3. Gap junction conductance

Gap junctions allow for the movement of ions and small molecules of less than 1.5 nm
in diameter between neighbouring cells (Loewenstein, 1981; Saffitz et al., 1994), and
it is well established that gap junctions have a vital role in the conduction of electrical
signals through cardiac tissue to produce co-ordinated contractions (Severs et al.,
2004; Spray & Burt, 1990). It has been shown in the ventricle that a small proportion
of Ca?* waves were able to propagate into adjacent myocytes (Kaneko et al., 2000;
Lamont et al., 1998). Previous work in the laboratory has shown that, in the rat
pulmonary vein, Ca** waves could propagate intercellularly (Logantha et al., 2010).
Therefore, it is possible that synchronisation of spontaneous Ca?* transients in
neighbouring cardiomyocytes could occur due to increased Ca?* diffusion between
neighbouring cardiomyocytes through gap junctions (Kimura et al., 1995; Zhang et
al., 1996). Electrically uncoupling gap junctions has been implicated in the treatment
of ventricular arrhythmias where, in canines that were subjected to brief occlusion of
the left anterior descending coronary artery, the gap junction inhibitor carbenoxolone
reduced the occurrence of ventricular premature beats and tachycardia (Papp et al.,
2007).

4.1.4.4. The Na*/Ca?* exchanger

In cardiac myocytes, the Na*/Ca?" exchanger (NCX) is activated by an increase in
cytosolic Ca?*, resulting in depolarisation due to Na* entry during the removal of Ca?*
(Egdell & MacLeod, 2000; Schlotthauer & Bers, 2000). This can result in
afterdepolarisations, which, if above the threshold for eliciting action potentials, can
trigger automaticity, as has been shown in the canine pulmonary vein (Patterson et al.,
2006).
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The NCX inhibitor KB-R7943 has been shown to reduce the rate of spontaneous
contractions and action potentials in the rabbit pulmonary vein in a concentration
dependent manner. However, at concentrations exceeding 10 pM, there was also a
reduction in the contraction amplitude, which suggests that the inhibitor may not be
specific for the NCX (Wongcharoen et al., 2006). Spontaneous action potentials in the
guinea pig pulmonary vein were abolished by another NCX inhibitor, SEA0400
(Namekata et al., 2009), which was also shown to supress noradrenaline induced
action potentials in isolated pulmonary vein cardiomyocytes from the rat (Okamoto et
al., 2012). However, there have been studies that have raised some doubt as to the
specificity of these inhibitors in cardiac myocytes. The Ica. has been shown to be
reduced by KB-R7943 (Tanaka et al., 2002) and SEA0400, when applied at
micromolar concentrations (Birinyi et al., 2005). Recently, the novel inhibitor, ORM-
10103, has been shown to have no significant effect on Ica, the maximum rate of
depolarisation, or the main K* currents, even at relatively high concentrations (10 uM)
(Jost et al., 2013). Given the number of studies that have proposed a role for the NCX
in pulmonary vein automaticity (Chang et al., 2011; Honjo et al., 2003a; Namekata et
al., 2009; Patterson et al., 2006; Wongcharoen et al., 2006), it is worth using
ORM1010 to investigate its role in noradrenaline induced automaticity in the rat

pulmonary vein.

4.1.5. Aims

In the present chapter, the pulmonary veins were isolated from the rat and the
contractile response of isolated segments was investigated in vitro. The effect of
noradrenaline on the amplitude of the electrically evoked contractions was then
examined during electrical stimulation at increasing frequencies, to determine if
adrenergic stimulation altered the force-frequency relationship. Following on from
this, noradrenaline and forskolin were used to examine the role of adrenergic
stimulation and the cAMP signalling pathway in the contractility of the pulmonary
vein, as well as to try and develop an experimental model of automaticity. To this end,
the potential role of CaMKII, gap junctions and the NCX in noradrenaline induced

automaticity could then be investigated using various pharmacological inhibitors.
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4.2. Materials and Methods

4.2.1. Recording the contractions of the rat pulmonary vein

The main pulmonary veins were isolated from adult male Sprague-Dawley rats (8-10
weeks) as described in section 2.2.1 and were individually mounted in a 10 ml organ
bath containing physiological salt solution of the following composition (in mM); 119
NaCl, 25 NaHCOs, 4.7 KClI, 1.17 MgSQs4, 1.18 KH2POs, 2.5 CaClz and 5.5 glucose.
The solution was continually aerated with 95% Oz and 5% CO:2 to maintain the pH,
and the experiments were carried out at 37 °C unless stated otherwise. Each pulmonary
vein was mounted vertically, inserted through two platinum ring electrodes, and
contractions were evoked by electrical field stimulation. A Grass SD9 stimulator
provided 2 ms rectangular pulses at supramaximal voltage (80-100 V), at an initial
stimulation frequency of 0.1 Hz. Isometric contractions were measured with a force-
displacement transducer (FT03, Grass Instruments Co., Quincy, MA, USA), and
sampled at a rate of 1 kHz with a PowerLab® data acquisition device, connected to a
PC running LabChart® (ADInstruments Pty Ltd, Bella Vista, Australia). The baseline
tension was adjusted to approximately 0.5 g so the contraction amplitude was around
90% of the maximum response, and was allowed 30 to 60 min to stabilise before

commencing any experimental protocol (Figure 4.1).

4.2.2. Experimental protocols

4.2.2.1. Effect of increasing the frequency of electrical stimulation on

the amplitude of the electrically evoked contractions

The effect of increasing the stimulation frequency on the amplitude of the electrically
evoked contractions was determined using the following protocol. The pulmonary vein
was stimulated at a control frequency of 0.1 Hz for 60 s. The stimulation frequency
was then increased to 0.5, 1, 2, 3, 4, 5, 7 and 9 Hz for 60 s at each frequency. Electrical
stimulation was returned to 0.1 Hz for 60 s to allow the contraction amplitude to re-

stabilise between each subsequent increase in the stimulation frequency.
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Figure 4.1. Experimental set up for recording contractions of the pulmonary vein.

Schematic diagram illustrating the organ bath set up for recording isometric
contractions of the pulmonary vein. Fresh solution was perfused through the underside
of the organ bath to washout any drugs or reagents. The solution in the bath was
continually bubbled with 95 % O2 and 5 % CO2 and maintained at 37 °C with an

external water bath.
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To investigate the effect of noradrenaline on the contraction amplitude at increasing
stimulation frequencies, the entire protocol was repeated 10 min after the application
of 10 uM noradrenaline. The tissue was then washed in fresh physiological salt
solution and allowed 30 min for recovery, before the experiment was repeated using

100 uM noradrenaline.

4.2.2.2. Induction of automaticity in the pulmonary vein with

noradrenaline

The pulmonary vein was continually paced at 0.1 Hz to provide reference contractions,
and treated with noradrenaline (100 uM) to induce automaticity. In order to examine
if electrical stimulation was required for the induction of automatic contractions, the
procedure was repeated in the absence of electrical stimulation. The effect of lowering
the temperature was also studied, as the previous experiments examining the
intracellular Ca?* signalling in the pulmonary vein were conducted at room
temperature. Once automaticity was induced, the temperature of the water bath was
lowered to room temperature (21-24 °C) for approximately 15 min, before it was raised
back to 37 °C.

4.2.2.3. The effect of forskolin on the contractility of the pulmonary

vein

To examine if forskolin was capable of inducing automaticity, the tissue was treated
with forskolin (10 uM) and allowed up to 1 hr for the detection of automaticity. During
this period the pulmonary vein was electrically paced at 0.1 Hz.

4.2.2.4. The effect of pharmacological inhibitors on noradrenaline

induced automaticity

A standard protocol was used to investigate the effect of the different inhibitors on

noradrenaline induced automaticity. The pulmonary vein was continuously stimulated
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at 0.1 Hz and treated with noradrenaline. Once automaticity was induced, a 10-20 min
period was allowed before the inhibitor was added, and its effect was analysed after a
suitable equilibration period for the inhibitor to take effect. In some of the experiments,
the concentration of the inhibitor was increased after further 10-20 min recording

period.

4.2.2.4.1. Time matched control

Time matched control recordings were obtained where the pulmonary vein was treated
with noradrenaline (100 puM) and electrically stimulated at 0.1 Hz. Once automaticity

was induced, the contractions were recorded for 100 min with no further treatment.

4.2.2.4.2. The effect of inhibiting Ca?*/calmodulin dependent protein

kinase Il on noradrenaline induced automaticity

The potential role of CaMKII in noradrenaline induced automaticity was investigated
using the inhibitors KN-93 (1 uM and then 5 uM) and autocamtide-2-related inhibitory
peptide (AIP) (10 uM) (Ishida et al., 1995). A 15 min equilibration period was allowed

before analysing the effect of either inhibitor.

4.2.2.4.3. The effect of gap junction uncoupling on noradrenaline

induced automaticity

The effect of electrically uncoupling neighbouring cardiomyocytes was studied using
the gap junction inhibitor carbenoxolone (100 uM) (de Groot et al., 2003). A 15 min

equilibration period was allowed before analysing the effect of carbenoxolone.
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4.2.2.44. The effect of inhibiting the Na‘*/Ca* exchanger on

noradrenaline induced automaticity

The influence of the NCX on noradrenaline induced automaticity was examined by
inhibiting the exchanger with ORM-10103 (Jost et al., 2013). An initial concentration
of 10 uM was used before it was increased to 20 uM. A 20 min equilibration period

was allowed before analysing the effect of ORM-10103.

