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Abstract

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia, which is
strongly correlated with patients who go on to develop a stroke. AF is thought to be
originated in the myocardial sleeve of the pulmonary vein (PV) extending from left
atrium (LA). Some studies have shown automaticity activity in PV cardiomyocytes
generated by pacemaker-like cells, which can lead to the generation of ectopic activity
that initiates AF. Sympathetic and parasympathetic nervous systems play an important
role in promoting AF as both a trigger and a substrate. Atrial arrhythmogenic
remodelling, defined as any change in atrial structure e.g. mechanical stretch, is
considered a critical factor in AF studies. However, the underlying mechanisms for
this ectopic activity remain unclear. Thus, the aims of this thesis were to examine the
characteristic of cardiomyocytes and nodal cells in the rat PV using Masson's
trichrome staining and immunohistochemistry. The role of adrenergic receptors in the
PV was investigated with the application of noradrenaline (NA) in a contraction
(twitch-tension) study. Moreover, mechanical stretch was also investigated, which

changes the electrical activity of the PV potentially leading to the genesis of AF.

Histological studies revealed cardiomyocytes extend from LA into the PV, which
forms a myocardial sleeve, within which a non-uniform alignment of myocardial fibres
was found. Sinoatrial node (SAN) cells were observed in right atrium (RA); however,
they were not observed in any area of the rat PV section. Immunohistochemistry was
used to identify the expression of HCN4, which is observed in SAN of the RA section
but not in the rat PV section. In contractile studies, NA induced ectopic activity in the

rat PVs at 37°C, although this ectopic activity decreased when temperature was



reduced to 25°C. Increasing extracellular Ca?* also increased the frequency and the
duration of ectopic contractions in the rat PVs. NA-induced ectopic activity in the rat
PV was decreased by prazosin, propranolol, carbachol, and verapamil. Mechanical
stretch increased the incidence of spontaneous activity but had no effect on the action
potential characteristics in rat PV cardiomyocytes. The application of NA increases
the incidence of ectopic action potentials, prolongs APD and induces EADs in rat PV
cardiomyocytes under a stretch condition. These ectopic action potentials induced by
the combination of stretch and NA were inhibited by gadolinium, ORM-10103,

verapamil, prazosin and propranolol in the rat PV myocardium.

In conclusion, the PV contains a myocardial sleeve extending from the LA, which is
thought to be the source of ectopic electrical activity underlying AF. NA-induced
ectopic activity in rat PVs was mediated via a-f-adrenergic receptors, indicating that
increased catecholaminergic activity is an important mediator of enhanced
automaticity in rat PV cardiomyocytes. Mechanical stretch also induces changes in
electrical characteristics, leading to ectopic action potentials in the rat PVs. Stretch-
activated channels (SACs) may therefore be an important link between stretch and
ectopic activity in the PV, potentially acting as a main factor in the development of
AF. Thus, autonomic nervous system and structural remodelling in the rat PVs may be
considered as an influence on the genesis of arrhythmogenic activity in the

development of AF.
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1.1 Atrial fibrillation (AF)

Atrial fibrillation (AF) is a form of cardiac arrhythmia in which the normal sinus
rhythm is converted into rapid irregular activity due to altered atrial depolarisation
(Dang et al., 2002). The rate of atrium depolarisation can be elevated to 400-600 times

per minute in humans during an arrhythmic episode (Nattel, 2003, Khan, 2004).

According to the Cardiac Pacing of the European Society of Cardiology and the North
American Society of Pacing and Electrophysiology, AF is classified into four types:

initial event, paroxysmal, persistent and permanent; details provided in Table 1-1.

Table 1-1 Classification of atrial fibrillation

Terminology Clinical features

First diagnosed AF Patients who experience AF

for the first time

Paroxysmal AF Spontaneous termination

< 7days and most often

< 48 hours
Persistent AF Not self-terminating
Lasting > 7days
Permanent AF Not terminated
(Accepted) Terminated but relapsed

No cardioversion attempt

(Adapted from Leévy et al. (2003))
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In England and Wales, AF affects about 1.3% of the population (Wallentin et al.,
2010). In Northumberland, a study in which 4843 people aged 65 years and older were
screened for AF found an approximate prevalence of 4.7 % (Sudlow et al., 1998). The
Renfrew—Paisley study, with a population cohort of 15,406 aged 45-64 years living in
the West of Scotland, showed the prevalence of AF was 6.5 cases in 1000 assessments
(0.65%). The detection of AF was found to increase with age, and there were slightly
more cases detected in men (53 of 7052, or 0.75%) than women (47 of 8354, or 0.56%)
(Stewart et al., 2001). AF is a major public health problem, resulting in substantial

morbidity and mortality, disability, and high health care costs.

Increased risk of stroke associated with AF is related to the upper chambers of the
heart. If blood is not pumped properly into the lower chambers, it may pool in the
upper chambers and form a blood clot. This clot may then be pumped out of the heart,
which can travel to the brain causing a stroke (Ruff, 2012). The risk of stroke varies
depending on the age of the patient and the presence of other medical conditions such
as hypertension, diabetes mellitus, heart failure, and whether the patient has already
suffered a prior stroke. The Framingham Study by Lin et al. (1996) showed that
approximately 20% of stroke patients (n=501) had AF, and stroke severity in co-

morbid patients was greater than in patients without AF.
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1.2 Basic mechanisms of AF

The basic electrophysiological mechanisms leading to AF (Figure 1-1) are termed
focal ectopic activity and re-entry (Schmidt et al., 2011, Nattel and Dobrev, 2012).
Focal ectopic activity is produced by localized discharges from electrical pacemakers
originating from a source other than the sinus node; e.g. pulmonary vein (PV) (Schmidt
et al., 2011). Alternatively, re-entry, in which abnormal electrical circuits are formed
in the heart, may be caused by shortening of the effective refractory period of cardiac

tissue leading to anomalous electrophysiological activity (Schmidt et al., 2011).

AF mechanisms

. Focal ectopic activity /

Figure 1-1 Basic mechanisms underlying atrial fibrilation (AF). AF can be
generated by focal ectopic activity (e.g. from the PV) or re-entry. Re-entrant circuits
require a trigger (e.g. an ectopic beat), which can promote AF (Nattel et al., 2008,

Schmidt et al., 2011).
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1.2.1 Focal ectopic activity

As noted above, focal ectopic activity is produced by local discharges of
electrophysiological activity from irregular sources such as the PV (Schmidt et al.,
2011). Ectopic impulses can arise from enhanced normal automaticity or from
triggered activity, leading to early afterdepolarisations (EADs) preceding full
repolarisation and delayed afterdepolarisations (DADs) occurring after full

repolarisation (Nattel, 2003, Schmidt et al., 2011). These are illustrated in Figure 1-2.

EADs occur during the action potential plateau (phase 2 EADs) or during the late
repolarisation (phase 3 EADs) (Nattel and Dobrev, 2012). The main consequence of
EAD:s is the prolongation of APD; e.g. by increasing inward L-type calcium current
(IcaL), or reducing K* currents, allowing the Ica. to recover from inactivation, leading
to depolarisation of cardiac cells by allowing intracellular Ca?* influx (Iwasaki et al.,

2011, Nattel and Dobrev, 2012).

DADs are membrane potential oscillations, which occur after full repolarisation of the
action potential. These result from abnormal diastolic Ca* leakage through ryanodine
receptors (RyR2 is the cardiac form) from the sarcoplasmic reticulum (SR) into the
cytoplasm (Dobrev et al., 2011). In addition, excess diastolic Ca®* ions are handled by
sodium-calcium exchanger (NCX), which transport three Na* ions into the cell per
each single Ca?" ion extruded from the cell, generating a net depolarising current which

induces DADs (Wakili et al., 2011, Nattel and Dobrev, 2012).
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Som=
F

e ———

EADs DADs
Promoted by: prolonged repolarization Promoted by; Ca** handling abnormalities

Figure 1-2 Focal ectopic and triggered activity. Early afterdepolarisations (EADS)
can occur during phase 2 or phase 3 of the action potential and delayed

afterdepolarisations (DADSs) can occur after full repolarisation (Heijman et al., 2014).

1.2.2 Re-entry

Re-entry refers to a situation where electrical impulses flow through the heart in
abnormal pathways. Normally when excited cardiomyocytes produce an action
potential, which is transmitted to neighbouring cells before entering a refractory state,
only adjacent cells that are not refractory can be excited by this mechanism, thus
controlling the normal flow of electricity through the heart musculature (Klabunde,
2011). Re-entry occurs when either conduction velocity is too slow or the refractory
period is too short. This can lead to the development of AF when occurring in the atria,
although re-entry generally requires a trigger such as ectopic beats (Nattel et al., 2008,
Nattel and Dobrev, 2012). The substrate for re-entry can be produced by atrial
remodelling such as atrial fibrosis and atrial enlargement, which can create the
appropriate conditions to allow re-entry to be initiated, and sustained AF (Arora and
Koduri, 2014, Namdar et al., 2014, Nattel and Harada, 2014). Re-entry results from an

ectopic impulse being blocked by refractory tissue when propagating in one direction,
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whereas it is able to conduct in faster-recovering tissue in other direction, referred to

as a unidirectional block. (Nattel and Dobrev, 2012).

As mentioned, this is determined by refractoriness and conduction conditions. The
minimum sized circuit for re-entry to be established is given by the wavelength (WL),
or distance travelled by the impulse in one refractory period (RP): WL = RP x CV,
where CV is conduction velocity. If the number of circuits in atria is small, the re-entry
circuits may be unstable and can terminate by themselves. When the WL is decreased,
e.g. RP decreases, the circuits are smaller and more numerous; simultaneous
termination of many circuits is less likely to happen and AF may remain, as illustrated

in Figure 1-3 (Nattel and Dobrev, 2012, Nattel and Harada, 2014).

Normal atrial size Normal atrial size
“ormal WL Short WL [Ill'ri "|']

Figure 1-3 Re-entry. Determinats of AF maintenance by re-entry circuits depends on
the impulse wavelength (WL). When WL is shortened by decreasing refractory period
(RP) or conduction velocity (CV), re-entry circuits are smaller and can be sustained,

promoting AF (lwasaki et al., 2011).
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1.3  Clinical management of AF

1.3.1 Pharmacological treatment of AF

Antiarrhythmic drugs have been used as a first line therapy for AF. Rate control and
rhythm control are two principal goals to control the heart rate, or to maintain normal
sinus rhythm (Baranchuk et al., 2008). Decreasing the ventricular response rate to
achieve a rate of less than 100 beats per minute is generally the first step in managing
AF, known as rate control (lwasaki et al., 2011). Rhythm control is another strategy,
which focuses on the pattern of heartbeats, and may involve using pharmacological or
electrical cardioversion to restore the sinus rhythm for patients in persistent AF
(Markides and Schilling, 2003). Rhythm or rate control can be achieved by
pharmacological treatment in the form of antiarrhythmic drugs. Vaughan Williams,
(1984) classified antiarrhythmic drugs according to their effects on the action potential
of cardiac cells and their presumed mechanism of action. The classification of
antiarrhythmic drugs is as follows: class | - sodium channel blockers, class Il - -
blockers, class Ill - potassium channel blockers, and class IV - calcium channel
blockers (Williams, 1984). The drugs commonly used for rate control are p-blockers,
calcium channel blockers and digoxin (Markides and Schilling, 2003). B-blockers such
as propranolol and atenolol, which reduce sympathetic influences that may inhibit
ectopic pacemaker sites, resulting in decreased rate of automaticity, slow conduction
velocity and prolong the refractory period (Cullington et al., 2008, Rang et al., 2014).
calcium channel blockers are used for rate control in AF, and achieve this by blocking
voltage-sensitive Ca?* channels (Markides and Schilling, 2003). calcium channel

blockers (e.g. verapamil) act on L-type calcium channel (LTCC), resulting in
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shortening the plateau phase of action potentials, reducing after depolarisation, which
supresses premature ectopic beats and decreases the contraction force in the heart

(Abernethy and Schwartz 1999, Rang et al., 2014).

Rhythm control involves the use of pharmacological cardioversion to convert the
arrhythmia associated with AF into a normal sinus rhythm (Sulke et al., 2007). Clinical
practice commonly uses Vaughan—Williams’ class I and III antiarrhythmic drugs for
pharmacological cardioversion (Sulke et al., 2007). Class | drugs act on sodium
channels, which reduce the maximum rate of rise in phase 0 of the action potential
without changing the resting potential; however, they have different effects on APD.
For example, class la; quinidine, which prolongs APD, class Ib; lidocaine, which
decreases APD, and class Ic; flecainide, which does not have a significant effect on

APD (Murakami and Kurachi, 2008, Rang et al., 2014).

Moreover, antiarrhythmic drugs class I11; potassium channel blockers can also be used
for rhythm control, by blocking potassium channels, which leads to prolonged
repolarisation, APD, and the refractory period (Murakami and Kurachi, 2008, Sulke et
al., 2007). Amiodarone is generally classified as a class I11 drug and APD prolongation
is thought to be one of its major effects for effective antiarrhythmic action, due to
blockade of the potassium channel (Murakami and Kurachi, 2008, Rang et al., 2014).
Sotalol is both a non-cardioselective B-blocker as well as a class I11; potassium channel
blocker, which inhibits rapid delayed rectifier K* current, and increases APD and

refractory period (Anderson and Prystowsky, 1999, Zimetbaum, 2012).

The Atrial Fibrillation Follow-up Investigation of Rhythm Management (AFFIRM)

study showed a comparison of rhythm and rate control strategies in patients with AF
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who were > 65 years of age and at high risk of stroke or death. The antiarrhythmic
drug was selected by the physician, which followed the rate control strategy using [3-
blockers, calcium-channel blockers, digoxin or a combination of these drugs; or the
rhythm control strategy using the following antiarrhythmic drugs class I and 111 (see
Section 1.3.1) alone or in combination. Cardioversion could be used if necessary
(Wyse et al.,, 2002). Moreover, the anticoagulant; warfarin was used in both
approaches applied in the AFFIRM study. The study reported that both strategies had
similar effects on mortality and cardiovascular morbidity in patients with AF. The
majority of strokes occurred after warfarin had been discontinued. Therefore, the
outcomes of this study suggest that an anticoagulant should be used continuously high-

risk patients (Wyse et al., 2002, Corley et al., 2004).

1.3.2 Radiofrequency ablation of AF

Since Haissaguerre et al. (1998) discovered that the ectopic foci associated with AF
can originate in PVs after ablation with local radio-frequency energy and
consequently, radiofrequency ablation (RFA) has become an established treatment in
symptomatic AF patients (Schmidt et al., 2011). As a result of these findings by
Haissaguerre et al. (1998), the catheter ablation technique called segmental PV
isolation was created. Haissaguerre and his colleagues used radiofrequency energy to
ablate the PV ostium, the opening to the PVs, preventing the PVs from being a trigger
source of AF; this technique is reportedly able to eliminate AF in 62% of paroxysmal
AF patients (Haissaguerre et al., 1998). Moreover, circumferential ablation, which

involves creating circumferential lesions that encircle the PVs, is also shown to
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improve outcomes in patients with both paroxysmal and persistent AF (Yoshida and
Aonuma, 2012). Circumferential ablation may extinguish areas that can be the source
of a trigger or re-entry site for AF (Schmidt et al., 2011, Yoshida and Aonuma, 2012).
Moreover, circumferential ablation near the PV ostia may cause an effect to
sympathetic and parasympathetic innervation from the autonomic ganglia, which have
been known as potential triggers for AF (Lemola et al., 2008). Radiofrequency catheter
ablation for AF is a modern technique that effectively prevents arrhythmia recurrences;
however, this is a complex procedure, which can increase the risk of various
complications including pericardial tamponade, pericarditis, thromboembolic events,
and pulmonary stenosis that can occur during or after the treatment (Aldhoon and
Kautzner, 2012, Yoshida and Aonuma, 2012). Further understanding of the
pathophysiology of AF may help to decrease the risk of these complications,

specifically by refining the area of arrhythmogenic tissue treated.

1.4 Atrial fibrillation and the PVs

There are 4 main PVs in human anatomy; superior and inferior branch from the right
and left lung, and one of which is connected to the left atrium (LA) of the heart (Seol
et al., 2011). Nathan and Eliakim (1966) demonstrated that myocardial sleeves are
found at the junction between the LA and PV, as seen in Figure 1-4. The PVs are
suggested to be an important source of ectopic activity for the initiation of paroxysmal
AF (Haissaguerre et al., 1998). Cheung (1981a) demonstrated that the action potential
can be generated within PV myocardial sleeves. Thus, the anatomical and electrical

properties of the PV may relate to the origination and the development of AF.
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Figure 1-4 The anatomy of left atrium (LA) and pulmonary veins (PVs). The PVs
are labelled as Right superior pulmonary vein (RSPV), Left superior pulmonary vein
(LSPV), Right inferior pulmonary vein (RIPV), and Left inferior pulmonary vein

(LIPV) (Adapted from Tops et al. (2010).

1.4.1 The structure of the PV

1.4.1.1 Anatomy of the PV

Previous studies identified myocardial sleeves formed by an extension of myocardial
cells in the junction between LA and PV in the human heart (Nathan and Eliakim,
1966). These myocardial sleeves commonly extend up to 97% into the length of the
PV (Nathan and Eliakim, 1966, Saito et al., 2000). Myocardial fibres within the sleeve
of the human heart display various patterns in one or more layers; these are formed in
circular, longitudinal, oblique and spiral directions (Nathan and Eliakim, 1966, Roux
etal., 2004). Nathan and Eliakim (1966) also demonstrated that the myocardial sleeves

are longer and thicker in the superior PV (SPV) than inferior PV (IPV). The longest
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sleeves are in the left superior pulmonary vein (LSPV, 18 mm), the second longest are
in the right superior pulmonary vein (RSPV, 13 mm), the third are in the left inferior
pulmonary vein (LIPV, 10mm), and the shortest sleeve is the right inferior pulmonary
vein (RIPV, 8 mm). The sleeves are thickest at the veno-atrial junction (1.1 mm) in

the LSPV.

1.4.1.2 Anatomy of the PV

Histological study of the human heart has revealed that the structure of the PV
comprises an internal tunica intima of endothelium, a tunica media of smooth muscle,
and a thick outer layer of fibrous adventitia (Ho et al., 1999). The myocardium from
the LA extends continuously along the outer aspect of the PV wall to form the
myocardial sleeve (Calkins et al., 2008). This is also similar to histological studies in
animals, which showed that myocardial sleeves are located between the media and
adventitial layers of the PV wall in canine (Chen et al., 2000, Hocini et al., 2002,
Ehrlich et al., 2003), guinea pig (Namekata et al., 2010, Takahara et al., 2011), rat

(Mueller-Hoecker et al., 2008), and mouse (Tsuneoka et al., 2012).
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1.4.1.3 Pacemaking cells in the PVs

The sinoatrial node (SAN) is located in the right atrium (RA), which is bound on two
sides by the superior vena cava (SVC) and the inferior vena cava (IVC). (Boyett et al.,
2000, Satoh, 2003). Histological studies of the SAN have identified specific cell types,
which include nodal cells, transitional cells, and atrial muscle cells. Nodal cells (P-
cells) are thought to generate the pacemaker activity of the heart (Waller et al., 1993,
Nabipour, 2012). Node cells are small (3-10 um), ovoid, pale-staining, and poorly
striated compared with myocardial cells, and they are located around the sinus node

artery (Davies and Anderson, 1983, Waller et al., 1993).

Masani (1986) discovered nodal-like cells, which are present in the myocardial layer
in the rat PVs, using electron microscopy. The node-like cells are distributed in the
intrapulmonary vein and they appear in single and in small groups among the general
myocardial cells. These node-like cells may have the potential of generating

pacemaker-like activity and represent a possible source of ectopic beats in the PVs.

Perez-Lugones et al. (2003) showed that nodal-like cells are present in human PVs. In
the same study, some myocardial cells with pale cytoplasm were found using light
microscopy. The presence of P cells, transitional cells, and Purkinje cells in the PVs
was confirmed using electron microscopy (Perez-Lugones et al., 2003). Moreover, a
study in canines showed that Periodic acid-Schiff (PAS) stain identified large cells
with pale cytoplasm along the endocardial side of the PV muscle sleeve (Chou et al.,
2005). The presence of PAS-positive cells is similar to specialised conduction cells
found in human patients with AF (Perez-Lugones et al., 2003). In contrast the study

by Nguyen et al. (2009), showed that PAS-positive cells are located in PV muscle
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sleeve layers in both AF and sinus rhythm patients. This indicates that PAS-positive

cardiomyocytes might have a potential pacemaking function.

1.4.1.4 The expression of the HCN4 channel in the PVs

Hyperpolarisation-activated cyclic nucleotide (HCN) -gated channels are responsible
for the funny pacemaker current (If), which plays an important role in pacemaking
activity in heart (Yamamoto et al., 2006, Scicchitano et al., 2012). HCNs are highly
expressed in humans and in animals such as rabbit, rat and mouse (Dobrzynski et al.,
2007, Liu et al., 2007, Yanni et al., 2010). Four different isoforms (HCN1-4) are
expressed in the heart. HCN1 and HCN2 are found throughout the heart, although
HCN2 is mainly expressed in the ventricles. The HCNA4 is highly expressed in SAN,
but not in the surrounding atrial muscle cells (Scicchitano et al., 2012). In human study,
immunohistochemistry has been used to identify HCN4 in cardiomyocytes of the PV-
LA junction in sinus rhythm and chronic AF patients (Nguyen et al., 2009). The same
study showed the expression of HCN4, which is located the subendocardial layer in
both sinus rhythm and AF patients, suggested to play a potential role in pacemaking

activity (Nguyen et al., 2009).

A previous study in rat using immunolabelling showed the presence of HCN4-positive
small node-like cells extending downwards from the SVC in the interatrial groove;
however, HCN4 was not expressed in the PVs (Yamamoto et al., 2006). Likewise,
another study in rat by Xiao et al. (2013) showed that the nodal maker HCN4 was only
expressed in the SAN and atrioventricular node (AV node); however, it was not

expressed in any area of myocardial sleeves of the rat PV or its branches.
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1.5 Electrophysiology mechanism of AF initiation and

maintenance in PVs

1.5.1 The role of action potentials and ionic currents

The first electrophysiological study of the PV was performed by Tasaki (1969) using
striated muscle fibres of the extrapulmonary vein of the guinea pig. This study showed
that action potentials in the PVs were similar to action potentials in the atrium. In a
canine model of AF, LA cardiomyocytes were found to have a longer APD than PV
cardiomyocytes (Melnyk et al., 2005). In studies of isolated PV cardiomyocytes from
rabbit and dog, transient inward currents can induce DADs (Chen et al., 2001, Chen et
al., 2002b). Also a rise in intracellular Ca?* concentration can activate transient inward
current, thought to be responsible for generating triggered cardiac arrhythmias (Berlin
et al., 1989). Furthermore, transient inward currents and DADs through increasing
NCX currents, altering the activity of the SR Ca?* ATPase pump and causing leakage
of intracellular Ca?* all contribute to the generation of ectopic activity and AF (Chen

and Chen, 2006).

Honjo et al. (2003) studied the effect of ryanodine in myocardial sleeves of PV in
rabbit right atrial preparations. This study showed that ryanodine moved the
pacemaker activity from the SAN to an ectopic focus near the right PV-atrium
junction, which induced phase-4 depolarisation in the PV. These were not present in
LA or RA. In addition, experiments on single cardiomyocytes isolated from rabbit PVs
found that ryanodine receptors are associated with Ca®* induced Ca?* release, which
can significantly alter cardiac electrical activity. This study also indicated that

abnormal Ca?* handling plays an important role in the PV arrhythmogenic activity
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(Chen et al., 2002a). The properties involved in reducing maximum phase 0 upstroke
velocity (Vmax) and decreasing resting membrane potential (RMP) are related to
reducing inward-rectifier K* currents (lk1). Decreasing APD then results from
increasing rapid delayed-rectifier current (Ikr) and slow delayed-rectifier current (Iks),
and reducing IcaL current. Therefore, previous investigations of the differences
between PV and LA cardiomyocytes may suggest that distinct electrophysiological
properties of the PV may cause ectopic foci and generate paroxysmal AF (Ehrlich et

al., 2003).

1.5.2 Enhanced automaticity and triggered activity

There are a number of studies in PVs that have reported abnormal automaticity and/or
triggered activity in patients with AF (Chard and Tabrizchi, 2009). In guinea pig PV
cells, a study has shown that ectopic foci could affect cardiac activity and these cells
could generate independent pace maker activity (Cheung, 1981a). Triggered activity
can be generated by digitalis at concentrations of 0.5-2.5 uM in guinea pig PV tissues
(Cheung, 1981b). (Chen et al. (2000), 2001) demonstrated that enhanced automaticity
and induced triggered activity appear in isolated single cardiomyocytes in a canine
model of AF. In addition, the study of PV sleeves in dogs showed spontaneous
occurrences of EADs and bursts of high frequency irregular discharges that triggered
activity. The same study found chronic rapid atrial pacing could induce AF and
spontaneous impulses with characteristics of pacemaker cells (Chen et al., 2000). The
rapid atrial pacing could lead to electrophysiological remodelling of single pulmonary

cardiomyocytes in canines, increasing automaticity and triggered activity that could
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maintain AF (Chen et al., 2001). Chen et al. (1999) showed that the B-blocker:
propranolol, Ca?* channel blocker: verapamil and sodium channel blocker:
procainamide reduce ectopic activity in the PVs. However, a synthetic
sympathomimetic amine: isoproterenol induces PV electrical activity. These findings
suggest that abnormal automaticity and triggered activity play a role in the PV

arrhythmogenic activity.

1.5.3 Re-entry

Fynn and Kalman (2004) have stated that “re-entry is responsible for the majority of
clinical arrhythmias encountered by the cardiac electrophysiologist”. Many studies
have linked the PV with AF. A study of extracellular electrophysiology mapping and
histology of the PV in isolated, blood-perfused dog heart showed that the structure of
the myocardial sleeve could generate re-entry and arrhythmias related to ectopic
activity (Hocini et al., 2002). The action potentials of PV cells displayed slower
upstroke and duration compared with atrial cells, leading to shorter refractory periods
and slower conduction velocity. PV cardiomyocytes demonstrated shorter action
potentials than recorded from atrial tissue in canines (Hocini et al., 2002, Ehrlich et
al., 2003). In addition, the re-entrant circuit in the P\V—LA junction has been identified
as an originating source of focal discharge in the PVs using a multi-electrode catheter
(Kumagai et al., 2000). In another canine study re-entry was demonstrated to be due
to PV tachycardia in the presence of acetylcholine that could be induced by activation
of the parasympathetic nervous system (Po et al., 2005). This created a reduction in

APD and refractory periods recorded from the PVs and as a consequence, promoting
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re-entry. Based on a morphological study of the atrial myocardium in human PVs from
patients with and without AF, severe discontinuity of the myocardium (separation of
the atrial myocardial bands), hypertrophy and fibrosis were associated with AF
(Hassink et al., 2003). Takahashi et al. (2003) studied re-entrant tachycardia in PVs of
patients with paroxysmal AF and indicated that re-entrant tachycardia can occur in
some isolated PVs with both decremental conduction properties and short refractory
periods, which suggested that re-entry may be one of the mechanisms underlying PV
arrhythmogenesis. Moreover, the PV-LA junction is suggested to be critical in
encouraging re-entry formation and might play an important role as a substrate for the

maintenance of AF (Kumagai et al., 2000).

1.5.4 The relationship between AF and the general structure of the

myocardial sleeve

Haissaguerre et al. (1998) reported the links between AF and PVs and indicate that
there is connection between physiology and pathology of PVs and the myocardium.
The same study showed that spontaneous ectopic foci in the cardiac tissue can induce
AF in patients with paroxysmal AF, and suggested that the PVs were responsible for
up to 94% of the ectopic activity. Studies of human PVs have shown that the length of
the cardiac sleeve may influence the generation of AF and other electrical
abnormalities. In addition, longer sleeves are implicated in the generation of ectopic
foci while shorter sleeves have abnormal conduction pathways (Nathan and Gloobe,
1970, Haissaguerre et al., 1998, Ho et al., 1999). Structural and morphological studies

have shown that features of the myocardial sleeve such as variation of fibre length,
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changes in thickness, disorganisation and irregularity of the myocardial fibre, fibrosis,
gaps and abnormal distribution of gaps may predispose the vein to generate ectopic

activity resulting in AF (Ho et al., 1999, Roux et al., 2004).

1.6 Autonomic nervous system innervation of the PVs

1.6.1 The cardiac adrenergic system

The autonomic nervous system has been shown to play a role in the initiation of AF.
Preganglionic neurons enter the heart from the spinal cord, sympathetic trunk, cervical
ganglia, and cardiac plexuses to synapse with postganglionic neurons (Kawashima,
2005). Those neurons penetrate the myocardium along coronary arterial pathways,
terminating on cardiomyocytes and vessels of all of the chambers. Adrenergic
stimulation involves neurotransmitter release from sympathetic nerves. These
neurotransmitters are known as catecholamines, and include noradrenaline (NA), from
postganglionic nerve terminals, and adrenaline from the adrenal medulla. In the human
atrium, catecholamine binds to and activates cell surface adrenergic receptors,
comprising a, B1, B2 and B3 subtypes. (Hedberg et al., 1985, Chamberlain et al., 1999).
In mice ventricular myocytes show the all 5 cardiac adrenergic receptors,
encompassing P1, B2 and B3, aua, and a1 adrenoceptors. This study also showed the B1
and oig adrenoceptors were expressed in all myocytes; however, B2 and (3 were

detected in only about 5% of mice ventricular myocytes (Myagmar et al., 2017).

The Bi-adrenoceptor is the predominate receptor in the human heart. Studies have

found B1-adrenoceptors covering 70-80% of the ventricle tissue, and 60-70% of the
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atrium; as reviewed by Wallukat (2002). The B adrenergic receptors are coupled to
Gs-proteins that activate adenylyl cyclase (AC), resulting in an elevation of the second
messenger cyclic adenosine monophosphate (CAMP), which hydrolyses cCAMP from
adenosine triphosphate (ATP). The increase of intracellular CAMP can activate protein
kinase A (PKA), which increases phosphorylation of the L-type Ca?* channels, causing
increased cellular influx of Ca?* via Ca?* channels and enhanced release of Ca?* from
the SR in the heart; as shown in Figure 1-5 (Mohrman and Heller, 2002, Wallukat,

2002, Klabunde, 2011).

NA Ca2*
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Figure 1-5 pi-Adrenergic receptor (AR) signalling in cardiomyocytes.
Noradrenaline (NA) binding to Bi- ARs stimulates adenylate cyclase (AC), which
converts adenosine triphosphate (ATP) to cyclic monophosphate (CAMP). cAMP
activates protein kinase A (PKA), which increases phosphorylation and causes
increased cellular influx of Ca?* via L-type calcium channels, and enhanced release of

Ca?* from the sarcoplasmic reticulum (SR) in the heart.
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In addition, az-adrenoceptors are also found in the human heart. Expression in normal,
non-failing hearts is approximately 11%, whereas that percentage increases to 25% in
failing myocardium, suggesting that o1 receptors are upregulated in certain
pathological states (Jensen et al., 2011). The az-adrenoceptors are coupled to a
phospholipase C (PLC)-coupled Gg-protein, which stimulates the formation of inositol
trisphosphate (IP3) from phosphatidylinositol biphosphate (PIP2) and diacylglycerol
(DAG). Increasing IPs induces Ca®" release from the SR in the heart, thereby
increasing inotropy. On the other hand, DAG acts as a second messenger to activate
protein kinase C (PKC), which catalyses the phosphorylation of a protein that produces
aresponse in the various of cellular protein substrates, including Ca?* and K* channels,
Na*-H* exchanger, and Na*-Ca?* pump. The activation of PKC regulates gene-
signalling pathway e.g. cell growth and cell proliferation and alters cardiac function
such as ionotropic effects in cardiac muscle as seen in Figure 1-6 (Rosen et al., 1991,

Finch et al., 2006, O’Connell et al., 2014).