4.2.3. Analysis of data

4.2.3.1. Determining the contraction amplitude

Data were analysed in LabChart 5.5.6. (ADInstruments Pty Ltd, Bella Vista,
Australia). Contractions of the pulmonary vein were detected as periodic (cyclic)
events based on a minimum contraction amplitude that was pre-set so that all of the
contractions were detected. The contraction amplitude was then calculated from the
maximum tension during a cyclic event and the minimum tension before the

contraction (Figure 4.2).

4.2.3.2. Determining the force-frequency relationship

For each preparation, the mean contraction amplitude was calculated from the control
periods at 0.1 Hz. This included when the stimulation frequency was returned to 0.1
Hz between the incremental increases in frequency to allow for a sufficient sample
size for statistical analysis. When the frequency of stimulation was increased the
contraction amplitude was expressed as a percentage of the control value. The
contraction amplitude in the presence of noradrenaline (10 uM and then 100 uM) was
also calculated as a percentage of the mean contraction amplitude at 0.1 Hz in the

control recordings.
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In order to quantify the initial fast decline in the contractile response that occurred as
the stimulation frequency was increased the following analysis was carried out. The
difference in amplitude between the 1 contraction and the steady state was calculated
and defined as 100%. Thereafter, the time taken for the contraction amplitude to
decline by 50% of this value was then determined (ti2 to steady state). When
establishing the force-frequency relationship, a 30 s period was allowed for the
contraction amplitude to reach a steady state. Then all of the contractions during the
following 30 s were used to calculate the mean contraction amplitude at each

stimulation frequency.

4.2.3.3. Determining the effect of inhibitors on noradrenaline induced

automaticity

The number of contractions per min was taken as an indicator of the level of
noradrenaline induced automaticity. This was initially analysed during a 2 min control
period before the addition of noradrenaline, and during a 10-20 min period beginning
at the onset of automaticity. To investigate the effect of an inhibitor, the number of
contractions per min was calculated again from a 10-20 min period following
incubation with the inhibitor

It is important to note that the number of contractions per min is the total number and
this also includes the electrically evoked contractions. However, as electrical
stimulation was maintained at the same frequency during each recording, this should

have no impact on the interpretation of the results.

The amplitude of the electrically evoked (0.1 Hz) contractions was also analysed to
examine if the inhibitors had any effect on the paced contractile response of the
pulmonary vein in the presence of noradrenaline (100 uM). This was calculated during
2 min periods before the addition of noradrenaline (100 uM), immediately after the

onset of automaticity, and again after incubation with the inhibitor.
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Figure 4.2. Analysis of pulmonary vein contraction amplitude. Screenshot
obtained from Chart 5.5.6., which displays the detection of electrically evoked

contractions (1 Hz) using a minimum amplitude preset (“‘minimum peak height”). The

peak of each contraction is indicated by a circle. Contractile tension was measured in

g.
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4.2.3.4. Presentation of data and statistical analysis

Calculated data was exported into Prism (GraphPad Software, Inc., La Jolla, CA,
USA) for statistical analysis and presentation of representative recordings. When
presenting original records, a median filter of 21 points was applied and the data was

resampled at 100 Hz to reduce noise.

Data are expressed as mean + s.e.m. Up to two pulmonary veins from each rat were
used during each experimental day and therefore the sample size (n) for each
experiment represents p PVs from q rats. The force-frequency relationship was
compared using a one-way ANOVA with Bonferroni’s correction. This was so the
contraction amplitude could be compared after each successive increase in the
stimulation frequency. To compare the contractile amplitude at a given frequency in
the untreated pulmonary vein (control) to the tissue after exposure to noradrenaline
(10 uM and 100 pM), a one-way ANOVA with Dunnett’s multiple comparison post-
test was performed. Comparisons between two groups of data e.g. the effect of
noradrenaline (100 uM) or forskolin (10 uM) on the amplitude of the electrically
evoked contractions, was performed using Student’s paired t-test. In order to analyse
the effect of an inhibitor (KN-93, AIP, CBX or ORM-10103) on noradrenaline (100
uM) induced automaticity, statistical analysis was performed using Student’s paired t-
test, where there were 2 sample groups and a one-way ANOVA with Bonferroni’s
correction where there were 3 sample groups. P<0.05 was considered as statistically

significant.

4.2.4. Chemicals and drugs

Noradrenaline, forskolin and carbenoxolone were prepared at stock concentrations of
100 mM in physiological salt solution on the day of experimentation. AIP and KN-93
were prepared at stock concentrations of 20 mM in sterile water and DMSO
respectively, before being stored at -20 °C prior to use. ORM-10103 was stored at

room temperature in DMSO at 20 mM. All the drugs and reagents above were obtained
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from Sigma Aldrich (Gillingham, Dorset, UK). All other reagents (NaCl, KCI,
glucose, MgClz, CaClz, NaOH, MgS04, NaHCOs and KH2PO4) were obtained from
BDH Laboratories (VWR International, Radnor, PA, USA), and the physiological salt

solution was prepared on the morning of the experiments.
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4.3. Results

Contractions of the pulmonary vein were evoked by electrical field stimulation. Figure
4.3 shows a representative recording of the contraction of the pulmonary vein during
electrical stimulation at 0.1 Hz, where there were transient increases in tension in
response to the stimulus. The expanded-time scale image (inset) shows a single
electrically evoked contraction, which can be observed as a transient cyclic event of
approximately 50 to 80 ms, where the contractile tension of the pulmonary vein rises
rapidly to a peak before relaxing back to the baseline level. When the electrical

stimulus was terminated the pulmonary vein was quiescent (Figure 4.3).

4.3.1. Effect of increasing the stimulation frequency on the

contraction of the pulmonary vein

The effect of varying the frequency of electrical stimulation on the contractility of the
pulmonary vein was studied, where it was observed that the rat pulmonary vein
displayed a negative force-frequency relationship (Figure. 4.4). When the stimulation
frequency was increased from 0.1 to 0.5 Hz there was a small decrease in the
contractile amplitude, by 4.5 + 1%. However, when the frequency was increased to 1
Hz there was a significant decrease of 21 + 1%, compared to that at 0.1 Hz (P<0.001,
0.1 Hz vs. 1 Hz). Increasing the stimulation frequency to 2 Hz resulted in a further
reduction by 38.6 + 1% (P<0.001, 1 Hz vs. 2 Hz), and when the stimulation frequency
was increased to 3 Hz, there was a small but significant reduction by 4.8% (P<0.001,
2 Hz vs. 3 Hz). The steady state contraction amplitude no longer decreased with
increasing stimulation frequency at 4 and 5 Hz, where the contraction amplitude was
58.5 *+ 1% and 58.7 £ 1% respectively, compared to that at 0.1 Hz. During electrical
stimulation at 7 Hz, the contraction amplitude was 55.86 + 1% less than at 0.1 Hz,
which was significantly lower than it was at 3 Hz (P<0.001, 3 Hz vs. 7 Hz). During
electrical stimulation at 9 Hz there was a statistically significant reduction in the
contraction amplitude at 49.4 + 1%, compared to at 0.1 Hz (P<0.001, 7 Hz vs. 9 Hz)
(n =5 PVs from 4 rats) (Figure 4.5).
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As can be seen in the representative recordings in Figure 4.4, when the frequency of
electrical stimulation was increased from 0.1 Hz, the contraction amplitude declined
towards a steady state. The mean amplitude over time under control conditions is
summarised in Figure 4.6A, where it is also being compared with the amplitude in the
presence of noradrenaline. It is apparent that the decline in contraction amplitude
towards steady occurred more rapidly with increasing stimulation frequency. The time
taken for the contraction amplitude at a given stimulation frequency to decline by 50%
was therefore quantified (ti2 to steady state). After increasing the frequency of
electrical stimulation to 1 Hz, the ti2 was 3.77 + 0.18 s, and this time was significantly
reduced to 1.25 + 0.16 s, when the frequency of electrical stimulation was increased
to 3 Hz (P<0.001, 1 Hz vs. 3 Hz). Increasing the stimulation frequency to 5 Hz further
reduced the t12 t0 0.63 £ 0.11 s (P<0.01, 3 Hz vs. 5 Hz). During electrical stimulation
at 7 Hz, the ti2 was 0.28 = 0.04 s and it was 0.1 + 0.02 s during stimulation 9 Hz,
which was significantly lower than at 5 Hz (P<0.01, 5 Hz vs. 9 Hz) (n = 6 PVs from 5
rats) (Figure 4.6B).

The force-frequency relationship was also established in the presence of noradrenaline.
As can be seen in the representative recordings in Figure 4.4, in the presence of
noradrenaline (10 uM) there was an increased contractile amplitude, particularly at the
lower frequencies of stimulation. During electrical stimulation at 0.1 Hz, the
contraction amplitude was 22.6 + 2% greater in the presence of noradrenaline and, was
90.5 + 1% and 59.3 + 1% greater at 3 and 5 Hz respectively. However, the amplitude
of the steady state contractions was only 15.5% greater in the presence of
noradrenaline during electrical stimulation at 9 Hz (n =5 PVs from 4 rats, P<0.001 vs.

control) (Figure 4.7).

Noradrenaline (10 puM) also changed the response of the pulmonary vein to increases
in stimulation frequency. Increasing the stimulation frequency from 0.1 Hz to between
0.5 and 3 Hz did not reduce the contraction amplitude, unlike what was observed in
the absence of noradrenaline. During electrical stimulation at 3 Hz the amplitude of

steady state contractions was only 8.5 + 2% lower than that at 0.1 Hz. However, there
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was a significant decline in amplitude at the higher frequencies of stimulation. At 5
Hz, the steady state contraction amplitude was decreased by 23.8 + 2% compared to
that at 0.1 Hz (P<0.001, 0.1 Hz vs. 5 Hz) and at 7 and 9 Hz there was a 37.7 £ 2%
(P<0.001, 5 Hz vs. 7 Hz) and 52.3 £ 1% (P<0.001, 7 Hz vs. 9 Hz) reduction
respectively (n = 5 PVs from 4 rats (Figure 4.7).

The response of the pulmonary vein to electrical stimulation was similar when the
concentration of noradrenaline was increased to 100 pM, in that the steady state
contraction amplitude was only significantly lower than it was at 0.1 Hz during
electrical stimulation between 5 and 9 Hz. However in these studies, there was also an
increase in contraction amplitude between 0.1 and 1 Hz by 23.5 + 1 % (P<0.01, 0.1 Hz
vs. 1 Hz). It should be noted that automaticity was observed in 2 pulmonary veins from
2 rats, when noradrenaline was applied at 100 pM, and therefore the results from these
preparations were excluded from the analysis of the force-frequency relationship (n =
5 PVs from 4 rat) (Figure 4.7).

At the lower frequencies of stimulation, noradrenaline prevented the initial decline in
contraction amplitude after increasing the frequency of electrical stimulation. The ti2
to steady state decreased from 13.47 £ 2.57 sat 5 Hz,t0 7.89 + 1.05 s at 9 Hz. However,
this reduction was not statistically significant (n = 6 PVs from 5 rats, n.s.). When the
concentration of noradrenaline was increased to 100 uM, the ti2 during electrical
stimulation at 5 Hz was 16.2 £ 1.22 s, and this was significantly reduced to 9.67 £ 0.16
s during stimulation at 9 Hz (n =5 PVs from 4 rats, P<0.001, 5 Hz vs. 9 Hz). Overall,
the tuz was considerably greater in the presence of noradrenaline compared to
untreated (control) conditions (P<0.001 vs. Control) (Figure 4.6C).
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Figure 4.3. Contraction of the rat pulmonary vein in response to electrical field
stimulation. Representative recording of isometric contraction of the pulmonary vein
in response to electrical stimulation at 0.1 Hz (supramaximal V, 2 ms duration). The
arrows indicate the electrical stimulus. Inset is a single electrically evoked contraction

of the pulmonary vein displayed over an expanded time scale.
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Figure 4.4. The effect of stimulation frequency on contractions of the pulmonary
vein. Representative 60 s recordings of contractions of the pulmonary vein during
electrical stimulation at increasing frequencies during control recordings, and in the
same tissue following 10 min treatment with 10 uM and then 100 uM noradrenaline
(NA). Steady state contractions were defined as occurring after 30 s, once any change

in the amplitude had stabilised.
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Figure 4.5. Force-frequency relationship in the rat pulmonary vein. The mean
amplitude of the steady state contractions during electrical stimulation at increasing
frequencies from 0.1 Hz to 9 Hz. Data represent mean * s.e.m. and is expressed as a
percentage of the control contraction amplitude when the vein was stimulated at 0.1
Hz. The absence of visible error bars for 0.5 to 9 Hz is due to the error bars being

smaller than the symbols. ““P<0.001. n = 5 PVs from 4 rats.
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Figure 4.6. The effect of noradrenaline on the force-frequency relationship in the
pulmonary vein. A. The mean amplitude of each electrically evoked contraction (%
of control at 0.1 Hz) over time in control recordings, and later in the presence of 10
MM and then 100 pM noradrenaline (NA). The first 5 s have been expanded to
demonstrate the change in contractile amplitude that occurred immediately following
the increase in stimulation frequency from 0.1 Hz. The contraction amplitude during
electrical stimulation at 0.1, 1, 3, 5 and 9 Hz are shown. Data represent mean + s.e.m.
n =7 PVs from 6 rats for control and 10 uM NA and 5 PVs from 4 rats for 100 uM
NA
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Figure 4.7. Force-frequency relationship in the rat pulmonary vein in the
presence of noradrenaline. The mean amplitude of the steady state contractions
during electrical stimulation at increasing frequencies from 0.1 to 9 Hz in the presence
of 10 uM and then 100 uM NA. The graphs have also been merged with FFR under
untreated (Control) conditions. Data represent mean + s.e.m. and is expressed as a
percentage of the control contraction amplitude when the vein was stimulated at 0.1

Hz. "P<0.05 vs. control and “"P<0.001 vs. control. n = 5 PVs from 4 rats.
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4.3.2. Noradrenaline induced automaticity in the pulmonary vein

Noradrenaline (100 pM) induced automaticity was observed in 86% of the
preparations (n = 50 PVs from 29 rats). As can be seen in the representative recording
in Figure 4.8A, after noradrenaline was applied there was a mean latency period of
9.78 £ 0.58 min before automaticity was observed in the form of short, high frequency
bursts of automatic contractions (Figure 4.8B and C). Automaticity was otherwise not
observed in the absence of noradrenaline. The duration of each burst and the period of
time between bursts varied between different preparations. Noradrenaline induced
automaticity ranged from a single contraction to a burst of contractions lasting 32.8 s,
and the mean duration of an individual burst was 14.5 + 1.1 s. The period between
bursts ranged from 15.0 s to 359.3 s, with a mean of 104.8 + 8.9 s (n = 50 PVs from
29 rats).

As well as a large variation in the duration of each burst, the frequency and amplitude
of automatic contractions was not uniform throughout. This is highlighted in Figure
4.9, which shows representative recordings of 3 automatic bursts of contractions from
the pulmonary veins of 3 different rats. The amplitude tended to be highest at the start
of the burst before decreasing to a steady state. However, sometimes the amplitude
would increase towards the end, or towards the middle of the burst. The frequency of
automatic contractions tended to increase to a maximum in the middle of the burst
before decreasing again towards the end (Figure 4.9). This wide variation made it
difficult to compare the effect of an inhibitor on noradrenaline induced automaticity,

which is why comparing the number of contractions per min was employed.

Electrical stimulation was not a requirement for the induction of automaticity with
noradrenaline (100 uM), as automatic contractions were still present in unstimulated
conditions (Figure 4.10) (n = 3 PVs from 2 rats). However, when the temperature of
the bath was decreased from 37 °C to room temperature (21-24 °C) there was a
cessation of automatic contractions, which resumed when the temperature was
returned back to 37 °C (Figure 4.11) (n = 3 PVs from 2 rats).
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The amplitude of the electrically evoked contractions was compared between
pulmonary veins where automaticity was observed in the presence of noradrenaline
(100 uM), and pulmonary veins where automaticity was not induced in order to see if
noradrenaline still had an effect on the contractions. In pulmonary veins where
automaticity was induced, noradrenaline significantly increased the amplitude of the
electrically evoked contractions (0.1 Hz) from 0.31 + 0.01 gt00.38 +0.01g (h=7
PVs from 7 rats, P<0.001). In pulmonary veins where noradrenaline did not induce
automaticity, the contractile amplitude was also significantly increased, this time from
0.199t00.22 £0.01 g (n =5 PVs from 3 rats, P<0.001) (Figure 4.12).

4.3.3. Effect of forskolin on the contraction of the pulmonary vein

Forskolin was applied to the pulmonary veins to examine if activation of adenylate
cyclase, which causes an increase in intracellular cCAMP (Seamon et al., 1981), is
capable of inducing automaticity in the rat pulmonary vein. To begin with,
noradrenaline (100 puM) was used to determine if automaticity could be induced in the
pulmonary vein. If it was, the tissue was then washed in fresh physiological salt
solution and allowed 30 min for recovery. Forskolin (10 uM) significantly increased
the contraction amplitude from 0.34 £ 0.02 g to 0.46 £ 0.01 g (n = 3 PVs from 2 rats,
P<0.001). However, automaticity was not induced within 60 min after treatment with
forskolin in any of the preparations studied (n = 3 PVs from 2 rats) (Figure 4.13).
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Figure 4.8. Noradrenaline induced automaticity in the rat pulmonary vein. A.
Representative recording of contractions of the pulmonary vein during electrical
stimulation at 0.1 Hz upon the addition of noradrenaline (NA) (100 uM) B. Expanded
time-scale of a section of A. The arrows indicate the electrical stimulus. C. Expanded

time-scale of a section of B. displaying a single burst of automatic contractions.
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Figure 4.9. Automatic bursts of contractions in the pulmonary vein in the
presence of noradrenaline. A. B. and C. Representative recordings of 3 individual
bursts of automatic contractions, which were induced by noradrenaline (100 uM) in
the pulmonary veins of 3 different rats D. The mean amplitude and frequency of

contractions during the course of 1 s periods throughout each burst over time.
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Figure 4.10. Noradrenaline induced automaticity in the pulmonary vein in the
absence of electrical field stimulation. A. Representative recording of contractions
of the pulmonary vein upon the application of noradrenaline (NA) (100 pM). B.
Expanded time-scale of a section of A. C. Expanded time-scale of a section from B.

displaying a single burst of automatic contractions.
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Figure 4.11. The effect of lowering the temperature of the bath solution on
noradrenaline induced automaticity in the pulmonary vein. Consecutive
recordings of contractions of the same pulmonary vein in the presence of noradrenaline
(NA) (100 uM) at 37 °C, when the temperature was lowered to 24 °C, and then when
the temperature was raised back to 37 °C. Electrical stimulation was maintained at 0.1