Moreover, the inhibitory G-protein (Gi-protein) inhibits AC and reduces intracellular
CAMP, thereby decreasing inotropy. Acetylcholine released by parasympathetic
nerves within cardiac muscle bind to muscarinic receptors (M2), which are coupled to
Gi-proteins. Therefore, acetylcholine can be used as a negative inotropic agent to

decrease cardiac contractility (Mohrman and Heller, 2002, Klabunde, 2011).
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Figure 1-6 ai-Adrenergic receptor (AR) signalling in cardiomyocytes.
Noradrenaline (NA)-induced stimulation of a:-ARS activates Gq and phospholipase C
(PLC), resulting in hydrolysis of phosphatidylinositol bisphosphate (PIP2), to generate
inositol trisphosphate (1P3) and diacylglycerol (DAG). IP3 contributes to the regulation
of intracellular Ca?* responses, whereas DAG activates protein kinase C (PKC), which

stimulates contraction.
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1.6.2 The autonomic nerves and the PVs in arrhythmogenesis

The report by Patterson et al. (2006) indicated that there is a relationship between the
atrial autonomic nerves and the PVs in arrhythmogenesis. There are seven
ganglionated subplexuses and the superior left atrial ganglionated plexus is one of the
collections of ganglia on the posterior surface of the LA between the human PVs.
(Armour et al., 1997). The findings by Pauza et al. (2000) stated that three of the seven
ganglionated plexuses are distributed in human PVs, found near the roots of the PVs:
the dorsal right atrial, the left dorsal and the middle ganglia. The studies from Tan et
al. (2006) and Chevalier et al. (2005) have shown the cardiac origin of the nerve plexus
on the PVs. Immunostaining nerve densities along longitudinal and circumferential
axes of the human PV-LA junction has indicated that adrenergic and cholinergic
innervation are most densely located in the LA, closer to the junction than further away
in the left atrium or the PVs (Tan et al., 2006). This study used anti-tyrosine
hydroxylase antibodies to label adrenergic nerves and anti-choline acetyltransferase

antibodies to label cholinergic nerves.

Atrial electrophysiology and AF generation are regulated by the autonomic nervous
system (Zipes et al., 1974, Liu and Nattel, 1997). These studies in human PVs have
identified different neurochemical types of nerve fibres, including the sensory,
noradrenergic, cholinergic, and nitrergic systems that innervate the PVs. The
adrenergic and cholinergic nerves may be located in and around the PVs. Moreover,
found in the posterior sides of both inferior and the left superior PVs are the ganglion

sites supplying intrinsic nerves to the human PVs. These locations may be considered
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major targets for PV ablation in catheter-based therapy of AF (Vaitkevicius et al.,

2008).

The cardiac muscle of PV function can be modulated by the autonomic influences,
which may be of significance to the generation of AF (Sweeney et al., 2007, Maupoil
et al., 2007). Sweeney et al. (2007) found that NA and acetylcholine (ACh) increase
the cardiac contractility, which was inhibited by atenolol (a selective P1 receptor
antagonist) and atropine (a muscarinic ACh receptor antagonist). Thus, the PV cardiac
muscle function may be modulated by the autonomic nervous system, which can
potentially generate AF (Sweeney et al., 2007). Maupoil et al. (2007) also found
nonselective adrenoceptor agonist; NA induces ectopic contractions in rat PVs, which
may suggest that the induction of ectopic activity requires the activation of both a; and

[1- adrenergic receptors.

In an electrophysiological study, Cheung (1981a) observed electrical activity in guinea
pig PVs, and showed that the application of NA initiated spontaneous action potentials
in the distal end of the cardiac PVs and caused a slight change in the membrane
potential of PV cardiomyocytes. Moreover, NA also generated automatic activity in
mouse, rat, and guinea pig PV cardiomyocytes (Doisne et al., 2009, Namekata et al.,
2010, Takahara et al., 2011, Tsuneoka et al., 2012, Okamoto et al., 2012). In mouse
PV cardiomyocytes, it was shown that NA induces the generation of automatic
electrical activity, which was preceded by depolarisation or hyperpolarisation of the
RMP (Tsuneoka et al., 2012). Also, in guinea pig PV myocardium it was found that
NA induces spontaneous activity and a slow depolarisation of the RMP in the PV

preparations (Namekata et al., 2010, Takahara et al., 2011). However, in the rat PV,
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NA was found to induce an initial hyperpolarisation and a subsequent depolarisation
of RMP (Doisne et al., 2009, Namekata et al., 2010). In addition, NA also induces
EADs in mouse PV myocardium (Tsuneoka et al., 2012), and DADs in guinea pig and
rat PV cardiomyocytes (Takahara et al., 2011, Okamoto et al., 2012). In a canine study
using intracellular electrodes, NA was found to prolong the APD and enhance
formation of EADs and DADs (Patterson et al., 2006). Therefore, these results
obtained from various species’ PV myocardium indicate that the sympathetic nervous
system influences the generation of automatic activity via activation of both a- and B-
adrenergic receptors. These mechanisms may be related to the initiation and
maintenance of AF and highlight the PVs as a source under autonomic nerve influence

(Maupoil et al., 2007, Doisne et al., 2009).

1.7  Stretch-induced arrhythmia

1.7.1 The cardiac response to stretch

The heart adapts to changing volumes of entrant blood supply by the principal
mechanism known as the Frank-Starling law of the heart (Zimmer, 2002). By using
isolated frog hearts Frank (1895) demonstrated that increased filling pressure or
increased initial tension is related to an increase in the peak pressure developed during
systole. The study also showed that the stretching of cardiac muscle leads to changes
in fibre length prior to contraction (Frank, 1895). In 1914, Ernest Starling and
colleagues demonstrated the response of the heart to changes in venous return and
arterial pressure using canine heart-lung preparations. The same study showed that

greater venous return to the heart increased filling pressure of the ventricle, which can
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in turn increase stroke volume (the blood volume pumped out of the left ventricle into
the aorta) with each contraction (Patterson and Starling, 1914). Therefore, an increase
in ventricular filling promotes an increase in developed tension, which leads to
increased stroke volume; occurring in response to physical stress on cardiac tissue, e.g.

from stretching (Frank, 1895, Patterson and Starling, 1914).

Mechanical stretch can lead to changes in intracellular Ca?*, contraction force and
electrical activity of cardiomyocytes (Tavi et al., 1998). The stretch-dependent change
in cardiac contraction force has two components; an immediate force response (IFR),
and a slow force response (SFR) (Parmley and Chuck, 1973). While cardiac muscle is
stretched, the immediate increase in the force of contraction is referred to as IFR, and
the secondary force known as SFR follows after stretching for 5-10 minutes (Calaghan

and White, 1999, Ward and Allen, 2010).

Previous studies have shown atrial dilatation and atrial stretch may play an important
role in AF. (Ravelli, 2003). Stretch changes the electrophysiological properties of the
heart e.g. depolarisation of RMP in the left ventricle of rats (Kiseleva et al., 2000),
prolongation of APD in rat atrial myocytes (Tavi et al., 1998). The
electrophysiological response to stretch is a type of mechanoelectric feedback (MEF)
(Lab, 1996). This MEF can be large enough to generate ectopic beats and trigger AF
(Saint et al., 2014). The electrical activity of the myocardium in response to stretch
can be measured at the tissue level and at the single-cell level, which may be due to

the presence of mechanosensitive ion channels in myocytes (Saint, 2002).
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1.7.2 Stretch-activated ion channels in the heart

Guharay and Sachs (1984) discovered stretch-activated channels (SACs) in chick
skeletal muscles by applying negative pressure to the cell membrane with a patch
pipette. SACs have also been found in many other cell types such as eukaryotic
mechanosensitive channels (Arnadéttir and Chalfie, 2010), bacterial mechanosensitive
channels (Martin et al., 1996), including ventricular myocytes (Craelius et al., 1988),
and rat atrial myocytes (Zhang et al., 2000). The response to stretch involves at least
two types of mechanosensitive ion channels; a non-selective cation channel (SACns)
and a potassium channel (SACk) (Saint, 2002, Reed et al., 2014). Ruknudin et al.
(1993) demonstrated that SACns and SACk channels are present in tissue-cultured
embryonic chick cardiac myocytes, and found that SACns have unitary conductance
ranges from 21 to 25 pS, and SACk have unitary conductance ranges from 25 to 200

pS.

1.7.2.1 Stretch-activated nonspecific cation channels (SACns)

It has been shown that SACns play an important role in the generation of arrhythmias
during stretch (Bode et al., 2000). Craelius et al. (1988) demonstrated SACns in
ventricular myocyte of neonatal rat by using cell-attached patch-clamp techniques.
SACns have also been found in isolated embryonic chick heart cells (Hu and Sachs,
1996), ventricular myocytes in guinea pig (Sasaki et al., 1992), rat (Bett and Sachs,
2000), and mouse (Kamkin et al., 2003a), as well as atrial myocytes in rat (Zhang et

al., 2000), and in human (Kamkin et al., 2003b). SACns opening allows Na* or
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possibly Ca?* to entry into the cells, and subsequent Ca?" increase through the NCX
influx (Kim, 1993, Ward and Allen, 2010). The activation of SACns in cardiomyocytes
will depolarise the RMP (Kohl et al., 2006, Reed et al., 2014). In addition, some studies
showed Ca?* entry via SACs in embryonic chick cardiac myocytes (Sigurdson et al.,
1992, Ruknudin et al., 1993), guinea pig ventricular myocytes (Gannier et al., 1996),
and rat cardiomyocytes (Kim, 1993), which showed that the mechanical stretch can

increase the amplitude of Ca?* transients by activation of SACs in cardiomyocytes.

The rat atrial myocyte study showed the activation of SACs allows Na* influx through
SACs, which leads to the accumulation of Na* in the cytosol and subsequent increase
in intracellular Ca?* by the activation of the reverse-mode NCX (Youm et al., 2006).
Some studies also showed that stretch increases the intracellular Na* concentration in
human, mouse, and rat ventricular myocytes, leading to the activation of reverse-mode
operation of NCX during the rising phase of the action potential. The increase in Ca®*
concentration via NCX can increase the Ca®* transients during stretch as shown in
Figure 1-7 (Alvarez et al., 1999, Pérez et al., 2001, Baartscheer et al., 2003b, Isenberg

et al., 2003, Nishida et al., 2010).
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Figure 1-7 Mechanisms of stretch-induced atrial fibrillation (AF). Non-selective
cation channel (SACns) are permeant to Na*, Ca?* influx to the cells. The activation
of SACns will depolarise the plasma membrane. Increasing intracellular Na*™ also
increase intracellular Ca?* by the reverse mode of Na*-Ca?* exchanger (NCX), leading
to prolongation of action potential duration (APD). Stretch in cardiac cells also can
cause Ca®* influx via L-type calcium channel (LTCC). The potassium-permeable
stretch activated channel (SACk) allows K* to move out of the cell, which can cause

hyperpolarisation of the resting membrane potential (RMP).
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Recent studies suggest that transient receptor potential (TRP) channels can be the
molecular candidates for SACs in cardiac myocytes (White, 2011, Reed et al., 2014).
TRP channels were first discovered in Drosophila and now a total of 28 members of
mammalian TRP subtypes have been reported (Takahashi et al.,, 2016). TRC
membrane proteins has 6 transmembrane domains (TM1-6), cytoplasmic N- and C
termini, and a pore region between TM5 and TM6 (Watanabe et al., 2009). TRP
channels are divided into six related subfamilies, consisting of the canonical TRP
(TRPC), vanilloid TRP (TRPV), melastatin TRP (TRPM), ankyrin TRP (TRPA),
polycystic TRP (TRPP), and mucolipin TRP (TRPML) groups; as reviewed by Yue et

al. (2015).

It has been reported that TRPC1, TRPC3, and TRPC6 channels are the main molecular
candidates for stretch-activated ion channels (Inoue et al., 2012, Reed et al., 2014). In
the cardiovascular system, studies using RT-PCR (reverse transcriptase polymerase
chain reaction), Western blotting, immunostaining, and functional current recording
have shown TRPC1 and TRPC3 in whole hearts, and TPRC6 in cardiac myocyte and
in SAN cells (Maroto et al., 2005, Kuwahara et al., 2006, Spassova et al., 2006, Ju et

al., 2007, Huang et al., 2009, Yue et al., 2015).

TRPC1 channels are activated by mechanical stretch (Maroto et al., 2005), and the
expression of TRPC6 channels are activated by hypo-osmolarity and direct membrane
stretch (Spassova et al., 2006). Ohba et al. (2007) reported that TRPC1 expression is
significantly increased in rat hearts with abdominal aortic-banded compared to sham-
operated rats. A study in hearts showed upregulation in TRPC6 when internal pressure

was increased in mouse hearts in response to pressure overload, as well as in failing
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human hearts (Kuwahara et al., 2006). (Bush et al. (2006)) also demonstrated that
TRPC1, TRPC3, and TRPC6 expression is upregulated in a rat model using thoracic
aortic banding to trigger pressure overload-induced hypertrophy of the left ventricle.
The same study also showed the expression of TRPC channels in tissue culture from

human heart failure, rat left ventricle and mouse left ventricle (Bush et al., 2006).

Seth et al. (2009) demonstrated that TRPC1 plays a key role in cardiac hypertrophy.
This study showed that TRPC1-mediated Ca?* entry into cardiomyocytes activates
hypertrophic signalling during pressure overload in mouse myocardium; however,
mouse cardiomyocytes lacking TRPC1 channels do not present TRPC currents during
the pressure overload condition. Recent studies by Zhang et al. (2016) showed that
TRPC1 channels are found in human atrial myocytes and activated by endothelin-1
(ET-1). This study also observed ET-1 activated TRPC1 currents in specimens of AF
myocytes which were greater than specimens of sinus rhythm, and that ET-1-evoked
TRPC1 current can be inhibited by BQ-123 and BQ788 (ETA and ETB receptor
antagonists) or PKC inhibitor. Therefore, these findings may useful for understanding

the role of TRPC1 channels in AF (Zhang et al., 2016).

Recent studies by Harada et al. (2012) demonstrated that TRPC3 regulates cardiac
fibroblast function and suggested that this may be involved in the development of AF.
This study in left atrial fibroblasts isolated from dogs showed TRPC3 protein
expression, currents, extracellular signal-regulated kinase phosphorylation, and
extracellular matrix gene expression were significantly increased after being kept in a
state of AF by atrial tachypacing for 1 week (Harada et al., 2012). Harada et al. (2012)

also showed pyazole-3 (TRPC3 blocker) suppressed AF while decreasing fibroblast
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proliferation and extracellular matrix gene expression, resulting in prevention of the

development of AF in the electrically maintained dog model of AF.