Hz throughout the recording.
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Figure 4.12. The effect of noradrenaline on the amplitude of the electrically
evoked contractions of the pulmonary vein. Representative recordings of
contractions of the pulmonary vein during electrical stimulation at 0.1 Hz before, and
2 min after, the addition of noradrenaline (NA) (100 uM). Recordings were obtained
from a tissue where automaticity could not be induced by NA (100 pM) (A) and in
another preparation where automaticity could be induced (B). The graph displays the
mean contraction amplitude before and after exposure to NA (100 uM) for both groups
(A and B). "“P<0.001 vs. control and ##P<0.001 vs. control. n = 7 PVs from 7 rats for
A and 5 PVs from 3 rats for B.
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Figure 4.13. The effect of forskolin on the electrically evoked contractions of the
pulmonary vein. A. Representative recording of electrically evoked (0.1 Hz)
contractions in the pulmonary vein before, and then after 5 min in the presence of
forskolin (FSK) (10 puM). B. The mean amplitude of the electrically evoked
contractions under control conditions and in the presence of FSK (10 uM). Data
represent mean + s.e.m. “"P<0.001 vs. Cont. and n = 3 PVs from 2 rats.
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4.3.4. Time matched control

In the control recordings, after a 40 min period following the onset of noradrenaline
induced automaticity, the number of contractions decreased slightly, but not
significantly, from 67 + 4 per min to 51 + 6 per min. From this data it was considered
that any statistically significant reduction in the number of contractions per min, within
this time frame, was an effect of the inhibitor and did not occur as a result of time.
However, 80 min after the onset of automaticity, the number of contractions was
significantly reduced to 40 £ 6 per min (n = 6 PVs from 5 rats, P<0.05 vs. 100 uM
NA) (Figure 4.14A and B).

The amplitude of the electrically evoked contractions did not significantly change over
time, being 0.51 £ 0.02 g at the onset of automaticity (n = 6 PVs from 5 rats, P<0.001
vs. control) and 0.49 + 0.02 g after 40 min. The amplitude was still unchanged at 0.50
+ 0.03 g after 80 min from the onset of noradrenaline induced automaticity (n =6 PVs
from 5 rats, n.s.) (Figure 4.14A and C).
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Figure 4.14. Time matched control. A. Contractions of the pulmonary vein in the
presence of noradrenaline (NA) (100 uM), beginning at the onset of automaticity (T =

0 min), over a 100 min period. Electrical stimulation was applied at 0.1 Hz throughout

the recording.
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Figure 4.14 (cont.). B. The number of contractions per min at the onset of

noradrenaline (NA) induced automaticity, then 40 and 80 min after later. C. The mean

amplitude of electrically evoked contractions of the pulmonary vein during

automaticity in the presence of NA (100 uM), and then 40 and 80 min after the onset
of automaticity. “P<0.025. n = 6 PVs from 5 rats.

217



4.3.5. Effect of inhibiting calcium/calmodulin dependent protein
kinase Il on noradrenaline induced automaticity in the pulmonary

vein

The inhibitors KN-93 and AIP were used to investigate if CaMKII is involved in
noradrenaline induced automaticity. KN-93 (1 pM) reduced the number of
contractions in the presence of noradrenaline (100 uM) from 46 + 7 per minto 27 £ 5
per min; however, this decrease was not statistically significant. Increasing the
concentration of KN-93 to 5 uM, slightly reduced the number of contractions further
to 9.6 £ 4.95 per min, which was significantly lower than in the presence of
noradrenaline (n = 4 PVs from 4 rats, P<0.025) (Figure 4.15A and B).

The amplitude of the electrically evoked contractions was 0.38 = 0.01 g in the presence
of noradrenaline (100 puM), and was not significantly changed, being 0.38 + 0.01 g in
the additional presence of KN-93. However, when the concentration of KN-93 was
increased to 5 pM, the amplitude of the electrically evoked contraction was
significantly reduced to 0.33 + 0.01 uM (n = 4 PVs from 4 rats, P<0.05 vs. 100 uM
NA) (Figure 4.15A and C).

The subsequent addition of AIP (10 uM) reduced the number of contractions in the
presence of noradrenaline (100 uM) from 34 £ 5 per min to 26 + 5 per min, but this
decrease was not statistically significant (n = 5 PVs from 5 rats, n.s.) (Figure 4.16A
and B). Unlike KN93 (5 uM), the presence of AIP (10 uM) had no effect on the mean
amplitude of the electrically evoked contractions. The mean amplitude was 0.43 + 0.01
g in the presence of noradrenaline, and was 0.42 + 0.01 g after subsequent treatment
with AIP (n = 5 PVs from 5 rats) (Figure 4.16A and C). It was also investigated
whether inhibiting CaMKII prior to treatment with noradrenaline could prevent
noradrenaline induced automaticity. As can be seen in the representative recording in
Figure 4.17, pre-incubation with AIP did not prevent automaticity from occurring in

the presence of noradrenaline.
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Figure 4.15. The effect of KN-93 on noradrenaline induced automaticity in the
pulmonary vein. A. Representative recording displaying contractions of the
pulmonary vein during automaticity in the presence of noradrenaline (NA) (100 uM),
and following the additional application of KN-93 (1 and then 5 uM. Electrical

stimulation was applied at 0.1 Hz throughout the recording.
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Figure 4.15. B. The mean number of contractions per min during automaticity in the
presence of noradrenaline (NA) (100 uM), and after subsequent addition of KN-93 (1
and then 5 uM) C. The mean amplitude of the electrically evoked contractions
(stimulation at 0.1 Hz), during automaticity, and after the subsequent addition of KN-
93 (1 and 5 uM). Data represent mean + s.e.m. “P<0.05 vs. 100 uM NA. #P<0.05 vs.
100 uM NA and 5 uM KN-93. n =4 PVs from 4 rats.
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Figure 4.16. The effect of AIP on noradrenaline induced automaticity in the
pulmonary vein. A. Representative recording displaying contractions of the
pulmonary vein during automaticity in the presence of noradrenaline (NA) (10 pM),
and following application of AIP (10 uM). Electrical stimulation was applied at 0.1
Hz throughout the recording. B. The mean number of contractions per min during
automaticity in the presence of noradrenaline (NA) (100 uM), and after subsequent
incubation with AIP (10 puM). C. The mean amplitude of the electrically evoked
contractions (0.1 Hz) during automaticity, and after the subsequent addition of AIP

(10 uM). Data represent mean + s.e.m. " n =5 PVs from 5 rats.
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Figure 4.17. The effect of inhibiting CaMKIIl prior to treatment with
noradrenaline. Representative recording of contractions of the pulmonary vein during
the induction of automaticity with noradrenaline (NA) (100 pM). The tissue was pre-
incubated with AIP (10 uM) 20 min prior to the application of noradrenaline. Electrical

stimulation was applied at 0.1 Hz throughout the recording.
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4.3.6. Effect of inhibiting gap junctions on noradrenaline induced

automaticity of the pulmonary vein

Carbenoxolone (CBX) (100 uM) was used to assess the role of electrical coupling
through gap junctions in noradrenaline induced automaticity. In the presence of
carbenoxolone (100 pM) the number of contractions was reduced from 38 £ 5to 16 +
2 per min (n = 2 PVs from 2 rats) (Figure 4.18A and B). However, the sample size was

too small to perform any statistical analysis.

When the pulmonary vein was treated with CBX (100 uM), the mean amplitude of the
electrically evoked contractions was decreased from 0.43 £0.01 gt0 0.32 £ 0.01 g (n
=2 PVs from 2 rats) (Figure 4.18A and C).
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Figure 4.18. The effect of carbenoxolone on noradrenaline induced automaticity
in the pulmonary veins. A. Representative recordings displaying contractions of the
pulmonary vein during automaticity in the presence of noradrenaline (NA) (100 uM),
and following the application of carbenoxolone (CBX) (100 uM). Electrical
stimulation was maintained at 0.1 Hz throughout the recording. B. The number of
contractions per min during automaticity in the presence of NA (100 uM) and after
subsequent incubation with CBX (100 puM). C. The mean amplitude of electrically
evoked (0.1 Hz) contractions during automaticity and after the subsequent addition of
CBX (100 uM). Data represent mean. n = 2 PVs from 2 rats.
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4.3.7. Effect of inhibiting the Na*/Ca®* exchanger on noradrenaline

induced automaticity of the pulmonary vein

To investigate whether the NCX is involved in the generation of noradrenaline induced
automaticity in the pulmonary vein, the tissue was treated with ORM-10103 after the
induction of automaticity. After the addition of ORM-10103 (10 puM) the number of
contractions in the presence of noradrenaline was significantly reduced from 60 + 7
per min to 26 + 2 per min (n = 11 PVs from 8 rats, P<0.001 vs. 100 uM NA). When
the concentration of ORM-10103 was increased to 20 pM, there was a further
reduction in the number of contractions to 14 = 3 per min (n = 11 PVs from 8 rats,
P<0.001 vs. 100 uM NA) (Figure 4.19A and B).

The amplitude of the electrically evoked contractions was 0.46 + 0.02 g in the presence
of noradrenaline (100 uM) and was only slightly reduced to 0.44 + 0.01 g following
treatment with ORM10103. However, when the concentration of the inhibitor was
increased to 20 uM, the amplitude of electrically evoked contractions was significantly
reduced to 0.39 £ 0.02 g (n = 11 PVs from 8 rats, P<0.01) (Figure 4.19A and C).
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Figure 4.19. The effect of ORM-10103 on noradrenaline induced automaticity in
the pulmonary vein. A. Representative recording displaying contractions of the
pulmonary vein during automaticity in the presence of noradrenaline (NA) (10 pM),
and following the subsequent application of ORM-10103 (10 uM and then 20 uM).

Electrical stimulation was applied at 0.1 Hz throughout the recording.
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Figure 4.19 (cont.). B. The mean amplitude of electrically evoked (0.1 Hz)
contractions during automaticity in the presence of noradrenaline (100 uM), and after
the subsequent addition of ORM-10103 (10 uM and then 20 uM). C. The number of
contractions per min during automaticity in the presence of noradrenaline (NA) (100
uM) and after subsequent incubation with ORM-10103 (10 and then 20 puM). Data
represent mean +s.e.m. " P<0.001. n = 11 PVs from 8 rats.
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4.4. Discussion

4.4.1. Electrically evoked contractions of the pulmonary vein

In the absence of electrical stimulation, the rat pulmonary vein did not display any
spontaneous contractions. When electrical field stimulation was applied, the tissue
responded with contractions that were comparable in time-course (<80 ms) to those
previously recorded in tissue from the pulmonary vein, as well as the atria and ventricle
(Maier et al., 2000; Maupoil et al., 2007; Stemmer & Akera, 1986). Thus, it is highly
likely that these contractions arose from the cardiomyocytes as opposed to smooth
muscle cells, because the electrically evoked contraction of smooth muscle requires
repeated stimuli and occurs over a much longer time course (Jackson et al., 2002;
Vanhoutte, 1974). This is further supported by the fact that the pulmonary vein was
mounted vertically, and the cardiomyocytes are orientated longitudinally and
obliquely, whereas smooth muscle cells have been shown to be arranged

circumferentially in the vein (Hashizume et al., 1998).

4.4.2. Force-frequency relationship

The rat pulmonary vein displayed a negative force-frequency relationship, whereby
the amplitude of the electrically evoked contractions was decreased when the
stimulation frequency was increased. This was most evident between 0.1 and 3 Hz.
Increasing the stimulation frequency between 4 and 9 Hz resulted in no further decline

in the contraction amplitude.

A negative force-frequency relationship has previously been observed in the rat
pulmonary vein (MacLeod & Hunter, 1967), atria (Landmark & Refsum, 1977;
Stemmer & Akera, 1986) and ventricle (Bouchard & Bose, 1989; Maier et al., 2000).
This appears to be a characteristic of rodent myocardium, since the same tissue
obtained from larger mammals, such as the guinea pig and rabbit, has been shown to
display a positive force-frequency relationship (Bouchard & Bose, 1989; de Borda et
al., 1974; Kurihara & Sakai, 1985; Luk et al., 2008; Maier et al., 2000; Stemmer &
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Akera, 1986). The reason for these differences are still unclear; however, it has been
suggested that the positive force-frequency relationship observed in larger mammals
is due to an increase in the SR Ca?* load and Ca?* transient amplitude (Hattori et al.,
1991; Maier et al., 2000). This has been proposed to be due to the accumulation of
intracellular Na* occurring at increasing stimulation frequencies, which results in
enhanced reuptake of Ca?" into the sarcoplasmic reticulum (SR), and depressed
extrusion of Ca?* through the NCX (Kurihara & Sakai, 1985; Maier et al., 2000).

A possible explanation for the negative force-frequency relationship that was observed
in the present study is that there was insufficient time for the SR to refill at the higher
stimulation frequencies, resulting in a reduced SR Ca?* load and contractile force.
However, the experiments in chapter 3 where fluo-4 was used to the monitor Ca?*
signalling in the pulmonary vein suggest otherwise. The caffeine induced Ca?*
transient was found to be unchanged from unstimulated conditions after a period of
electrical stimulation at 5 Hz. (Figure 3.14). Moreover, studies using rat ventricular
trabeculae, have shown that the negative force-frequency relationship was not
accompanied by significant changes in SR Ca?* load; as estimated by rapid cooling
contractures (Banijamali et al., 1991; Bouchard & Bose, 1989; Maier et al., 2000).
This evidence suggests that decreased SR loading does not occur with increasing
stimulation frequency, and there therefore must be different frequency-dependent

mechanism that determines the contractile force in rat cardiac tissue.

Rat cardiac myocytes have been shown to have relatively high basal intracellular Na*
levels compared to other species, which limits the removal of Ca?* though the NCX
(Shattock & Bers, 1989). It has been estimated in rat ventricular myocytes that SERCA
accounts for approximately 90% of the total removal of Ca?* from the cytosol during
relaxation, compared to 70% in the rabbit (Bassani et al., 1994; Negretti et al., 1993).
The relative contribution of SR Ca?* uptake and the NCX for the removal of cytosolic
Ca?" was estimated in rat ventricular trabeculae by comparing the magnitude of two
sequential cooling contractures. It was found that the ratio of the two cytosolic Ca?*

removal mechanisms was unchanged by increasing the frequency of electrical
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stimulation. However, compared to the rabbit trabeculae, the SR was more dominant
than the NCX for the removal of Ca?* at all of the stimulation frequencies examined
(Maier et al., 2000). Therefore, it is possible in rat cardiac tissue at low stimulation
frequencies, the sarcoplasmic reticulum Ca?* ATPase (SERCA) is already so dominant
that there is minimal capacity for the myocyte to increase the SR Ca?* load at the higher

frequencies of stimulation.

Some rat ventricular myocytes when isolated, have been shown to display a positive
force-frequency relationship, and these cells had a reduced SR Ca?* load compared to
myocytes in the population that displayed a negative force-frequency relationship.
Furthermore, in the myocytes that displayed a positive force-frequency relationship,
the intracellular Na* concentration and SR Ca?* load increased in accordance with
increasing stimulation frequency (Frampton et al., 1991). This is not inconsistent with
the hypothesis that in rat cardiac tissue that displays a negative force-frequency

relationship, the myocytes already have a high degree of SR loading to begin with.

If the SR Ca?" load is unaltered by increasing the frequency of electrical stimulation,
then the dominant factor for determining contractile force in the rat pulmonary vein
would therefore be the fraction of Ca?* released from the SR during each contraction.
It was suggested by Maier et al., (2000) that the negative force-frequency relationship
observed in rat cardiac tissue is due to there being less time for the RyRs to recover
from an inactive state. According to this hypothesis, the magnitude of Ca?* released
from the SR during each contraction is not determined by the quantity of available
Ca?*, but instead by the refractoriness of the Ca®" release channels (Gyorke & Fill,
1993; Satoh et al., 1997; Schiefer et al., 1995).

An alternative explanation for the negative force-frequency relationship observed in
the rat model is intracellular acidosis, occurring at the higher frequencies of
stimulation. In the Langendorff perfused rat heart, increasing the frequency of

electrical stimulation from 3 to 5 Hz has been shown to result in a reduction in the left
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ventricular pressure, which is indicative of decreased contractile force. The amplitude
of Ca?* transients that were evoked by electrical stimulation was not significantly
changed during electrical stimulation at 5 Hz; however, there was a reduction in the
intracellular pH. On the other hand, in the guinea pig heart, where a positive force-
frequency relationship was observed, the intracellular pH was unchanged by
increasing the stimulation frequency (Morii et al., 1996). Acidosis has been shown in
isolated ventricular myocytes to desensitise the response of the myofilaments to Ca?*,

which resulted in a reduction in the contractile amplitude (Fabiato & Fabiato, 1978).

4.4.3. The effect of noradrenaline on the force-frequency relationship

When the pulmonary vein was treated with noradrenaline there was a potentiation of
the contractile response, as well as a blunting of the negative force-frequency
relationship. The application of forskolin also increased the contractile amplitude,
suggesting that the positive inotropic effect of noradrenaline was due to activation of
adenylate cyclase, and the subsequent elevation of intracellular cAMP (Seamon et al.,
1981). Similar findings that noradrenaline blunts the negative force-frequency
relationship have also been made in the atria of the rat (Stemmer & Akera, 1986) and
mouse (Heubach et al., 1999).

Protein kinase A, which is activated by cAMP, phosphorylates LTCCs, increasing Ca?*
influx upon depolarisation (Brum et al., 1984; Hulme et al., 2003; Yatani & Brown,
1989). This would result in increased gain for Ca?* -induced Ca?* release, allowing for
a greater fractional release during each Ca®' transient (Valdivia et al., 1995;
Viatchenko-Karpinski & Gyorke, 2001; Zhou et al., 1999). There could also be a direct
effect on the RyR, as protein kinase A is known to increase the open probability of the
channel (Yoshida et al., 1992). The latter point is particularly relevant if the restitution
of the RyRs is responsible for the negative force-frequency relationship in the rat
pulmonary vein. Protein kinase A also phosphorylates phospholamban, removing its
inhibitory effect on SERCA, which would increase the rate of SR Ca?* refilling
(Lindemann et al., 1983; Patel et al., 1995).
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Another factor to be taken into consideration is the possible effect of noradrenaline,
downstream of intracellular Ca?* signalling, on the contractile machinery of the
cardiomyocytes. In rat ventricular myocytes that were chemically skinned to allow the
intracellular Ca2* concentration to be controlled, stimulation of a-adrenoreceptors has
been shown to increase the sensitivity of the myofilament to Ca?* (Endoh & Blinks,
1988; Puceat et al., 1990). Phosphorylation of myosin light chain kinase, which
directly phosphorylates myosin light chain Il to allow binding to actin, has been
implicated as the underlying mechanism (Andersen et al., 2002; Clement et al., 1992;
Endou et al., 1991; Venema et al., 1993). Therefore, it is possible that noradrenaline
increased the sensitivity of the myofilament to Ca?*, which would increase the

contractility of the pulmonary vein.