TRPCG is reported as a SAC, which may contribute to stretch associated AF (Yue et
al., 2015). Spassova et al. (2006) showed that TRPC6 is activated by hypo-osmolarity
and direct membrane stretch, and that these responses can be inhibited by tarantula
toxin GsMTx-4. A recent study by Nikolova-Krstevski et al. (2013) reported that
TRPC6 activity may be evaluated by measuring extracellular Ca?* influx through the
TRPC6 channels in atrial endocardial endothelium cells, located between the
myocardium and the circulating blood, under stretch conditions. Seo et al. (2014)
demonstrated the effects of TRPC3/6 antagonists (GSK2332255B and
GSK2833503A; against TRPC3 and TRPCS6, respectively) in pathological cardiac
hypertrophy. This study showed that combined TRPC3 and TRPC6 blockade dose-
dependently inhibited cell hypertrophy signalling triggered by angiotensin Il or
endothelin-1 in HEK293T cells, derived from human embryonic kidney and neonatal
and adult cardiac myocytes. Using mice with specific deletion of either TRPC3 or
TRPC6, and a model with combined TRPC3/6 disruption, this group showed that
individually these channels do not provide significant benefit, although when disrupted
in combination they do, suggesting they act synergistically (Seo et al., 2014). These
findings suggest TRPC channels may be useful targets for the future development of

therapeutic agents for heart disease management.
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1.7.2.1 Stretch-activated potassium channels (SACk)

SACk in the heart was first discovered by Kim (1992) in rat atrial myocardium. The
cardiac response to stretch is related to SACk channels which have been found in many
tissues, including atrial myocytes (Kim, 1992, 1993, Kamkin et al., 2003b) and
ventricular myocytes (Kamkin et al., 2003a). In rat studies showed the expression of
SACk in cardiac ventricular muscle by longitudinal stretch (Li et al., 2006). SACk in
the heart was first discovered by Kim (1992) in rat atrial myocardium. The cardiac
response to stretch is related to SACk channels which have been found in many tissues,
including atrial myocytes (Kim, 1992, 1993, Kamkin et al., 2003b) and ventricular
myocytes (Kamkin et al., 2003a). In rat studies showed the expression of SACk in
cardiac ventricular muscle by longitudinal stretch (Li et al., 2006). As noted above,
mechanical stretch of the resting myocardium causes depolarisation by the activation
of SACns (Kim, 1993, Ward and Allen, 2010). In contrast, SACk preferentially enables
K™ efflux over influx, with a reversal potential that is negative to the cardiac muscle
resting potential, thus SACk opening leads to repolarisation or hyperpolarisation of the

RMP (Ward and Allen, 2010, Reed et al., 2014, Peyronnet et al., 2016).

Recent studies have identified a new class of K* channels, characterized by four trans-
membrane domains and two pore domains (Kzp channels): TREK-1, which is highly
expressed in the heart; reviewed by Goonetilleke and Quayle (2012). TREK-1
channels have been found in rat atrial myocytes (Niu and Sachs, 2003, Terrenoire et
al., 2001) and rat ventricular myocytes (Aimond et al., 2000, Tan et al., 2002). Li et
al. (2006) demonstrated that the TREK-1 channel is found in longitudinal stripes at the

external surface membrane of rat cardiomyocytes, and that K* currents flow through
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SACk by applying moderate stretch across the longitudinal strip. In rat left ventricular
myocardium, studies showed that TREK-1 mRNA is expressed in both endocardial

and epicardial cells in the infarct area after myocardial infarction (Zhao et al., 2011).

In a porcine model, the expression of TREK-1 channels in the heart has been shown
with predominance in the atrial tissue by using PCR and western blot during AF
induced by atrial burst pacing. Moreover, down-regulation of TREK-1 mRNA has
been observed in the RA during AF, which may result in shortening of APD and
cardiac refractoriness. Through, these actions TREK-1 may be able to suppress re-
entry induced AF, because re-entry depends partly on the refractory period of cardiac
tissue. Overall, these findings suggest that human and porcine TREK-1 channels have
similar structure and function, indicating that pigs might be useful for studying the

physiological role of TREK-1 in preclinical studies (Schmidt et al., 2014).

Recent studies by Lugenbiel et al. (2016) have reported that the expression of atrial
TREK-1 was reduced in chronic AF patients with concomitant severe HF. Moreover,
down-regulation of repolarisation TREK-1 potassium channels prolonged atrial
effective refractory periods. In the same study, mechanical stretch decreased TREK-1
MRNA expression in neonatal rat ventricular myocytes. In a preclinical therapeutic
study, atrial Ad-TREK-1 gene therapy significantly increased TREK-1 protein levels
and decreased atrial effective refractory periods in the porcine AF mode (Lugenbiel et
al., 2016)I. Thus, the study of antiarrhythmic TREK-1 gene therapy can be useful for

investigating future treatment strategies for AF.
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1.7.3 Stretch-induced calcium entry via L-type Ca?* channels

Increasing intracellular Ca?* concentration results from Ca?" influx through SACs
during a stretch. Stretching in cardiomyocytes also modifies intracellular Ca?*
concentration by causing Ca?* influx through LTCC, in addition to SACs, as reviewed
by Calaghan et al. (2003) and Lammerding et al. (2004). A study in rabbit hearts
showed that stretch can increase Ica. by osmotic cell swelling and cell inflation; by
applying a positive pressure of 10 to 15 cm H20 via the patch pipette in single rabbit
cardiac myocytes (Matsuda et al., 1996). Moreover, a study in mouse ventricular
myocytes also suggested that mechanical stretching using a glass stylus induced
depolarisation of the RMP and prolongation of the APD, augmenting Ca?* influx
through LTCC (Kamkin et al., 2003a). However, some studies demonstrated that an
axial stretch does not affect lcaL in an isolated preparation of guinea-pig ventricular
myocytes (Sasaki et al., 1992, White et al., 1995, Hongo et al., 1996, Belus and White,
2003). Therefore, it may be summarised that mechanical stretch may induce extra Ca?*
to enter the cells via LTCC due to delayed voltage-dependent inactivation during
prolonged depolarisation (Calaghan et al., 2003, Kamkin et al., 2003a, Youm et al.,

2005, Youm et al., 2006, Rice and Bers, 2011).

1.7.4 Stretched-induced changes in electrical activity of the heart

Mechanical stretch is found to induce changes in the electrical activity of the heart;
e.g. depolarisation of the RMP in rat (Zhang et al., 2000), guinea-pig (Nazir, 1996b),

in mouse hearts (Kamkin et al., 2003a), and human hearts (Kamkin et al., 2003b). This
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study in rat demonstrated that the application of longitudinal stretch prolonged the
APD in isolated rat atrial myocytes using patch clamp techniques. This study also
showed that stretch causes the opening of SACns and SACk, increasing the stretch
activated current (Isac), which depolarised the RMP (Zhang et al., 2000). The guinea
pig study found a decrease of the action potential amplitude, an increase in the APD,
and premature atrial beats during stretch caused by intra-atrial pressure (Nazir,

1996b).

Moreover, Franz et al. (1989) found that stretch decreased the duration of action
potentials measured at 20% repolarisation (APD2o); however, it increased the duration
of action potential measured at 90% repolarisation (APDgy) during increasing
ventricular volume and pressure in isolated canine hearts. Stretch has been found to
induce the activation of Isac, leading to increased membrane permeability for both Na*
and Ca?", subsequent depolarisation of the RMP, and prolonged APD in both mouse
ventricular myocytes and human atrial myocytes (Kim, 1993, Kamkin et al., 2003a,

2003b).

In addition, acute atrial stretch induced EADs and DADs, which may trigger premature
action potentials (Ravelli, 2003). Production of stretch-activated depolarisations
(SADs) leads to generation of atrial arrhythmias in human atrial myocytes and the
isolated atrial myocytes from human hearts and mouse ventricular myocytes (Kamkin
et al., 2003a, Kamkin et al., 2003b). Nazir (1996b) also demonstrated the incidence of
EADs in isolated guinea pig hearts while the atrium was stretched by inflating a fluid-
filled intra-atrial latex balloon catheter. In rat studies DADs have been shown in the

isolated atria when increasing the intra-atrial pressure by a pressure generator (Tavi et

56



al., 1996). Isolated canine heart studies have shown premature ventricular extra-systole
during increases in ventricular volume and pressure (Franz et al., 1989, 1992). Stacy
Jr et al. (1992) also showed stretch-induced membrane depolarisations while

increasing the pressure in isolated canine left ventricles.

1.7.5 Atrial fibrillation and the stretch of atrium

The pathophysiology of AF is mainly attributed to stretch caused by increased atrial
pressure and volume (Savelieva and John Camm, 2003). Previous studies have shown
increased atrial stretch leads to increase vulnerability in isolated guinea-pig heart and
rabbit heart using increased atrial volume and increased atrial pressure, respectively
(Nazir, 1996b, Bode et al., 2000). The study in the isolated Langendorff-perfused
rabbit hearts also showed that of the ability to induce AF increased when increasing
atrial pressure between 0-16.2 cm H>O (Ravelli and Allessie, 1997). Rat studies have
also shown increasing pressure inside the atrium (1 mmHg to 7 mmHg) may induce
AF; analysed using intracellular voltage recordings from rat isolated atria (Tavi et al.,
1996). In a study using dogs, spontaneous atrial tachycardia appeared during atrial
balloon dilatation, which may relate to the pathogenesis of atrial arrhythmias (Solti et
al., 1989). Henry et al. (1976) demonstrated the relationship between left atrial size
and AF using echocardiography, finding only 3% of patients with the left atrial
dimension below 40 mm showed AF; however, AF was more common (80 of 148 or
54%, p < 0.01) when patients’ left atrial dimension exceeded 40 mm. In the human

atrium, studies showed that acute atrial dilatation caused conduction slowing and a
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significant increase in AF vulnerability, with 6 of 10 patients developing AF

occurrences under stretch (Ravelli et al., 2011).

In pathological conditions, the stretch of cardiomyocytes may relate to arrhythmias
(Seol et al., 2011). Several cardiac disorders such as hypertension, heart failure, and
mitral value disease are thought to promote AF by increased intra atrial pressure, atrial
dilation or increased stretch (Benjamin et al., 1994, De Jong et al., 2011, Seol et al.,
2011). Another study in dogs has shown that chronic atrial dilatation increased the
effective refractory period in dog mitral regurgitation, leading to an increased
vulnerability to AF (Verheule et al., 2003). In a sheep study, myocytes were enlarged
and showed repetitive atrial firing with moderate LA dilation (Deroubaix et al., 2004).
Moreover, a goat model of chronic left atrial overload using bipolar electrodes found
that 9 of 12 animals showed prolonged AF (>1 hour) during increased left atrial
pressure, and six of them displayed persistent AF (>1 week) (Remes et al.). The study
of feline hearts using electrocardiographic findings showed atrial tachycardia, atrial
flutter and AF in cats with cardiomyopathy causing left atrial enlargement. In the same
study, a significant reduction in RMP, maximum rate of phase O depolarisation, and
action potential amplitude of excitable cells from the LA was found from the moderate
and severe cardiomyopathy cats compared with the mild cardiomyopathy cats (Boyden
et al.,, 1984). In a sheep model of chronic blood pressure elevation, a significant
reduction of atrial conduction was shown in the elevated blood pressure group
compared with controls, with conduction slowing at all atrial sites and shortened atrial
wavelength in RA and LA of the hypertensive goat. Thus, this study suggested that
these abnormalities can cause an increase in AF duration (Kistler et al., 2006).

Furthermore, Lau et al. (2010b) demonstrated that hypertensive sheep showed higher
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blood pressure, enlarged LA, reduced LA ejection fraction, uniformly higher mean
effective refractory period, slower mean conduction velocity, higher conduction
heterogeneity index, greater AF inducibility, and increased AF duration when compare
with normal sheep. Another study by Lau et al. (2010a) also showed conduction
abnormalities and AF caused by atrial remodelling in a sheep model of chronic

hypertension.

1.7.6 Mechanical stretch regulates the arrhythmogenic activity of PVs

Stretch can cause an increase in ectopic activity measured from the PVs, which may
relate to AF (Seol et al., 2011). Chang et al. (2007) demonstrated that stretch induces
spontaneous activity, and the firing rate increases force dependently, in rabbit PV
tissue preparations. In the same study, stretch was shown to decrease the amplitude
and duration of action potentials; however, it increased membrane diastolic potential.
This study also showed stretch induces EADs and DADs in the rabbit PVs. Another
study by Seol et al. (2008) showed that membrane stretch induced currents in single
isolated rabbit PVs by hypo-osmotic swelling and mechanical stretching. The hypo-
osmotic swelling can activate swelling-activated CI- current (Insswen). Thus, the atrial
dilation may be a risk factor for the development of AF (Schotten et al., 2003, Seol et
al., 2008). This study also showed that mechanical stretch by axial lengthening of PV
cardiomyocytes with two electrodes activates stretch-induced currents (Insc, stretch),

opening SACns channels with higher permeability to K* than Na".
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A recent study by Hamaguchi et al. (2016) also demonstrated mechanical stretch-
induced electrical activity changes in guinea pig PV myocardium using microelectrode
recordings. This study showed that stretch increases firing rate and the slope of phase

4 depolarisation; however, this study reported no effect on APD caused by stretch.

1.7.7 Stretch activated channel modulators

1.7.7.1 Gadolinium

Stretch-induced AF is blocked by the stretch-activated channel blocker; gadolinium
(White, 2006, Nishida et al., 2010). Gadolinium was first discovered to inhibit SACs
by Yang and Sachs (1989) in Xenopus oocytes. It has been widely used as a potent
SAC blocker in a wide range of tissues including rat atrial myocytes (Tavi et al., 1996),
rabbit atria (Bode et al., 2000), canine ventricles (Hansen et al., 1991), rat ventricles
(Zeng et al., 2000), rabbit PVs (Chang et al., 2007, Seol et al., 2008), and guinea pig
PVs (Hamaguchi et al., 2016). In cardiac muscle cells, gadolinium has been used for
selective inhibition of SACns and prevention of stretch-induced ectopic activity in
cardiac muscle cells in the concentration range of 10-30 uM (Ruknudin et al., 1993,

Hu and Sachs, 1997).

Using gadolinium as a SAC blocker may be useful for investigating stretch induced
arrhythmias by inhibiting the activation of SACs (White, 2011). A previous study in
the isolated rat atrium showed that gadolinium at 80 UM inhibited the stretch-induced

changes in action potential parameters e.g. action potential amplitude, APDsp, and
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APDgo. Moreover, the same study showed gadolinium suppresses atrial stretch-induced

DADs and force contraction during increasing intra-atrial pressure (Tavi et al., 1996).

Another study in rat atrial myocytes by Zhang et al. (2000) demonstrated that
gadolinium inhibits stretch activated currents in a concentration dependent manner (20
HM-1 mM) with an ICs value of 46.2 uM. In the rabbit atria studies have shown
spontaneous AF after increasing intra-atrial pressure, which increases the vulnerability
to AF. Gadolinium decreases the duration of induced AF in rabbit hearts, suggesting
that gadolinium reduces the vulnerability to AF caused by acute atrial dilatation (Bode
et al.,, 2000). Another study in canine hearts has shown that gadolinium at
concentrations of 1,3 and 10 uM significantly inhibited stretch-induced arrhythmias
during left ventricular dilatation in a concentration dependent manner (Hansen et al.,
1991). In isolated rat ventricular myocytes, longitudinal stretch has been shown to
increase APD and depolarise the RMP; changes which were suppressed by gadolinium

at a concentration of 100 puM (Zeng et al., 2000).

The pharmacological effects of gadolinium have also been examined in the PVs.
Chang et al. (2007) demonstrated that stretch (100 and 300 mg) force dependently
increased the incidence of spontaneous activity, firing rates of spontaneous activity,
and incidence of EADs in the rabbit PV. The same study also showed that gadolinium
(1, 3 and 10 uM) significantly decreased the incidence and firing rate of spontaneous
activity in the PV cardiomyocytes. Hamaguchi et al. (2016) also showed that
mechanical stretch increased the spontaneous automaticity of the guinea pig PV
myocardium through the activation of SACs, which leads to phase 4 depolarisation;

changes which were inhibited by gadolinium. Moreover, a study of stretch-activated
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currents by Seol et al. (2008) showed that swelling induced stretch-activated
nonselective cationic currents and CI™ currents (Insc, swen and lciswen). In addition, axial
mechanical stretching induced stretch-activated nonselective cationic currents (Insc,
stretch.). BOth Insc, swen and Insc, stretch Were inhibited by gadolinium (100uM). Overall
these findings in the PVs suggest that stretch-induced activation of SACs is suppressed
by gadolinium; a SAC blocker, decreasing the genesis of AF by reducing the
arrhythmogenic activity of the ectopic source (Chang et al., 2007, Seol et al., 2008,

Seol et al., 2011, Hamaguchi et al., 2016).