4.4.4. Noradrenaline induced automaticity in the rat pulmonary vein

In the presence of noradrenaline, the pulmonary vein displayed automaticity, and this
occurred even in the absence of electrical stimulation. Following the application of
noradrenaline, there was a latency period of approximately 10 min before the
pulmonary vein responded with periodic bursts of contractions, where the amplitude
and frequency of contractions within each burst was highly variable. It was also clear
that the amplitude of the automatic contractions was lower than those that were
electrically evoked at 0.1 Hz. This is likely to have been due to the higher frequency
during the burst (~4 to 6 Hz), and probably occurred via the same mechanism as the
negative force-frequency relationship. The duration of each burst and the cycle period
between bursts also varied considerably between different preparations. The
characteristics of noradrenaline induced automaticity, vis-a-vis the periodic nature as
well as the amplitude and frequency, are in agreement with the earlier study in the rat

pulmonary vein by Maupoil et al., (2007).

Forskolin increased the amplitude of the electrically evoked contractions in the

pulmonary vein; however, automaticity was never observed, which suggests that
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increased intracellular cCAMP is not the sole mechanism. This is consistent the previous
report by Maupoil et al., (2007) that the generation of automaticity requires the co-
activation of a and B-adrenoreceptors. Similar findings have been made in the rat atria,
where automatic contractions were not observed in the presence of forskolin or
isoprenaline (Wolkowicz et al., 2007). Sporadic automatic contractions could be
induced, however, by treatment with 2-APB which, while typically used as an inhibitor
of IP3 receptors, can potentiate SR Ca?* release when applied at high concentrations
(Bootman et al., 2002). Interestingly, when 2-APB was applied to the rat atria, in
combination with forskolin or isoprenaline, high frequency (~4 Hz) automatic
contractions were observed (Wolkowicz et al., 2007). This again suggests that multiple
cellular mechanisms are likely to underlie automaticity in cardiac tissue and this could

translate to the pulmonary vein myocardial sleeve.

Automaticity has also been shown to be induced by noradrenaline in isolated
cardiomyocytes from the rat pulmonary vein, although in this case automaticity was
characterised by the sustained firing of action potentials, rather than repetitive bursts
of activity (Okamoto et al., 2012). The study on isolated cells was in agreement
though, with the previous reports in the intact tissue, that automaticity requires the co-
activation of o and B-adrenoreceptors (Doisne et al., 2009; Maupoil et al., 2007). This
suggests that the classical a-adrenoreceptor signalling pathway, where the G-protein
mediated activation of phospholipase C results in the increased production of IP3, may
be involved (Poggioli et al., 1986; Scholz et al., 1992). It is plausible that, during the
period between bursts, the increased intracellular concentration of 1P3, combined with
the increased open probability of RyRs associated with B-adrenoreceptor stimulation
(Yoshida et al., 1992), provided the necessary increase in cytosolic Ca®* to activate
depolarising inward currents, and generate automatic action potentials and
contractions (Patterson et al., 2006; Schlotthauer & Bers, 2000). ATP and endothelin-
1, which are agonists for the G-protein-coupled receptor that mediates IPs production,
have been shown to increase the forward mode NCX current in human ventricular
myocytes (Signore et al., 2013). Automaticity, which was induced in the rat atria using
2-APB, has also been shown to be supressed by inhibiting the forward mode NCX
with Ni?* (Huo et al., 2010). Direct support for this hypothesis are the findings that
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noradrenaline induced automaticity could be supressed in isolated cardiomyocytes by

pharmacological inhibition of phospholipase C or IP3 receptors (Okamoto et al., 2012).

Stimulation of o-adrenoreceptors has also been shown to reduce background K*
currents in atrial myocytes (Braun et al., 1992; Jahnel et al., 1991). As the inward
rectifier K* current (Ik1) is known to be involved in maintaining the resting membrane
potential of cardiac myocytes (Hutter & Noble, 1960; Koumi et al., 1995; Noble &
Tsien, 1968), a reduction in this current could lead to electrical instability and
depolarisation. It is possible that this is relevant to the pulmonary vein, as canine
pulmonary vein cardiomyocytes that display spontaneous action potentials have been
shown to have smaller Ik than those that were quiescent (Chen et al., 2001; Chen et
al., 2002b).

4.4.5. Possible mechanisms underlying noradrenaline induced

automaticity

4.4.5.1. Ca?*/calmodulin-dependent protein kinase 11

There was a significant reduction in the occurrence of noradrenaline induced
contractions in the presence of the CaMKII inhibitor KN-93, but not AIP. However,
with AIP being a peptide, it would have limited membrane permeability, which could
explain the difference in results. In future, a myristoylated form of AIP could be used,
which has greater membrane permeability and has been shown to have an effect on
intracellular Ca?* signalling in cardiac myocytes (Guo & Duff, 2006; MacQuaide et
al., 2007; Vinogradova et al., 2000). Alternatively, AIP with an Antennapedia
transport peptide attached could be used, as this would also allow for greater

membrane permeability (Thorén et al., 2000).

One other study has investigated the role of CaMKII on automaticity in the pulmonary
vein. This was conducted in the rabbit, where spontaneous action potentials and

contractions were present in 49% of the preparations. After treatment with
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phenylephrine or isoprenaline, the rate of spontaneous action potentials and
contractions was increased. The subsequent addition of KN-93 had no effect; however,
pre-treatment with the inhibitor reduced the extent to which the agonists increased the
frequency of spontaneous activity. This suggests that inhibitors of CaMKII may
prevent, but not supress, automaticity (Lo et al., 2007). Although in the current
investigation, automaticity could still be induced with noradrenaline when the
pulmonary vein was pre-treated with AIP; however, given the concerns above
regarding the membrane permeability of AIP, this would have to be tested with KN-
93. It is important however to consider that the experiments by Lo et al., (2007) were
performed on a different species where, unlike the rat, spontaneous contractions were
observed under control conditions. Therefore, while it would seem that CaMKII has
some involvement in noradrenaline induced automaticity, it is difficult at this stage to

draw conclusions as to its exact role.

4.4.5.2. Gap junction conductance

The gap junction inhibitor carbenoxolone appeared to reduce the occurrence of
automatic contractions in the presence of noradrenaline. Electrophysiological studies
on the rat pulmonary vein have not determined if noradrenaline induced automaticity
initiates at ectopic foci before conducting throughout the myocardial sleeve, or
whether there is a simultaneous depolarisation across the tissue (Doisne et al., 2009;
Namekata et al., 2010). Triggered activity in the canine pulmonary vein, which was
induced by stimulation of the stellate ganglion following sinus node crushing, has been
shown to occur at ectopic foci that were rich in sympathetic nerves. Moreover, the
transcardiac noradrenaline levels were increased by the aforementioned in vivo
intervention suggesting that the ectopic electrical activity may have been caused by
activation of adrenoreceptors (Tan et al., 2008). The gap junction inhibitor heptanol
has also been shown to prevent triggered propagated contractions in ventricular
trabeculae, which were induced by pacing at 2 Hz for brief intervals, interspersed with
periods of rest (Zhang et al., 1996). A possible mechanism would therefore be that
inhibiting gap junctions, increases the intercellular resistance, preventing the

interaction between neighbouring cardiomyocytes, and the propagation of electrical
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signals (Krishnan et al., 2005). The exact mechanisms behind the inhibition of
noradrenaline induced automaticity in the pulmonary vein by carbenoxolone cannot
be elaborated on in the present study, although the preliminary data certainly proposes

a role for intercellular signalling through gap junctions.

4.4.5.3. The Na*/Ca?* exchanger

Inhibiting the NCX with ORM-10103 partially supressed noradrenaline induced
automaticity in a concentration dependent manner. However, when the concentration
of ORM-10103 was raised from 10 to 20 uM, the amplitude of the electrically evoked
contractions was reduced. As the contractile amplitude was shown to be unchanged
during the time matched control experiments, this is likely to have been an effect of
the inhibitor. A potential candidate is the IcaL, which has been shown to slightly, but
not significantly, reduced in the presence of 10 uM ORM-10103 (Jost et al., 2013).

Inhibition of the NCX with SEA0400 has previously been shown to supress
noradrenaline induced automaticity in isolated pulmonary vein cardiomyocytes from
the rat. Simultaneous measurements of the Ca?* and electrical activity were made using
the fluorescent dye indo-1 and the whole-cell patch clamp method. In the presence of
noradrenaline there were transient increases in intracellular Ca?*, which occurred
simultaneously with an oscillatory inward current. This suggested that an increase in
cytosolic Ca?" concentration resulted in activation of the NCX, which generated
depolarisation and elicited action potentials (Okamoto et al., 2012). The role of
intracellular Ca?* in the generation of action potentials via the NCX has also been
demonstrated in the rabbit pulmonary vein, where triggered action potentials, which
were induced by rapid pacing and treatment with a low concentration of ryanodine,
were prevented by inhibiting the forward mode of the NCX with Ni?* (Honjo et al.,
2003a).
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4.4.5. Summary

The rat pulmonary vein displayed a negative force-frequency relationship, suggesting
that the pulmonary vein has similar contractile properties as the rat atria and ventricle.
Noradrenaline blunted the negative force-frequency relationship and also induced
automaticity. While it is likely that multiple signalling pathways are involved in the
generation of automaticity in the presence of noradrenaline, the present investigation
provides evidence to support the role of the NCX. The exact cellular mechanisms
behind noradrenaline induced automaticity, as well as the application of these findings

to human tissue still merits future investigation.