Mechanical stretch can increase the amplitude of Ca?* transients via the activation of
SACs, LTCC, and NCX currents; as reviewed by Youm et al. (2006). Therefore, in
addition to inhibiting activation of SACs, gadolinium has also been found to block Ica.
(Lacampagne et al., 1994) and NCX currents (Zhang and Hancox, 2000) in isolated
ventricular myocytes of the guinea pig. (Lacampagne et al. (1994)) reported that
gadolinium is a potent Ca?* channel blocker that inhibits Ica in a dose-dependent
manner with half-maximal effective concentration (ECso) of 1.4 uM and complete
inhibition at 10 pM. Moreover, another study in guinea pig showed that gadolinium
inhibits both outward and inward NCX currents in isolated ventricular myocytes in a
dose-dependent manner; with a half-maximal inhibition concentration (ICso) of 30
40 puM (Zhang and Hancox, 2000). These studies may suggest that the
pharmacological effects of gadolinium are complex, potentially involving SACs,

LTCC, and NCX.
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1.7.7.2 Streptomycin

Streptomycin sulphate is another agent used to block mechanosensitive ion channels
(Hamill and McBride, 1996, White, 2011). Streptomycin has been used to block SACs
in a variety of tissues; e.g. rabbit ventricles (Eckardt et al., 2000, Dhein et al., 2014),
guinea pig ventricles (Gannier et al., 1994, Belus and White, 2003, Iribe and Kohl,
2008), rat ventricles (Salmon et al., 1997), rabbit PVs (Chang et al., 2007, Seol et al.,
2008), and guinea pig PVs (Hamaguchi et al., 2016). Streptomycin has been reported
to block SACs in a range of concentrations ranging from 40-400 uM (Ward and Allen,
2010). Salmon et al. (1997) demonstrated that arrhythmias in rat hearts were induced
by an increase of ventricular wall stress. Perfusion with streptomycin 200 pM caused
a significant reduction in wall-stress-induced arrhythmias. A study in guinea pig also
showed that stretch induced increases in resting Ca®* in single ventricular myocytes,
which were rapidly reversed by the effects of streptomycin (40 uM) (Gannier et al.,
1994). Moreover, a study in rabbit showed that the application of streptomycin (200
uM) inhibits the number of ectopic beats during acute dilatation by balloon filling in
the left ventricle (Eckardt et al., 2000). Another study in rabbit hearts showed that
ventricular arrhythmias induced by inflating the left ventricular pressure balloon were

blocked by streptomycin (100 uM) (Dhein et al., 2014)

In rabbit PV cardiomyocytes, streptomycin (10 and 40 pM) decreased the incidence
of spontaneous activity under a 300-mg stretch while also decreasing action potential
amplitude and prolonging APD (Chang et al., 2007). Another study in guinea pig PVs
has shown that acute mechanical stretch increases the automaticity of PV

cardiomyocytes through opening of SACs, leading to triggering of AF, which is
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decreased by streptomycin (400 uM) (Hamaguchi et al., 2016). Furthermore, Seol et
al. (2008) reported streptomycin (400 pM) blocks Insc, stretch Mechanical stretch-
induced currents; however, streptomycin did not block swelling induced Insc, swei in
cardiomyocytes isolated from rabbit PV. Streptomycin has diverse biological effects,
and this research suggests that it may play a role in attenuating electrophysiological

changes induced by acute stretch, highlighting its anti-arrhythmia effects via SACs.

1.7.7.3 GsSMTx4, a Peptide Blocker of SACs

It has been shown that GsSMTx-4, a small peptide isolated from the venom of tarantula
spider Grammostola spatulata, can be used to block mechanosensitive ion channels in
cell membranes (Suchyna et al., 2000, Bode et al., 2001). Suchyna et al. (2000)
demonstrated that GsSMTx-4 inhibits SACs in astrocytes and ventricular cells from a
rabbit dilated cardiomyopathy model. Bode et al. (2001) reported that GsSMTx-4 (0.17
uM) suppresses the incidence and duration of AF during volume overload-dependency
pacing-induced AF in isolated rabbit hearts. Moreover, GsMTx-4 (10 uM)
significantly decreased the slow force response during stretch in the mouse left
ventricular trabecular muscle (Ward et al., 2008). GsSMTx-4 has been shown to inhibit
the mechanical activation of TRPC1 and TRPC6, which are expressed in mouse
ventricle (Ward et al., 2008) and in the cardiomyocytes of rat ventricles and atria
(Huang et al., 2009). In addition, Spassova et al. (2006) demonstrated that TRPC6 is
activated by hypo-osmolarity and direct membrane stretch, and that this stretch
response is suppressed by the application of GsMTx-4 toxin. Preliminary in-vivo

experiments have shown that injection of GsSMTx4 into mice (at 4 times the Kq of
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mechanosensitive channels in patch clamp) produces no behavioural change except
for reduced water consumption over 24 hours, perhaps by acting on the thirst centre of
the hypothalamus; as reviewed by Bowman et al. (2007). Therefore, GSMTx-4: spider-
venom peptides can be useful for studying mechanosensitive channels with a view

towards developing as a new antiarrhythmic drug.

Since autonomic nervous system activation and structural remodelling are thought to
play a key role in the generation of arrhythmic activity in cardiomyocytes, this study
hypothesised that adrenergic agonist and mechanical stretch could contribute to PV

ectopic activity.

1.8 Aims

Animal and human histological studies on the junction between the LA and PV have
shown the presence of myocardial sleeves, which extend from the LA into the PV and
have been reported to influence arrhythmogenesis (Nathan and Eliakim, 1966, Nathan
and Gloobe, 1970). Haissaguerre et al. (1998) demonstrated that PVs are an important
source of ectopic beats, initiating frequent paroxysms of AF. Moreover, Masani (1986)
showed that node-like cells are present in the myocardial sleeves of the rat PVs, which
are similar in structure to SAN cells, may have potential pacemaking activity and
generate ectopic activity in the PVs. Spontaneous electrical activity has been
demonstrated in isolated PVs of guinea pig, which was enhanced by the application of

NA (Cheung, 1981a).
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Pathophysiological changes in the PVs are likely to be the result of autonomic nervous
system responses; e.g. adrenergic stimulation, which may lead to automatic electrical
activity in cardiac muscle in the PV (Doisne et al., 2009). Moreover, the cause of AF
from structural alteration of myocardial sleeves such as stretching and remodelling of
cardiac muscle tissue results in tissue damage, which may generate abnormal
electrophysiological activity in cardiac cells (Chard and Tabrizchi, 2009). Therefore,

this is thought to be an important factor associated with AF.

The aims of this study are to histologically evaluate and compare the arrangement of
cardiomyocytes in the rat LA and PV. Moreover, this study investigates nodal cells in
SAN in RA compared with the PV and the expression of HCN4 in the rat SAN and
PV. In order to further understand, the role of adrenergic receptors in PVs, adrenergic
stimulation (NA) was used to generate of ectopic activity in the rat PV. In addition,
experiments examined a number of pharmacological agents; prazosin (a-adrenergic
blockers), propranolol (B-adrenergic blockers), carbachol (cholinergic agonist) and
verapamil (Ca?* channel blocker) on the generation of NA-induced ectopic activity in
the rat PV preparations. Lastly, the role of stretch, which changes the electrical activity
of the PVs potentially leading to the genesis of AF was investigated. Furthermore, this
study examines the effect of NA on stretch-induce ectopic action potential activity.
These experiments were designed to examine how the electrical characteristics of PV
cardiomyocytes are affected by pharmacological agents. Gadolinium (SAC blocker),
ORM-10103 (NCX inhibitor), verapamil (Ca®** channel blocker), prazosin (a-
adrenergic blocker), and propranolol (B-adrenergic blocker) were investigated under

the combination of stretch and adrenergic stimulation.
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Chapter 2. Morphological comparison of cardiomyocytes in

the rat pulmonary vein and atria
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2.1 Introduction

2.1.1 The PV muscular sleeve

Nathan and Eliakim (1966) demonstrated the presence of myocardial sleeves
extending from the LA into the PVs with a length of between 13-25 mm in humans.
The superior PV are longer (left, 18 mm, right, 13 mm) and have better developed
myocardial sleeves than the inferior PV (left, 10 mm, right, 8 mm). The histological
studies by Ho et al. (2001) showed a thin endothelium, a media of smooth muscle, and
athick outer fibrous adventitial of the PV in the human. The muscular sleeve is thickest
at the proximal end of the veins (1-1.5 mm) and it then gradually tapers distally. The
sleeve is thickest at the inferior wall of the superior PVs and at the superior wall of the
inferior PVs, although significant variations can be observed in individual PVs

(Calkins et al., 2008).

Haissaguerre et al. (1998) demonstrated that the PVs are an important source of ectopic
activity for the initiation of AF in the patients with paroxysmal AF (PAF). The
myocardial sleeves within PVs specifically have been identified as a source of the
ectopic beats that initiate AF (Chen et al., 1999, Waktare et al., 2001, Mueller-Hoecker
et al., 2008). The myocardial sleeve is located on the adventitial side of the PV,
separated from the smooth muscle layer by fibro-fatty tissue in human PVs (Saito et
al., 2000, Moubarak et al., 2000, Steiner et al., 2006, Mueller-Hoecker et al., 2008).
Myocardial cells located between the media and adventitial layers in the human PVs
are similar to striated atrial myocytes in the myocardium, as seen in Figure 2-1.

(Nathan and Eliakim, 1966, Ehrlich et al., 2003). The media was thin, consisting of
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fibrous tissue, elastic tissue, and smooth muscle cells (Hocini et al., 2002, Sanchez-

Quintana et al., 2012).

Media

Myocardium
Adventitia

Figure 2-1 An example of myocardial sleeves from pulmonary vein section using
Masson’s trichrome staining. This section shows that the myocardial sleeves are the
thickest layer, which is located between the media and adventitial layers of the PV

(Adapted from Ehrlich et al. (2003).

Likewise, histological studies in canine, guinea pig, rat and mouse PVs have shown
that myocardial sleeves exhibit the appearance of striated cardiac muscle, located in
between the smooth muscle and adventitia layers, forming a major portion of the PV
wall (Klavins, 1963, Ludatscher, 1968, Saito et al., 2000, Hocini et al., 2002, Hassink
et al., 2003, Ehrlich et al., 2003, Mueller-Hoecker et al., 2008, Namekata et al., 2010,
Takahara et al., 2011, Tsuneoka et al., 2012). Myocardial sleeves were found to be
present in most, but not all PVs, which are found in up to 97% of PVs (Saito et al.,
2000). The PV ultrastructure study by Ludatscher (1968) showed that the nucleus is

round or ovoid and centrally located within the myocardium. Intercalated discs are
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found at the end-to-end junctions of cardiomyocytes of the PVs (Ludatscher, 1968,

Verheule et al., 2002, Kracklauer et al., 2013).

2.1.2 The atria

The LA has connections to the PVs and the left ventricle (LV). It also shares a septum
with the RA and has an appendage for which the function is unknown (Ho et al., 2002).
A study in humans showed that the LA wall is more uniform in thickness than the RA,
which is thicker posteriorly and in the dome (Ho et al., 1999). In human LA, the
superior wall is thickest (3.5-6.5 mm), while the anterior wall located behind the aorta
is usually the thinnest (1.5-4.8 mm) (Ho et al., 2002, Calkins et al., 2008). Histological
studies of human and rat atria have shown that the left atria wall generally consists of
three layers: the outer epicardium (tunica adventitia), the middle myocardium (tunica
media), and the inner endocardium (tunica intima) (Rhodin, 1975, Suckow et al., 2005,
Young et al., 2013). Further histological studies have also shown that cardiomyocytes
are essentially long cylindrical cells with a pattern of cross-striations, which is similar
to that of skeletal muscle (Sobotta and Hammersen, 1980, Treuting and Dintzis, 2011,
Young et al., 2013). The cardiac muscle cells contain one or at most two nuclei, which
are located centrally within the cells (Young et al., 2013). In addition, individual cells
are attached to each other end-to-end by specialised cell junctions referred to as
intercalated discs (Sobotta and Hammersen, 1980, Gartner et al., 2002, Young et al.,

2013).
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2.1.3 Nodal cells in sinoatrial node (SAN) and node-like cells in

myocardial layer of PV

The RA contains the SAN, the primary pacemaker of the heart, which can control the
heart rhythm (Boyett et al., 2000). The SAN is located in the posterior wall of the RA
near the SVC and appears as a translucent muscular region near the SAN artery (Boyett
et al., 2000, Satoh, 2003, Klabunde, 2011). The SAN contains specific cell types
including nodal cells, transitional cells, and atrial cells. Node cells or P cells are small
(3-10 um), ovoid, pale-staining and poorly striated compared with the general
myocardium (James et al., 1966, Waller et al., 1993). P cells within the sinus node are
thought to be the site of impulse formation (James, 1970, Waller et al., 1993, Boyett
et al., 2000, Nabipour, 2012). Masani (1986) used electron microscopy to demonstrate
node-like cells in the myocardial layer of rat PVs. These cells appeared individually
or in small groups among the ordinary myocardium. The node-like cells are clear cells
with structural characteristics similar to nodal cells in the sinus node (Masani, 1986).
In some studies of normal human PVs, node-like cells were not seen in any area (Ho
et al., 2001, Perez-Lugones et al., 2003); however, in PV of the patients with AF,
myocardial cells with pale cytoplasm have been observed by haematoxylin and eosin
staining. These pale cells were identified the presence of nodal cells by electron
microscopy (Perez-Lugones et al., 2003). Chou et al. (2005) demonstrated positive
Periodic acid-Schiff (PAS) staining in canine PVs. The PAS positive cells were pale
cytoplasm along the endocardium of PV muscle sleeves. These cells are
morphologically similar to the specialized conduction cells (P cells; the pacemaker

cells of the heart) found in the PV from patients with AF (Perez-Lugones et al., 2003).
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2.1.4 The expression of HCN4 in sinoatrial node

The SAN in the RA has been shown to generate pacemaker activity responsible for AF
(Boyett et al., 2000). Previous studies by Ludwig et al. (1998) showed that the
molecular cloning and functional expression of the gene encoding a hyperpolarisation-
activated cyclic nucleotide—gated (HCN) channels that generate pacemaker current
(Ir), which is essential for initiating and controlling heart rate (Scicchitano et al., 2012).
HCN are tetramers, which are similar to voltage-gated potassium channels (Kv) and
these channels are modulated by cyclic nucleotides; e.g. CAMP and cyclic guanosine

monophosphate (cGMP) (DiFrancesco, 1993, Boyett et al., 2000, Bois et al., 2011).

There are four main HCN isoforms, named HCN1 to HCN4. Each isoform is contained
by six transmembrane segments (S1-S6), voltage sensing located in S4 and pore region
between S5 and S6 segments. HCN channels are permeable to sodium and potassium,
and the pore region is characterized by a glycine-tyrosine-glycine (GYG) sequence,
which is a specific requirement for K* channel selectivity (Bois et al., 2011,

Scicchitano et al., 2012).

HCNL1 is expressed in different areas of central nervous system and peripheral nervous
system. HCN2, HCN3 and HCN4 are present in brain regions, e.g. the olfactory bulb,
thalamus, and brain stem (Bois et al., 2011). In addition, the expression of HCN1,
HCN2, and HCN4 has been found in the adult heart. HCN4 is the most highly
expressed isoform in the SAN of humans and other mammals, followed by HCNL1 then
HCN2, whereas HCN2 is mainly expressed in the ventricle (Shi et al., 1999, Altomare
et al., 2003, Nof et al., 2010, Scicchitano et al., 2012). However, HCN4 could not be

identified in the surrounding atrial tissue in a review by Scicchitano et al. (2012). In
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addition, the HCN4 isoform accounts for approximately 80% of total HCN mRNA in

the rabbit SAN (Shi et al., 1999).

Previous studies have shown that HCN4 is a specific maker for SAN cells, which are
responsible for the hyperpolarisation-activated current, I, playing an important role in
the pacemaker potential of SAN, which generates electrical impulses (Scicchitano et
al., 2012, Xiao et al., 2016). Immunohistochemistry techniques have since identified
the HCN4 protein in the SAN from humans (Li et al., 2015, Perde et al., 2015) and
other animals; e.g. mice (Liu et al., 2007, Wen and Li, 2015), rats (Yamamoto et al.,
2006, Huang et al., 2016, Xiao et al., 2016) and rabbits (Altomare et al., 2003, Brioschi

et al., 2009).

Furthermore, rat studies using immunolabelling for HCN4 showed that the expression
of HCN4 was observed in the section of junction of SVC and RA, showing nodal cells
but not in the myocardial sleeve of the PVs (Yamamoto et al., 2006). In addition,
HCN4 was highly expressed in the plasma membrane of SAN but not PVs; however,
a very weak HCN4 signal was detected in the atria (Xiao et al., 2016). However, in
human studied showed that HCN4 positive staining was observed in PV-LA junction

of patient with chronic AF (Nguyen et al., 2009).

The aims of this chapter are to histologically evaluate and compare the arrangement of
cardiomyocytes in the rat LA and PV. Moreover, this study investigates nodal cells in
SAN in RA compared with the PV. Following this, immunohistochemistry was used

to investigate HCN4 expression in the rat SAN and PV.
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2.2 Methods

2.2.1 Animals and dissection

Animals used in this study were obtained from licensed breeders and housed in the
Biological Procedures Unit within the University of Strathclyde. The rats were
individually housed on a 12-hr light/12-hr dark cycle with ad libitum access to food
and water, maintained at an environmental temperature of 22 + 3°C, 50-60% relative
humidity. The PVs and atria were isolated from Sprague Dawley rats (weight, 250-
350 g), which were sacrificed by cervical dislocation, in accordance with UK Home
Office Regulations. The PVs and atria were carefully excised and placed in ice cold
physiological saline solution, that had been previously gassed with 100% medical
grade O2 , made of the following composition, until used (in mM); NaCl 150, KCI 5.4,
HEPES 10, glucose 10, MgCl> 1.2, and CaCl. 1.8 (pH adjusted to 7.4 with 1 M NaOH).
The tissues were pinned out on a Sylgard®184 (Dow Corning Corporation, Midland,
USA\) coated Petri dish containing bath solution. The PVs were dissected from the left
and right superior PVs and cleared of all visible connective tissue with the aid of a

Nikon SMZ645 stereomicroscope (Figure 2-2).

74



Figure 2-2 Digital photographic images of the rat heart and lungs, pulmonary
veins and right atrium. (A) Dissected heart and lungs, showing the relative position
of the PVs labelled as left pulmonary lobe (L) and posterior right lobe (PR). (B) Image
showing the dissected PVs labelled as; right posterior pulmonary vein (RPPV) and left
pulmonary vein (LPV). (C) Isolated right atrium (RA); labels indicate inferior vena

cava (IVC), and superior vena cava (SVC).
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2.2.2 Histology of cardiac sections

2.2.2.1 Preparation of tissue

After excision from the lung and heart, rat PVs were fixed in 10% paraformaldehyde
for a minimum of 24 hours. Tissues were processed in a Citadel 1000 processor
(Thermofisher, UK) in the following conditions: 3 hours in 70% ethanol (Sigma, UK);
3.5 hours 90% ethanol; 3 hours 100% ethanol; 1 hour in a mixture of 1:1 of ethanol
and Histo-clear (National Diagnostics, USA), 1 hour; 3 hours in 100% Histo-Clear and
4 hours in paraffin wax. After that the tissues were then wax embedded using a Leica
paraffin embedding station, model EG1140H. The wax blocks were cut in 4 um thick
sections (some transverse and longitudinal section tissue samples as seen in Figure 2-3
using a Leica RM2125RTF rotary microtome and floated onto polarised slides (Smith
Scientific Limited, UK) which were washed with acetone (Sigma, UK) then 5% (v/v)
(3-aminoproppyl) triethoxysaline (Sigma, UK) in acetone and then running tap water,
covered and dried for 48 hours. The slides were placed in an oven set at 60-65°C for
30-40 minutes. Prior to staining, the tissue sections were rehydrated using a Varistain
24-4 autostainer (Thermo Shandon, UK) in the following conditions: 10 minutes wash
in Histo-clear (3 times); 5 minutes wash in 100% ethanol (3 times); and 5 minutes

wash with distilled water (1 time).
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Figure 2-3 Diagram indicating the histology cutting section of the rat pulmonary

vein tissue. The tissues were cut in 4 um thick sections (A) Longitudinal section (B)

transvers section .

2.2.2.2 Masson’s trichrome stain

After rehydration, the tissue slides were stained with Masson’s trichrome stain, which
followed this procedure: staining for 10 minutes in Weigert's iron haematoxylin
solution (Sigma, UK); running for 10 minutes in warm tap water (30-32°C); staining
for 15 minutes in Biebrich scarlet-acid fuchsin solution (Raymond A. Lamb, UK);
quick washing in distilled water; differentiating 15 minutes in phosphomolybdic-
phosphotungstic acid solution (Sigma, UK); transferring sections directly to aniline
blue solution (Fisher Scientific, UK); staining for 10 minutes in aniline blue solution;
rinsing 1 minute in distilled water; differentiating for 3 minutes in 1% acetic acid
solution (Sigma, UK); washing in distilled water; dehydrating by a 2 second through
95% ethyl alcohol, absolute ethyl alcohol and clearing in Histo-clear. Then the slides
were mounted with Histomount (Thermofisher, UK) and covered with coverslips

24x50 mm (VWR®, UK). The slides were placed on a benchtop to dry overnight before
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viewing with a Leica DM LB2 microscope equipped with a Leica DFC 320 camera.

Scale bars were added to the images using Image J software (version 4.8).

2.2.3 Immunohistochemistry

2.2.3.1 Antibodies

Guinea pig anti-HCN4 primary antibody and negative control antigen were obtained
from Alomone Labs (Jerusalem, Israel). The secondary antibody, donkey anti-mouse

Alexa 488 was obtained from Life Sciences (Invitrogen, UK).

2.2.3.2 Immunofluorescence

The rat atria and PV tissue slides were prepared and rehydrated as described in section
2.2.2.1. In the formalin fixed tissue, heat induced epitope retrieval was used in order
to facilitate epitope unmasking. The slides were placed in pre-heated TrissEDTA
buffer (Sigma, UK) (10 mM Tris Base, 1.3 mM EDTA, pH 9.0) in a pressure cooker
and microwaved for 10 minutes. Afterwards, the slides were washed in PBS (Sigma,
UK) and tissue sections were circled with a hydrophobic barrier using a wax pen
(Vector Laboratories, USA). The slides were incubated with blocking serum (10%
donkey serum and 0.5 % Triton X-100 (Sigma, UK) in PBS) for decreasing non-
specific antibody binding for 1 hour at room temperature. After which, the tissues were
incubated with primary antibodies diluted to 1:100 with blocking serum overnight at
4°C in the chamber with a moist paper towel which produced a humidifying effect. In

the negative control, tissue slides were incubated with the negative control antigen,
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which were diluted to 1:100 with blocking serum, overnight 4°C at room temperature.
After incubation, the tissues were washed with PBS five times (10 minutes each wash).
The tissues were incubated with the secondary antibody, which was diluted to 1:200
with PBS, in the dark humidifying chamber at room temperature for 2.5 hours. After
incubation with the secondary antibody, tissues were washed with PBS three times (10
minutes each wash). Tissues were mounted with VECTASHIELD® mounting
medium with added DAPI (Vector Labs) the covered with coverslips and sealed the
coverslip edges with nail varnish. The tissue slides were kept at 4°C in a dark box until
imaging. Presented images were taken by a TCS SP5 confocal microscope (Leica
Microsystems, Mannheim, Germany). Scale bars were added with Image J software

(Version 1.48).
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2.3 Results

2.3.1 Histological examination of rat atria and PVs

The LA and the PVs from the rat were sectioned and Masson’s trichrome stained to
differentiate the musculature stained in red, connective tissue stained in blue and nuclei
stained in black. The rectangular and striated appearance of the cardiomyocytes helped
to differentiate these cells from smooth muscle cells, spindle-shaped cells, centrally
located nucleus (Germann and Stanfield, 2005), present in the PV tissue. The
cardiomyocytes-containing sleeve is separated from smooth muscle cells by

connective tissue.

The longitudinal LA section cardiomyocytes are shown in Figure 2-4A, which displays
a mix of uniform and non-uniform arrangements of cardiomyocytes. At high
magnification (40x and 100x) it is clear that the cardiomyocytes comprise of one or
two nuclei, centrally located within cardiac muscle cells and intercalated discs are
found at the end-to-end junctions of cardiomyocytes in the LA (labelled with a black
arrow in Figure 2-4B). Using a higher magnification (100x) view of the rat LA
cardiomyocytes, the sections show the typical striated appearance of cells of cardiac

origin and cardiomyocyte nuclei (Figure 2-4).

The longitudinal PV section in Figure 2-5A shows the extension of atrial myocardial
cells from LA extend into the PVs to form a sleeve of cardiac muscle. All veins show
the arrangement of the components of the PV wall i.e. endothelium, media, muscular
sleeve and adventitia. The myocardial sleeves continuously covered the PV

longitudinally, becoming gradually thinner towards the end of the PV. The magnified

80



PV cardiomyocytes section illustrates a mixture of uniform and non-uniform cell
orientations in Figure 2-5B. The PV sections also showed that cardiac muscle cells are
seen to contain nuclei, stained in black. The cardiomyocyte striations are visible at

high magnification (100x) in Figure 2-5C.

The circumferential fibre arrangement on the endocardial side of the vessel wall was
confirmed in transverse sections of PVs as illustrated in Figure 2-6A. The transverse
section of the PV shows several layers of cardiomyocytes that encircle the lumen of
the PV. These sections are displayed further in intermediate (40x) and high

magnification (100x) in Figure 2-6B and Figure 2-6C, respectively.
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Figure 2-4 Histological evaluation of Formalin fixed rat LA. (A) Slices were
sectioned longitudinally. Masson’s Trichrome staining shown collagen is stained blue,
muscle fibres red and nuclei black. LA section consists of endocardium, myocardium
and epicardium. The boxed area in A is illustrated intermediate magnification (40x) in
B and high magnification (100x) in C, respectively. Black arrow indicate intercalated

discs (IC) in B. Nucleus (N) and striations illustrate in C.
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Figure 2-5 Histological evaluation of Formalin fixed rat PV longitudinal sections.
(A) Slices were sectioned longitudinally. Myocardial sleeves were located between the
media and adventitial layers of the PV. Masson’s Trichrome staining shows collagen
in blue, muscle fibres in red, and nuclei in black. The boxed area in A is illustrated in
intermediate magnification (40x) in B and high magnification (100x) in C. Black
arrows indicate intercalated discs (IC), nucleus (N) and striations illustrated in C. The
white boxed area in A is illustrated intermediate magnification (40x) in D showing a

media layer of smooth muscle next to endothelium.
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Figure 2-6 Histological evaluation of Formalin fixed rat PV transverse sections.
(A) This PV section shows variations in the circumferential arrangement of the
myocardial sleeves. Masson’s Trichrome staining shows collagen in blue, muscle
fibres in red, and nuclei in black. The boxed area in A is illustrated in intermediate

magnification (40x) in B and high magnification (100x) in C, respectively.
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2.3.2 Nodal cells in SAN and PVs

Sections of the RA showed the distribution of the different cell types including
connective tissue, atrial muscle, the sinus node artery and nodal cells (Figure 2-7A).
The SAN is shown by the black dashed line in Figure 2-7A; nodal cells were the
compact groups within the SAN, which was separated from the atrial muscle (Figure
2-7C) on either side by connective tissue. The SAN cells are presented at higher
magnification in Figure 2-7B, which are small, ovoid, pale staining and poorly striated
compared with the cardiac muscle. Using the same Masson’s Trichrome staining
mentioned in section 2.3.1, nodal cells (small, ovoid, pale-staining, translucent cells)

were not observed in the rat PVs in any sections.
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Figure 2-7 Histological evaluation of Formalin fixed rat RA. (A) This RA section
shows the superior vena cava (SVC), sinoatrial node (SAN), SAN artery, atrial
myocardium. Masson’s Trichrome staining shows connective tissue in blue, myocytes
in red, and nuclei in black. The SAN area with a dashed-line perimeter in A is
presented at higher magnification (100x) in (B).The boxed area of atrial muscle in A

is illustrated at higher magnification (100x) in (C).
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2.3.3 Immunofluorescence staining of HCN4 in the rat SAN and PVs

This study also aimed to investigate the expression of HCN4 in the SAN and PV
myocardium using immunofluorescence staining. It was observed that HCN4 is
expressed in SAN cells (Figure 2-8A) but not in atrial muscle cells in the RA and PV
myocardium in Figure 2-8B and Figure 2-8C, respectively. The negative control was
carried out with using the appropriate antigen provided by the supplier; the resulting
sample is illustrated in Figure 2-8D, which shows that HCN4 was not expressed in this

section.

87



Figure 2-8 HCN4 expression in the rat atria. Immunofluorescence technique for
HCN4 shown that this maker is presented in SAN (A) but not in atrial muscle cells in
RA (B), and in PV (C), respectively. Arrows indicate SAN cells, and asterisks show
atrial cardiomyocytes. (D) Negative control was obtained when the primary antibody

was omitted from the incubation procedure.
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2.4 Discussion

2.4.1 The arrangement of cardiomyocytes in LA and PV sections

This histological study has presented different sections of the rat PVs stained with
Masson’s trichrome staining. As noted, Masson’s trichrome staining identifies
collagen fibres (stained blue), nuclei (stained black) and muscle (stained red). In the
longitudinal sections of the rat PV, all showed that cardiomyocytes extend from the
left atrium into the intrapulmonary tissues of the vein. Moreover, transverse sections
of rat PV revealed cardiomyocytes surrounding the lumen. The cardiomyocytes are
located in between the media and adventitial layers in the PV, which are similar to the
layers in the LA sections. In the LA and PV cardiomyocytes showed the rectangular
and striated appearance of cardiac muscle fibres. The sections also revealed
cardiomyocytes contain one or two nuclei, which are located in central region of the
cells. Higher magnification of the rat LA cardiomyocytes showed intercalated discs,
which were also seen in PV sections. This result indicates that the myocardial sleeve

formed a main part at mid-layer of the of the PV tissue.

Histological studies in rodent and canine cardiac tissue have shown that the myocardial
sleeve of the LA spreads into the PV at the proximal end (Chen et al., 2000,
Ludatscher, 1968, Mueller-Hoecker et al., 2008). Most histological studies have shown
that myocardial sleeves cover more than 80% of the area of the PVs (Saito et al., 2000,
Hassink et al., 2003), however, the length and thickness of the myocardial sleeve inside
of the PVs are also found to vary widely (Huang et al., 2006). Previous studies in
mouse, rat, guinea pig, and human PV myocardium using Masson’s trichrome staining

have shown that the myocardial sleeve is observed at the mid-layer of the PV, while
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vascular smooth muscle is detected on the luminal face of the PV (Calkins et al., 2008,
Namekata et al., 2010, Takahara et al., 2011, Tsuneoka et al., 2012). Some studies of
human PV showed the presence of myocardial muscle extensions, which spread from
left atrium onto the proximal end of PVs, consisting of a complex arrangement of
cardiomyocytes (Ho et al., 2001). Therefore, the results of the present histological
study in rats confirm that cardiomyocytes extend from LA into the PV, which forms
as myocardial sleeve, in agreement with previous findings in humans and other

mammals.

2.4.2 ldentification of node-cell in SAN and PV sections

The present study used Masson’s trichrome staining to identify the location of SAN
and SAN cells in the rat RA. The rat SAN was located between the SVC and the RA
near the venous sinus. The shape of the rat SAN was ovoid or irregular in horizontal
sections. The SAN was surrounded by connective tissue and cardiac atrial muscles. In
addition, Masson’s trichrome staining showed collagen fibres in the sinoatrial node
and clearly indicated that nodal cells were positioned close to the sinus node artery.
Therefore, as found by Berdajs et al. (2003) using human heart and Wen and Li (2015)

using mice, the SAN artery may be used as a location marker of the SAN in the rat.