237



Chapter 5

General Discussion
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5.1. Noradrenaline induced automaticity in the rat pulmonary vein

This study has shown that noradrenaline induces automaticity in the pulmonary vein
in the form of periodic bursts of contractions that occur independently of electrical
stimulation. Similar observations have previously been made in the rat pulmonary
vein, where it was shown that automaticity relied on the co-activation of o and 8
adrenoreceptors (Maupoil et al., 2007). In the present study, automaticity was not
induced by direct activation of adenylate cyclase with forskolin, which supports the
findings that B adrenergic stimulation alone does not cause automaticity (Maupoil et
al., 2007)

The role of the Na*/Ca?* exchanger (NCX) in noradrenaline induced automaticity was
investigated, as it is known to be activated by an increase in intracellular Ca?* to
generate a depolarising inward current (Kass et al., 1978; Schlotthauer & Bers, 2000).
It was found that the novel NCX inhibitor ORM10103 reduced the incidence of
automaticity in a concentration dependent manner. This is consistent with studies that
have shown that the NCX is involved in generating automaticity and triggered activity
in the pulmonary veins of the canine (Patterson et al., 2006), rabbit (Honjo et al.,
2003a) and guinea pig (Namekata et al., 2009), as well as in isolated cardiomyocytes

from the rat pulmonary vein (Okamoto et al., 2012).

The localisation of the NCX was examined by immunocytochemistry, where it was
shown to be more likely to be distributed as transverse striations in the pulmonary vein,
compared to left atrial cardiomyocytes. The NCX was not densely expressed at the
intercalated disc region, like it was in ventricular myocytes; however, it is unknown
whether the different expression of the NCX serves a physiological function or reflects
extensive infolding of the sarcolemma (Kieval et al., 1992; Page, 1978). When Di-4
ANEPPS was used to compare the atrial and pulmonary vein cardiomyocytes, it was
found that the dye predominately stained the periphery of the atrial myocytes
suggesting that they possessed few or no T-tubules. On the other hand, the vast
majority of pulmonary vein cardiomyocytes had more substantial T-tubule system.

This could be related to the propensity of the pulmonary vein towards automaticity, as
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previous investigations have found that noradrenaline does not induce automaticity in
the rat atria (Doisne et al., 2009; Maupoil et al., 2007). It is possible that in pulmonary
vein cardiomyocytes, when spontaneous Ca?* transients occur, by virtue of their
proximity, the NCX would have preferential access to locally released Ca?".
Consequently, cardiomyocytes with a more extensive T-tubule system would be
expected to be more prone to automaticity generated by Ca?* removal via the NCX
(Trafford et al., 2013).

The presence of T-tubules could also have an influence on the spatial characteristics
of spontaneous SR Ca?* release. In rat atrial myocytes lacking T-tubules, spontaneous
Ca?* sparks have been shown to only occur at the periphery of the cells, whereas in
atrial myocytes with T-tubules, spontaneous Ca?* sparks were observed in the cell
interior. This suggests that spontaneous SR Ca?* release occurs where the ryanodine
receptors (RyRs) are in apposition with the sarcolemma (Kirk et al., 2003). Studies in
human atrial myocytes have also shown a tendency towards Ca?* sparks occurring in
the cell interior (Gassanov et al., 2006; Hove-Madsen et al., 2006). As pulmonary vein
cardiomyocytes had a more substantial T-tubule network, it is therefore possible that
there is a greater localisation of RyRs in the proximity of the sarcolemma. Should this
be the case, then the implications for spontaneous SR Ca?* release, and the ability for
the cardiomyocytes to generate Ca?* waves requires further investigation using an

imaging set up with a higher acquisition rate.

It has also been suggested that the so called “eager sites” for spontaneous SR Ca?
release are located where there is coupling of ryanodine and IP3 receptors, the latter of
which have been shown to be localised at the cell periphery in atrial myocytes (Lipp
et al., 2000; Mackenzie et al., 2002). Given this information, it is noteworthy that
studies in isolated rat pulmonary vein cardiomyocytes have shown that IPs receptors
are distributed at the T-tubules in the cell interior, and noradrenaline induced
automaticity was supressed by their inhibition (Okamoto et al., 2012). Furthermore,
spontaneous Ca?* transients in the intact pulmonary vein have been shown to be

inhibited by 2-APB (Logantha et al., 2010). In contrast, spontaneous Ca* transients in
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mouse lung slices have been shown to be unaffected by 2-APB (Rietdorf et al., 2014),
and therefore the role of IPs receptors in pulmonary vein automaticity merits further

investigation.

The present study demonstrates an important role for the NCX in noradrenaline
induced automaticity. However, there are reports that automaticity can be generated
by other mechanisms. Recently, a voltage-dependent CI- channel that is activated on
hyperpolarisation, has been identified in isolated pulmonary vein cardiomyocytes. The
current generated by this channel was suggested to facilitate noradrenaline induced
automaticity by accelerating diastolic depolarisation, as automaticity was either
reduced in incidence or was abolished altogether by CI- channel blockers (Okamoto et
al., 2014). It was also recently shown that rat pulmonary vein cardiomyocytes have a
basal tetrodotoxin (TTX)-sensitive Na* permeability. Blockade with TTX reduced the
incidence of noradrenaline induced automaticity by slowing diastolic depolarisation
and increasing the cycle period between the automatic bursts of action potentials. This
suggests that the Na* current contributes to the slow diastolic depolarisation between
the bursts of automaticity (Malécot et al., 2015). These studies highlight the
complexity of physiological systems and the difficulties associated with identifying
individual mechanisms. Nevertheless, the present study proposes a role for the NCX,
and therefore this could be a useful target for research into selective pharmacological

intervention.

5.2. Spontaneous Ca?* transients in the pulmonary vein and the effect

of noradrenaline

When the intracellular Ca?* concentration was monitored with fluo-4, spontaneous
Ca?" transients that were asynchronous in neighbouring cardiomyocytes were
observed under control conditions. The frequency of spontaneous Ca?* transients was
increased by the presence of noradrenaline; however, synchronous Ca?* transients, like
those that were observed during electrical stimulation, were not observed. The
contractile studies showed that noradrenaline was only able to induce automaticity at

37 °C, but not at room temperature, and that there was a latency period of
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approximately 10 min before automaticity was observed. Due to the difficulties
associated with using Ca?* sensitive fluorescent indicators at higher temperatures,
images could not be obtained over longer time course, and therefore whether
noradrenaline induced automaticity occurs by entraining the spontaneous Ca®*

transients to become synchronous cannot be elucidated at this time.

Different experimental approaches were employed at room temperature to determine
if the spontaneous Ca?* transients could be induced to occur more frequently, thus
becoming more synchronous (Brunello et al., 2013; Stern et al., 1983). In some
preparations, when the external Ca?* concentration was increased and the pulmonary
vein was electrically stimulated at 1 Hz, there was evidence of a premature increase in
fluo-4 fluorescence in the field of view, between the electrically evoked Ca?*
transients. Further analysis using ROIs determined that this was caused by an increase
in the frequency of spontaneous Ca?" transients occurring between those that were
electrically evoked, suggesting that they were simultaneously present in multiple
neighbouring cardiomyocytes. Following termination of a period of electrical
stimulation, particularly at the higher rates (>5 Hz), the frequency of spontaneous Ca?*
transients was greater than that without prior stimulation. Furthermore, this effect was
markedly enhanced in the presence of isoprenaline, or when the external Ca?*
concentration was increased. Under these conditions, the spontaneous Ca?* transients
that occurred after the cessation of electrical stimulation appeared in the pseudo-
linescan images to be present in multiple cardiomyocytes at the same time. To
determine if the spontaneous Ca?* transients were occurring more synchronously, the
percentage of pixels displaying a rise in fluorescence was used to provide an index of
the Ca?* transient synchronisation over time. It was found that immediately after a
period of electrical stimulation, there was a transient increase in the synchronisation
of the spontaneous Ca?* transients, which lasted for a few seconds before returning to

control levels by the end of the recording period.

The mechanisms underlying the increase in the frequency of spontaneous Ca?*

transients are unclear at the present time. However, estimation of the SR Ca?" load
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using caffeine suggests that it was not caused by increased SR loading. An alternative
explanation is that there was sensitisation of the RyRs (Venetucci et al., 2008) or
increased SERCA activity (Maxwell & Blatter, 2012). For instance, CaMKII, which
is known to phosphorylate RyRs and increase SR Ca?* release (Hain et al., 1995;
Wehrens et al., 2004), has been shown to be activated by high frequency electrical
stimulation in ventricular myocytes (Dries et al., 2013; Huke & Bers, 2007). CaMKII
has also been shown to modulate the frequency and velocity of Ca?* waves through its
effects of SERCA activity (MacQuaide et al., 2007). This would increase the rate in
which the local SR Ca?* content reaches the threshold for spontaneous release as the

wave travels along the cardiomyocyte (Maxwell & Blatter, 2012)

In the contractile studies, inhibition of CaMKII with KN-93 reduced the occurrence of
noradrenaline induced automaticity, and this decrease was statistically significant in
the presence of 5 uM KN-93. However, there was a reduction in the number of
contractions per min within this time frame in the time matched control experiments,
albeit not to the same extent. There was also a significant reduction in the amplitude
of the electrically evoked contractions in the presence of 5 uM KN-93, suggesting that
it attenuated the increase that was observed with noradrenaline. There is continued
debate over the involvement of CaMKII on the positive inotropic effect of B-adrenergic
stimulation, with some studies suggesting the lack on an acute effect of CaMKII
inhibition on cardiac myocyte contractility (Wang et al., 2004; Zhang et al., 2005). It
is therefore difficult at this stage to conclude whether CaMKII plays a role in the
positive inotropic effect of noradrenaline in the pulmonary vein. Similarly, further
investigation is required to elucidate role of CaMKII on noradrenaline induced

automaticity and the increase in the frequency of spontaneous Ca?* transients.