In the human heart, the SAN is located at the junction of the SVC with the RA and it
is not thought to extend to the IVC (Monfredi et al., 2010). The location of the human
SAN is similar in the dog, horse, and domestic cat; however, in rabbit and guinea pig,

the SAN is located beneath the epicardium, near the junction between the SVC and the
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RA (James, 1962, James, 1967, Bishop and Cole, 1967, Ghazi et al., 1998, Nabipour,
2012). A study of rabbit SAN cells showed that SAN cells contained large nuclei and
a few myofilaments (Satoh, 2003). Moreover, the study of human and dog SAN
histology showed that nodal cells are small, ovoid, pale-staining and poorly striated

compare with the general cardiomyocytes (James et al., 1966).

The present study did not observe nodal cells in the Masson's trichrome staining of the
rat PVs. This may be consistent with previous reports by Perez-Lugones et al. (2003),
which demonstrated that nodal cells were not found in normal human PVs; however,
the same study showed that the node-like cells with pale cytoplasm were only found
in human PV with AF by using haematoxylin and eosin staining under light
microscopy. This findings argue against the presence of node-like cells in the rat PV
study using electron microscopy by Masani (1986) and in the canine study using
Periodic acid-Schiff (PAS) staining by Chou et al. (2005). These studies in rat and
human found clear cells with structural features similar to nodal cells SAN and the
morphology of the cells were similar to the specialized conduction cells in human PVs

with AF (Masani, 1986, Perez-Lugones et al., 2003).
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2.4.3 Expression of HCN4 in SAN and PV sections

This present study showed expression of HCN4 in the rat SAN using an
immunohistochemistry approach; however, HCN4 was not expressed in the atrial
muscle of the rat. This is consistent with previous reports of the SAN in rats (Yanni et
al., 2010, Ferreiraet al., 2011, Huang et al., 2016) and mice (Liu et al., 2007, Wen and
Li, 2015), in which immunofluorescence highlighted the expression of HCN4 in
pacemaker cells of the SAN. Rabbit SAN myocytes also showed a high density of
HCN4 channels (Brioschi et al., 2009). Likewise, a study from non-failing healthy
hearts found HCN4 protein to be expressed in sinus node myocytes (Chandler et al.,
2009). In this study, the nodal marker HCN4 was not expressed in the myocardial
sleeves of the rat PVs, which is consistent with the reports by Xiao et al. (2016) where
the expression of HCN4 was only found in the SAN but not in cardiomyocytes of the
rat PVs. Likewise, Yamamoto et al. (2006) also demonstrated that the expression of
HCN4 was observed from nodal cells in the interatrial groove and SAN; however,
HCN4 was not expressed in the rat PVs. In contrast, the study in adult and aged dogs
by Li et al. (2014) showed that there was a reversal in the local tissue distribution of
HCN4 channel mRNA and protein, with low levels in the SAN but high levels in the
LA and PVs correlated with aging. These finding may suggest that aging plays a role
in HCN4 expression levels, perhaps explaining why the current study in rats (aged 8-
10 weeks; i.e. young adults) did not reveal HCN4 markers in the PV or LA. This also

coincides with AF incidence increasing with age in humans.

In conclusion, histological data has shown that the myocardial sleeve of the LA

extends into the PVs. In the rat PVs, a mixture of cell arrangement of cardiomyocytes
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with areas of non-uniformity, where cardiomyocytes were orientated in differing
directions. Sections were stained with Masson's trichrome to show histology;
connective tissue is stained blue, cardiac myocytes are stained red and nuclei are
stained dark blue/black. This staining was successfully used to identify the SAN under
light microscope, which was located in between the RA and SVC. The presence of
collagenous connective tissue was found surrounding SAN cells, which is a
characteristic of the SAN, thus these can be used to differentiate atrial muscle from
SAN tissue. The nodal cells surround the sinus nodal artery, which may be used as the
marker of the SAN. However, expression of node-like cells was not identified at any
point in the myocardial sleeves of the rat PVs using Masson’s trichrome staining. In
further investigation of the SAN, immunohistochemical techniques were applied to
detect HCN4 antibodies in both RA and PV sections. These were only expressed in
nodal cells of the SAN; however, HCN4 was not expressed anywhere else in the

myocardial sleeve of the rat PVs.

This study was investigated the PV section, showing myocardial sleeves extend from
the LA into all the PVs. The muscular sleeve was thickest at the proximal to LA and
it then gradually tapers distal to LA. However, the expression of pacemaker cells;
which is generating electrical impulses of the heart were not observed in any area of
the rat PV. Despite evidence that the PV may become spontaneously active in
pathological states, potentially contributing to AF, the lack of HCN4 expression in this
preparation may indicate the presence of a physiologically ‘normal’ specimen, as may
be expected when using healthy rats. Therefore, further investigations may aim to
actively examine tissue under a pathological condition, which may be more likely to

display properties that could potentially contribute to ectopic beats and AF.
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Furthermore, future studies may apply different imaging protocols using specific

makers of cardiac ion channels.
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Chapter 3. The generation of noradrenaline (NA) induced

ectopic activity in the rat pulmonary vein
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3.1 Introduction

3.1.1 Contractile function and ectopic activity in the rat PV

Cardiomyocytes from the LA extend into the PVs to form a sleeve of cardiac muscle
and are thought to contribute to the generation of ectopic beats that initiate and sustain
AF (Haissaguerre et al., 1998, Maupoil et al., 2007). Previous studies reported that PV
morphology influences on arrhythmogenesis i.e. the superior PVs, which had longer
muscular sleeves, were reported to be more arrhythmogenic than the inferior vein
(Nathan and Eliakim, 1966). Autonomic nervous system activation can lead to changes
of atrial electrophysiology and initiate AF by both re-entry and triggered activity,
which may be caused by enhanced Ca?* transient currents; as reviewed by Nattel
(2005), Chen and Tan (2007). Tan et al. (2006), (2007) demonstrated the distribution
of autonomic nerves at the PV-LA junction in human hearts. These reports also showed
that the density of adrenergic and cholinergic nerve innervation was greatest within 5

mm of the PV-LA junctions (left and right, superior and inferior).

NA is an adrenergic receptor agonist, which stimulates both o and B adrenoceptors.
(Klabunde, 2011). This produces distinct physiological responses associated with each
adrenoceptor, such as increased heart rate and increased cardiac inotropy via Pi-
adrenoceptor on the heart and vasoconstriction in arteries and veins through os-

adrenoceptors (Mohrman and Heller, 2002, Klabunde, 2011).

The stimulatory B-adrenergic response is mediated via Gs-proteins, leading to the
activation of adenylyl cyclase to form cAMP from ATP. Increased cCAMP activates

CAMP dependent PKA, resulting in PKA phosphorylating LTCC, which leads to
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increased Ca?* entry into the cells and subsequent SR release of Ca" in response to
transmembrane Ca®* entry (van der Heyden et al., 2005, Klabunde, 2011).
Additionally, activation of a-adrenoceptor by NA stimulates Gg-protein coupled to
PLC, which activates the formation of IP3 and DAG from PIP2. Increased IP3 in the
cell stimulates Ca?* release from the SR in the heart (Klabunde, 2011, Rang et al.,

2014, O’Connell et al., 2014, Droual, 2015).

Previous studies by Sweeney et al. (2007) demonstrated that NA had a positive
inotropic response upon the paced contractile activity in the rat PV which partly
mediated by PBi-adrenoceptors. Thus, this study may involve autonomic influences
which may be of significance to the generation of AF (Sweeney et al., 2007). Another
study showed NA which activates both a and B adrenoceptors that induced ectopic
contractions in the rat PVs (Maupoil et al., 2007). Moreover, the same study showed
that the mixture of phenylephrine; o-adrenoceptor agonist and isoproterenol; B-
adrenoceptor agonist induced ectopic activity while ectopic activity could not be
generated by the phenylephrine or isoproterenol alone (Maupoil et al., 2007). This
finding suggests that ectopic activity in the rat PVs requires activation of both az.and

B1-adrenoceptors (Maupoil et al., 2007).

Therefore, we may hypothesise that the generation of abnormal contractile activity
may relate to the alteration of autonomic influences in the PV cardiac muscle involving

both as-and B1 receptors.
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Previous studies have shown that temperature plays an important role in the
modulation of contractile and electrophysiological activity of cardiomyocytes (Cavalié
etal., 1985, Bjgrnstad et al., 1993). In rabbit PV cardiomyocytes, changes from normal
(38-39°C) to high (40-41°C) temperature have been shown to enhance automaticity,
induce triggered activity and shorten the APD during increased temperatures (Chen et
al., 2003). Another study by Bolter and Atkinson (1988) showed that an increase in
temperature from 35.6 to 42.8°C induced spontaneous activity in rat SAN cells.
Increasing the temperature from 34°C to 37°C stimulated the occurrence of triggered
activity and generated DADs in a study of Purkinje fibres from sheep hearts (Mugelli
et al.,, 1986). This enhanced triggered activity may be the result of a high
arrhythmogenic state caused by higher temperatures. These studies certainly suggest
that temperature is one of the main factors involved in the modulation of

electrophysiological characteristics of myocytes in different cardiac preparations.

3.1.2 Pharmacological modulators on the contractility in the rat PV

Previous studies have shown that NA induces ectopic contractions in the rat PVs
through stimulation of both az-and pBi-adrenoceptors as described above (Maupoil et
al., 2007, Doisne et al., 2009). Prazosin is an ai-adrenoceptor antagonist, considered
selective for as-adrenergic receptors, which is usually used to treat high blood pressure
(Rang et al., 2014). Previous studies in rat PVs showed that the ectopic contractions
induced by NA were inhibited by the application of prazosin (Maupoil et al., 2007).
Moreover, prazosin also decreased automatic activity induced by NA in cardiac muscle

of the rat LA and PVs (Doisne et al., 2009, Okamoto et al., 2012).
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Additionally, propranolol; a nonselective B-adrenoceptor antagonist is much more
potent antagonist that blocks B1- and B2 adrenoceptors, which is widely used in the
treatment or prevention of many disorders including acute myocardial infarction,
hypertension and rate control in AF (Rang et al., 2014). Previous studies showed that
propranolol inhibited the positive inotropic effect induced by isoproterenol, NA and
adrenaline on inferior and SVC and PVs of the rats (MacLeod and Hunter, 1967).
Tsuneoka et al. (2012) also showed NA-induced automaticity of the mouse PV
myocardium was inhibited by propranolol. In a study using dogs, propranolol
depressed the spontaneous activities induced by applying isoproterenol (Chen et al.,
2000). Study of the human PV has shown that propranolol suppresses ectopic beats,
which originate from patients with paroxysmal AF. (Chen et al., 1999).In the human
heart studies, carbachol, an agonist of muscarinic acetylcholine receptors (mAchR),
decreases in force of contraction stimulated by NA in isolated human RA (Wangemann
et al., 2003). Carbachol produces dose-dependent negative inotropic responses in left
atrial strips and the PVs in the presence of isoproterenol (MacLeod, 1986). In isolated
left atria of rat and guinea pig studies showed that carbachol induces the negative
inotropic effect and shortening of APD in LA cardiomyocytes (Ravens and Ziegler,
1980). Moreover, in guinea pig PV myocardium showed carbachol decreases the
number of triggered activity in the PV preparation. In the same study, carbachol
decreases the APD of the LA and PV cardiomyocytes and hyperpolarises RMP in the

PV myocardium (Takahara et al., 2011).

Verapamil, a calcium channel antagonist, is a widely antidysrhythmic drug, which acts
through blocking the LTCC (Rang et al., 2014). (Rang et al., 2014). The study in

guinea pigs showed that verapamil produces negative inotropic effect in isolated
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guinea pig RA preparations (Tanaka et al., 1996). Verapamil also inhibits the
spontaneously beating induced by adrenaline in the atria of the guinea-pig (Zonta et
al., 1986). Likewise, the studies in the isolated atria from rabbits, guinea pigs, and rats
showed verapamil reduces the positive inotropic effect induced by isoproterenol
(Sarantos-Laska et al., 1984). In guinea pig PV study showed verapamil inhibited the
occurrence of triggered activity induced by a train of stimulation (Takahara et al.,
2011). In rabbit study showed that verapamil reduced spontaneous activity in isolated
single cardiomyocytes from the PVs (Chen et al.,, 2008). Chen et al. (1999)
demonstrated that verapamil inhibits ectopic beats originating from PVs patients with

paroxysmal AF.

Many studies have focused on pathological alterations to the electrophysiological
activity in cardiomyocytes of the rat PV. There are a few studies of contractile
function; however, it is unclear about the mechanisms generating focal activity in the
PVs that might be controlled by adrenergic or cholinergic receptors. This study aims
to investigate the role of adrenergic receptor stimulation (NA) in the genesis of ectopic

activity in the rat PVs.

In addition, experiments in this chapter were examined a number of pharmacological
agents; prazosin (o-adrenergic blockers), propranolol (f-adrenergic blockers),
carbachol (cholinergic agonist) and verapamil (Ca®** channel blocker) on the

generation of NA-induced ectopic activity in the rat PV preparations.
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3.2 Methods

3.2.1 Animals and dissection

The PV was isolated from the rat as described in section 2.2.1.

3.2.2 Preparation of the PVs

The PVs were dissected from left and right superior PVs and cleared of all visible
connective tissue. The tissue preparations were mounted on stainless steel wire hooks
in a 10 ml organ bath with a modified Krebs—Henseleit solution of the following
composition (mM); NaCl 119, NaHCOs 25, KCI 4.7, KH2PO4 1.18, MgSO4 1.17,
CaCl» 1.36 and glucose 5.5, gassed with 95% O and 5% CO- at 37 °C. Contractions
were generated by electrical field stimulation (FS: 0.1 Hz, 2ms duration, supramaximal
voltage) applied via platinum electrodes connected to a Grass SSS stimulator and

stimulus isolation unit (Grass Technologies, West Warwick, RI, USA).

3.2.3 Experiment protocols

A standard protocol was used in all of the experiments described in this chapter.
Contractions were continuously recorded with a force—displacement transducer
(Model FT03) connected to a Grass 79D EEG & Polygraph Data Recording system
and a PC computer running Chart VV5.0.7 software (Version 5.0.7, Dr. John Dempster,
University of Strathclyde). The baseline tension of PVs was adjusted so that the

maximal contraction amplitude evoked by electrical field stimulation under basal

101



conditions was 90% of the maximum, and if necessary this was readjusted during the
experiment. Experiments began following at least 1 hour of equilibration and after

ensuring that the FS contractures were stable within that time frame (Figure 3-1).

—> —

To Polygraph
& Comput

—

]

Force
Displacement 4——
TRANSOUCER

Pipette

Chemicals  «4—

Physlological Solution - H

(Krebs-Kenselelt ete.) » Tissue

: p—— Carbogen (95% O:2and 5% CO:)

Krebs-Henseleit solution

Water at 37 °C

Figure 3-1 The isolated- tissue organ bath set up. The organ bath with the data
acquisition equipment is shown above. In the insert, the PV is electrically stimulated
when a voltage is applied via platinum electrodes, connected to a Grass SSS stimulator.
The tissue is mounted in Krebs-Henseleit solution (KHS), with continuous carbogen

gas being continuously supplied via a tube submerged in the KHS (Adapted from

Yildiz et al. (2013)).
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3.2.3.1 Noradrenaline (NA) evokes spontaneous ectopic activity in the PVs

This adrenergic receptor agonist has been shown to stimulate the electrical and
contractile activity of the rat PVs (MacLeod and Hunter, 1967). NA, which stimulates
a and B adrenoceptors can induce ectopic activity in the rat PVs (Maupoil et al., 2007).
Testing the effect of NA on the activity of the PVs was conducted by adding non-
cumulative concentrations of NA 10 puM, 30 uM and 100 pM, respectively into the
organ bath for 30 minutes and then washing out (10 mL/min) with drug free

physiological salt solution for 5 minutes prior to adding the subsequent concentration.