The investigations described herein indicate that the spontaneous Ca?* transients in the
pulmonary vein are not maximal under control conditions, and can occur at a greater
frequency. It has been shown in the rat ventricle that following a period of high
frequency electrical stimulation, the emergence of spontaneous Ca?* transients at a

higher frequency produced triggered electrical activity. This demonstrated a direct link

243



between spontaneous Ca®* transients and depolarisation (Fujiwara et al., 2008;
Wasserstrom et al., 2010). It is tempting to speculate that a similar phenomenon might
exist in the rat pulmonary vein, especially since, after a period of high-frequency
electrical stimulation in the presence of isoprenaline or high external Ca?*, the initial
synchronisation was often as high as 0.8 to 0.9. Simultaneous measurement of the
electrical activity and Ca?* signalling would be required to verify this proposition and
confirm that increasing the frequency of spontaneous Ca?* transients causes

arrhythmogenic activity.

5.3. Electrically evoked Ca? transients

When the pulmonary vein was electrically stimulated, synchronous Ca?* transients
were evoked in neighbouring cardiomyocytes. The electrically evoked Ca?* transients
occurred in discrete regions of tissue, surrounded by cardiomyocytes that did not
respond to stimulation. Although the electrically evoked Ca?* transients appeared to
be homogenous in the individual cardiomyocytes; imaging using a system with a
higher temporal resolution will be required to determine the spatiotemporal
characteristics of the intracellular Ca?* transient in pulmonary vein cardiomyocytes. It
is thought that the spatial properties of electrically evoked Ca?* transients in cardiac
myocytes is determined by the extent of the T-tubule network. Thus, ventricular
myocytes have been shown to display spatially homogenous Ca?* transients (Brette et
al., 2004; Cannell et al., 1995; Shacklock et al., 1995), whereas in atrial myocytes the
Ca?* transient tends to begin at the periphery of the cells, before propagating inward
(Kockskamper et al., 2001; Mackenzie et al., 2001; Mackenzie et al., 2004; Woo et
al., 2002). The observation that the pulmonary vein cardiomyocytes had a more
extensive T-tubule network compared to atrial myocytes could therefore have possible

consequences for the properties of the electrically evoked Ca?* transients.

The distribution of RyRs was similar in pulmonary vein and left atrial cells, and the
present study shows the novel finding that junctional RyRs are also present along the
periphery of pulmonary vein cardiomyocytes. Immunolabelling for the LTCCs

showed that they were more likely to be organised in striated manner in pulmonary
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vein, compared to left atrial, cardiomyocytes. It has previously been shown that 10%
of rat atrial myocytes have a more extensive T-tubule network, and these cells have
larger IcaL and a greater membrane capacitance, which is indicative of a greater cellular
surface area (Frisk et al., 2014). This suggests that the density of the LTCCs might be
related to the presence of T-tubules, and therefore the function of the T-tubules in the
pulmonary vein cardiomyocytes could be to enable a more spatially homogenous

increase in intracellular Ca?* upon depolarisation.

5.4. The rat pulmonary vein displays a negative force-frequency
relationship

The contractile properties in response to electrical stimulation were also investigated,
and it was shown that the rat pulmonary vein displayed a negative force-frequency
relationship. Based on studies on the rat ventricle, it has been suggested that the
negative force-frequency relationship is due to the SR being relatively full at the lower
stimulation frequencies, limiting the capacity to increase its Ca®* load (Maier et al.,
2000). It is believed that in cardiac tissue that displays a negative force-frequency
relationship, the dominant frequency-dependent effect on the magnitude of Ca?*
release is not the SR Ca?* load (Maier et al., 2000), and therefore must be another
factor such as the refractoriness of the RyRs (Gyorke & Fill, 1993; Niggli, 2011 for
review; Satoh et al., 1997; Schiefer et al., 1995).

The observations that the rat pulmonary vein displayed a negative force-frequency
relationship, and spontaneous Ca?" transients were present under unstimulated
conditions, suggests that the cardiomyocytes already have a high degree of SR Ca?"
loading under control conditions. Therefore, the SR in the rat pulmonary vein
cardiomyocytes could be fully replete, limiting the ability to accumulate more Ca?*.
This could explain why isoprenaline or increasing the external Ca?* concentration did
not increase the amplitude of the electrically evoked Ca?* transients. Furthermore, it
would explain why a period of electrical stimulation did not increase the magnitude of
the caffeine induced Ca?* transient. The finding that the frequency of spontaneous Ca?*

transients was reduced after increasing the external Ca?* concentration was
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unexpected. The reason for this is unknown; however, though statistically significant,
this was a small reduction and it is unclear whether this would be biologically
significant. In future, it would be useful to confirm if lowering the external Ca?* back
to the control concentration would cause the frequency of spontaneous Ca?* transients

to increase again.

Further support for the hypothesis that the SR is relatively full under control conditions
is the observation that spontaneous Ca?* transients were often present between
repetitive stimuli at 1 Hz, when the external Ca* concentration was 2.5 mM. In the rat
ventricle, such activity was not observed at similar external Ca?* concentrations
(Kaneko et al., 2000). Furthermore, in the absence of prior electrical stimulation, the
frequency of spontaneous Ca?* transients in the pulmonary vein was slightly reduced
upon raising the external Ca®* concentration, whereas in ventricular myocytes the
frequency of spontaneous Ca?* transients was increased when the external Ca?*
concentrations was raised as high as 5 to 6 mM (Diaz et al., 1997a; Kaneko et al.,
2000).

The observation that there was no increase in the frequency of spontaneous Ca?*
transients in the presence of isoprenaline could also be explained by the replete SR
paradigm. However, other factors that could modulate the effect of isoprenaline on the
pulmonary vein cardiomyocytes cannot be ignored. There have been some studies
suggesting that isoprenaline might have a dual effect in cardiac myocytes. In a previous
study, automaticity that was induced in the rat pulmonary vein with a combination of
isoprenaline and phenylephrine, ceased when the concentration of isoprenaline was
raised beyond 1 pM (Maupoil et al., 2007). In ventricular papillary muscle,
spontaneous fluctuations in scattered light, which were used as an index for
contractions, were slightly reduced by isoprenaline. As contractile activity is caused
by changes in intracellular Ca?*, this infers that there was reduced SR Ca?* release.
However, following a period of electrical stimulation, there was in the increase
scattered light fluctuations in the presence of isoprenaline (Kort & Lakatta, 1988). This

suggests that isoprenaline could have a stimulatory or inhibitory effect depending on
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the experimental conditions, and could explain why isoprenaline only had an effect on
the characteristics of the spontaneous Ca?* transients after a period of electrical
stimulation. An alternative explanation is that the experiments with isoprenaline were
performed at room temperature. Noradrenaline only induced automaticity in the rat
pulmonary vein at 37 °C, suggesting that the effect of adrenergic stimulation on the

pulmonary vein is temperature dependent.

5.5. Future experiments

It is not yet known whether automaticity induced by noradrenaline initiates at ectopic
foci before propagating throughout the tissue. From the present studies it appears that
uncoupling gap junctions with carbenoxolone had an inhibitory effect on
noradrenaline induced automaticity suggesting that intercellular signalling is a factor.
To resolve this matter, an extracellular electrode array could be used to map the
conduction of electrical activity in the individual regions of the pulmonary vein
(Hocini et al., 2002; Honjo et al., 2003a). Mapping the electrical activity in the
pulmonary vein would also examine if the regions of tissue that did not respond to
electrical stimulation with Ca?* transients still responded with electrical activity. This
would determine if the cardiomyocytes were not depolarising or whether there is a
regional heterogeneity in intracellular Ca?* signalling in the pulmonary vein

myocardial sleeve.

The present study demonstrates the novel finding that the mitochondria in pulmonary
vein cardiomyocytes spontaneously flicker, suggesting that they spontaneously
depolarise (Duchen et al., 1998). It is thought that influx of Ca?* into the mitochondrial
matrix is important for depolarisation (Duchen et al., 1998; Lu et al., 2016), therefore
this finding merits further investigation. It would be necessary to image the tissue of a
much longer time period in order to provide quantitative data on the kinetics of
mitochondrial depolarisations, and it would also be useful to determine if there are any
changes following the experimental manipulations that induced an increase in

spontaneous Ca?* transient frequency.
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Finally, the experiments in the present thesis were conducted in healthy rats. It would
be interesting to examine the cellular structure and intracellular Ca?* signalling in
pulmonary vein cardiomyocytes in different disease models. For instance, automaticity
has recently been shown to be present without any in vitro intervention in pulmonary
veins from rats that underwent surgery to create a fistula between the abdominal aorta
and inferior vena cava (Hamaguchi et al., 2015). This surgical model induces chronic
volume overload in the heart, leading to cardiac hypertrophy (Garcia & Diebold,
1990), which was also reported in the pulmonary vein. Interestingly, automaticity was
not only observed as the sustained firing of action potentials, but could also occur as
repetitive bursts (Hamaguchi et al., 2015), similar to what has been observed in the
presence of noradrenaline in healthy rats (Doisne et al., 2009; Namekata et al., 2010).
It is therefore conceivable that the intracellular Ca?* signalling in the pulmonary vein,
and susceptibility towards automaticity, will be altered in other in vivo disease models
that are associated with atrial fibrillation, such as rapid atrial pacing (Sugiyama et al.,
2005). Nevertheless, a better understanding of the properties of the pulmonary vein
cardiomyocytes in tissue obtained from healthy animals is important for understanding

the physiological changes that occur due to pathological conditions.
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