3.2.3.2 Temperature modulates the ectopic contractions in the PV induced by NA

The effect of cooling on ectopic contractions of the rat PVs was examined. In control
conditions, PVs were recorded while the tissue was incubated in modified Krebs—
Henseleit solution in the organ bath at 37 °C for 1 hour. Ectopic contractions were
induced following application of NA 100 uM at 37 °C. Thereafter, temperature was
decreased to hypothermic condition from 37 °C to 25 °C, the laboratory room
temperature (Pharmacopoeia, 2016), and contractions of the rat PVs were recorded for

30 minutes to investigate the ectopic activity in rat PVs.

3.2.3.3 The effect of a and [ adrenoceptor antagonist on ectopic contractions in the

rat PV induced by NA

The effect of prazosin (az-blocker) and propranolol (non-selective B-blocker) on

ectopic contractions of the rat PVs were investigated in separate experiments. After
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obtaining control recordings, NA (100 uM) was added to the organ bath after tissues
were stabilized for 1 hour in the modified Krebs—Henseleit solution and changes
recorded for a 30 min period. Then prazosin/propranolol 1 pM was added into the bath,

the recording continued for 10 minutes in the presence of the drug.

3.2.3.4 The effect of a cholinergic agonist on ectopic contractions in the PV induced

by NA

The effect of carbachol (cholinergic agonist) was also examined. Control PVs were
incubated in the modified Krebs—Henseleit solution for 1 hour then NA (100 uM) was
added and changes recorded over a 30-minute period. Carbachol 1 pM and 10 pM
were then applied into the bath following the addition of NA and the contractions were

recorded for 10 minutes.

3.2.3.5 The effect of an increase in extracellular Ca®* on the generation of NA

induced ectopic contractions of rat PVs.

To test the effect of increasing extracellular Ca?* in the rat PVs, NA (30uM) triggered
ectopic contractions in the rat PVs was used as the control group The effect of
increasing the extracellular Ca?* concentration (CaCl, 1.86 mM and CaCl, 2.36 mM)
on the generation of NA induced ectopic contractions of rat PVs was studied and the

contractions were recorded for 10 minutes at each concentration of CaCl,.
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3.2.3.6 The effect of a calcium-channel blocker on ectopic contractions in the PV

induced by NA

To record the effect of verapamil, a Ca?* channel blocker, PVs were incubated in the
modified Krebs—Henseleit solution for stabilizing for 1 hour. NA100 puM was then
added into the bath and PV activity recorded for 30 minutes. Verapamil at
concentrations of 0.01 uM, 0.1 uM and 1 uM were applied into the bath following the
addition of NA and the contractions were recorded for 10 minutes at each

concentration of verapamil.

3.2.3.7 Data analysis

Data was recorded using Chart software version 5.1.0 (Dr. John Dempster, University
of Strathclyde) and converted into a text file using same software to enable analysis
the contractions. The text file was opened with Chart5 software (AD Instruments,
Dunedin, New Zealand) then analysis of evoked and ectopic contractions was
performed. To calculate the ectopic contractions induced by NA, the height of ectopic
contractions were detected using event markers in each ectopic event. The Chart5
software using cyclic measurements was used to analyse the amplitude, frequency and
duration of ectopic contractions; with the average of these parameters in each ectopic
event taken as the final measurement for each sample. Graphs were produced using
Graph Prism (version 6.01, Graph PAD Software Inc., San Diego, CA, USA). Data
are reported as mean = sem., with values obtained from n different preparations. Prism

was used to carry the differences between groups determined by using one-way
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analysis of variance followed by Tukey's HSD Post-hoc test and P<0.05 was

considered to be statistically significant.
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3.3 Results

3.3.1 NA induced spontaneous ectopic activity in the rat PVs

In control preparations, there was no evidence of spontaneously generated ectopic
contractions in the rat PV in the absence of NA. The application of NA at concentration
10 uM, 30 uM and 100 uM increased the amplitude of contraction in rat PVs by 42.0

+ 3.0 %, 46.9 + 9.8 %, and 49.0 + 3.3 % respectively.

The data shows that NA at concentration 10 M, 30 uM and 100 uM generated ectopic
contractions in rat PVs (Figure 3-2). This consisted of individual contractions that
occurred out with the stimulus cycle that then developed into clearly defined bursts of
contractions (Figure 3-3). NA at concentrations of 10 uM, 30 uM and 100 pM first
induced ectopic eventat 11.5+ 0.7, 10.0 £ 1.8 and 5.8 + 1.1 minutes, respectively. NA
100 uM was also significantly different from NA 10 puM (n=6, p<0.05) but not

different from NA 30 uM in the time to first ectopic event (Figure 3-4A).

Moreover, NA increased the number of ectopic events in a dose-dependent manner
(NA 10 UM 15.6 + 3.4, NA 30 pM 24.5 + 7.1 and NA 100 UM 36.5 + 4.3 ectopic
events within 30 minutes, respectively (Figure 3-4B). NA 100 uM was significantly
different from NA 10 uM (n=6, p<0.05) in the amount of ectopic events elicited, but
was not significantly different from NA 30 uM (n=6). There were no statistically
significant differences between ectopic events in tissues treated with NA 10 uM and

NA 30 pM.

However, NA at 10 uM, 30 uM and 100 uM did not produce statistically significant

differences in frequency of ectopic activity and the duration of the ectopic contraction
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(n=6); as shown in Figure 3-4D-E. In addition, this study shows that the amplitude of

ectopic contractions is not significantly different following the addition of each

concentration of NA (n=6, Figure 3-4C).

A NA 10 pM
| i
| | i
B NA 30 pM
| | Ll 1
|
NA 100 pM
C n

Figure 3-2 Representative traces showing the NA-induced ectopic contractions in

the rat PV. NA 10 uM (A), NA 30 uM(B) and NA 100uM (C) indicated by the bar

above the traces. Each preparation was stimulated at 0.1 Hz 2 ms and a supramaximal

voltage in order to generate electrically evoked contractures at 37°C.
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Figure 3-3 An example of NA-induced ectopic contractions in the rat PV. (A) The
ectopic contraction consisted of the isolated individual contractions (B) The boxed
area in A illustrates that ectopic contractions consist of isolated individual

contractions.
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Figure 3-4 Analysis of the ectopic beats, recorded following addition of NA in the
rat PVs (A) Time to first ectopic beat. (B) Number of ectopic events (C) Amplitude
of ectopic contraction (D) Contraction frequency. (E) Duration of ectopic activity. All

data are presented as mean + s.e.m., *p<0.05 vs NA 10 uM, and n=6.
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3.3.2 The temperature modulates ectopic contractions in the rat PV

induced by NA

Under control conditions there was no evidence of ectopic contractions in the rat PVs
at 37°C in absence of NA (Figure 3-5A). Ectopic contractions were induced by
applying NA 100 puM at 37°C (Figure 3-5B). In the presence of NA 100 uM, the
number of ectopic events gradually decreased to zero with reducing temperature from
37°C to 25°C. (Figure 3-5C). The amplitude of ectopic contractions in the rat PV plus
NA 100 puM (0.1 = 0.006 g) was not significantly different compared with the
contraction in control PVs at 37°C (0.1 + 0.02 g) and the contraction at low

temperature at 25°C (0.1 £ 0.03 g) PV preparations (Figure 3-6A).

The frequency of ectopic contractions in the presence of NA at 37°C (3.1 £ 0.6 Hz)
was significantly different compared with the frequency of contractions in the control
condition at 37°C (0.2 £ 0.02 Hz, n=3, p<0.05). However the frequency of contractions
at low temperature (25°C), (0.2 £ 0.04 Hz) in presence of NA was not significantly

different compared with in the control group (n=3); as shown in Figure 3-6B.
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Figure 3-5 The effect of temperature on ectopic activity induced by NA in the rat
PVs. (A) The PV contraction in the absence of NA at 37°C. (B) The ectopic
contractions were induced by NA 100 uM in the rat PV at 37°C. (C) The PV ectopic

contractions ceased after the temperature was decreased from 37°C to 25°C.
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Figure 3-6 The effect of temperature on ectopic contractions induced by NA in
the rat PVs at temperature 37°C and hypothermia at 25°C. (A) Amplitude of
ectopic activity (B) Contraction frequency. All data are presented as mean + s.e.m.,

*p<0.05 vs NA 10 puM, and n=3

113



3.3.3 The effect of a and f adrenoceptor antagonist on ectopic

contractions in the PV induced by NA

In the control preparation, there was no evidence of spontaneously generated ectopic
contractions in the rat PV in the absence of NA. Previous studies showed that prazosin;
an al- adrenoceptor antagonist (1 M) inhibits ectopic activity induced by NA in the
rat PVs (Maupoil et al., 2007, Doisne et al., 2009). In addition, the presence of
propranolol (1 uM) decreased contractile responses in the rat LA (Doggrell, 1990).
Figure 3-7A and Figure 3-7B illustrated that the number of ectopic contractions
induced by NA 100 uM was significantly reduced (n=4, p<0.05) by the application of
either prazosin 1 pM, from 18.0 + 1.2 to 3.3 + 0.9 ectopic events (Figure 3-8A), or

propranolol 1 uM from 19.0 £ 3.0 to 10.8 £ 2.4 ectopic events (Figure 3-9A).

Prazosin 1 pM had no effect on the amplitude, frequency or duration of ectopic activity
in the rat PVs (n=4, Figure 3-8B-D and Table 3-1). However, treatment with
propranolol significantly decreased the frequency of ectopic activity from 3.4 £ 0.5 to
2.4 £ 0.5 Hz and the duration of ectopic activity from 18.6 + 2.6 to 10.9 £ 2.0 seconds
(n=4, p<0.05, Figure 3-9C-D). The application of propranolol 1 uM did not cause a
significantly change in the amplitude of ectopic activity when compared with the NA

control group (Figure 3-9B, and Table 3-2).
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Figure 3-7 The effect of a and  adrenoceptor antagonists on ectopic contractions
induced by NA. The ectopic contractions were induced by NA 100 uM in the rat PV.
The PV preparation was stimulated at 0.1 Hz 2 ms and a supramaximal voltage in order

to generate electrically evoked contractures at 37°C (A) Prazosin; a-adrenoceptor

antagonist, (B) Propranolol; B-adrenoceptor antagonist.
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Figure 3-8 The effect of prazosin on ectopic contractions induced by NA in the
rat PVs. (A) Number of ectopic beats (B) Amplitude of ectopic contraction (C)
Contraction frequency (D) Duration of ectopic activity. All data are presented as mean

*s.e.m., *p<0.05 vs NA 10 uM, and n=4.
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Table 3-1 Effect of prazosin on NA-induced ectopic activity in the rat PVs

Contraction parameters NA 100 uM Prazosin 1 uM
Number of ectopic activity 180+1.2 3.3+0.9*
Amplitude (g) 0.1+0.01 0.1+0.03
Frequency (Hz) 41+0.38 3.9+0.7
Duration (s) 16.8+0.9 146+ 1.7

All data are presented as mean + s.e.m., and n=4.

*p<0.05 vs NA 100 uM
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Figure 3-9 The effect of propranolol on ectopic contractions induced by NA in the
rat PVs. (A) Number of ectopic beats (B) Amplitude of ectopic contraction (C)
Contraction frequency (D) Duration of ectopic activity. All data are presented as mean

*s.e.m., *p<0.05 vs NA 10 uM, and n=4.
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Table 3-2 Effect of propranolol on NA-induced ectopic activity in the rat PVs

Contraction parameters NA 100 uM Propranolol 1 uM
Number of ectopic activity 19.0+3.0 10.8 + 2.4*
Amplitude (g) 0.1+0.01 0.1+0.02
Frequency (Hz) 3.4+05 2.4 £0.5*
Duration (s) 186 +2.6 10.9 + 2.0*

All data are presented as mean + s.e.m., and n=4.

*p<0.05 vs NA 100 pM.
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3.3.4 The effect of cholinergic agonist on ectopic contractions in the PV

induced by NA

In the absence of NA, there is no ectopic activity in the rat PVs. The ectopic activity
appeared in PV tissues after application of NA 100 uM. This study showed carbachol
1 uM and 10 uM significantly reduced the number of ectopic activity in the rat PVs
(4.2 £ 0.6 and 2.0 + 0.6 ectopic events) when compared with the NA group (14.4 + 1.7
ectopic events), (n=5, p<0.05); as presented in Figure 3-10, and Figure 3-11A,
respectively. However, carbachol was not significantly different in amplitude,
frequency duration of ectopic activity in the rat PVs when compared with the control

group (Figure 3-11B-D and Table 3-3).
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Figure 3-10 The effect of carbachol on ectopic contractions induced by NA in the
rat PV preparations. Electrical stimulation was applied at 0.1 Hz for 2 ms, at a
supramaximal voltage throughout the recording at 37°C. Ectopic contractions were
induced by superfusion of 100 uM NA. Carbachol was added to the organ bath in

accumulative-concentration (1 uM and 10 puM).
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Figure 3-11 The effect of carbachol on ectopic contractions induced by NA. (A)
Number of ectopic beats (B) Amplitude of ectopic contraction (C) Contraction
frequency (D) Contraction duration. All data are presented as mean + s.e.m., *p<0.05

vs NA 10 puM, and n=5.
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Table 3-3 Effect of carbachol on NA-induced ectopic activity in the rat PVs

Contraction parameters NA 100 uM  carbachol 1 uM carbachol 10 uM
Number of ectopic activity 144 +17 4.2 +0.6* 2.0 £0.6*
Amplitude (9) 0.1+0.03 0.1+0.03 0.1+0.03
Frequency (Hz) 39+0.2 39+0.2 39+0.2
Duration (s) 23.0x2.2 23223 21125

All data are presented as mean * s.e.m., and n=5.

*p<0.05 vs NA 100 pM.
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3.3.5 The effect of an increase in extracellular Ca?* on the generation of

NA induced ectopic contractions of rat PVs.

In control PVs, a submaximal concentration of NA 30 uM triggered bursts of ectopic
contractions (16.0 = 1.5 events), as shown in Figure 3-12. Increases in extracellular
Ca?* concentration via CaCl, up to 2.36 mM significantly decreased the number of
ectopic activity induced by NA in the rat PVs (3.7 £ 1.2 events; n=3, p<0.05); as shown
in Figure 3-13A. Rising concentration of CaCl, from 1.36 mM to 2.36 mM
significantly increased the frequency of contractions within a burst (3.3 + 0.2 Hz)
compared with the NA control group (2.3 £ 0.2 Hz), (n=3, p<0.05); as seen in Figure
3-13C. Likewise, adding CaCl» up to 2.36 mM significantly increased the duration of
the NA induced bursts of ectopic contractions from 9.0 £ 1.1 to 41.8 + 11.8 seconds
(n=3, p<0.05), as seen in Figure 3-13D. However, increasing extracellular Ca?* from
1.36 to 1.86 mM had no effect on the amplitude, frequency and the duration of ectopic
activity induced by NA in rat PVs. In some preparations, the amplitude of ectopic
contractions at 1 mM CacCl; increased throughout the burst (Figure 3-12, and Table

3-4).
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NA 30 pM

NA 30 pM + CaCl, 1.86 mM

NA 30 pM + CaCl, 2.36 mM

0lg

60 sec

Figure 3-12 An example of the changes in ectopic activity following increases in
extracellular Ca?* on NA-induced ectopic contractions of rat PVs. Each
preparation was stimulated at 0.1 Hz, 2 ms at a supramaximal voltage in order to
generate electrically evoked contractions at 37°C. CaCl, was added in accumulative
concentrations (1.86 mM and 2.36 mM) for the period indicated by the bars below the

recording.
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Figure 3-13 Effect of the increases in extracellular [Ca?*] on ectopic activity in the
rat PVs. (A) Number of ectopic beats (B) Amplitude of ectopic contraction (C)
Contraction frequency (D) Contraction duration. All data are presented as mean *

s.e.m., *p<0.05 vs NA 10 pM, and n=3.
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Table 3-4 Effect of the increase in extracellular Ca?* on NA-induced ectopic

activity in the rat PVs

Contraction parameters NA30uM CaCl21.86 mM CaCl22.86 mM

Number of ectopic activity 16.0+15 120+3.8 3.7+12*
Amplitude (g) 0.1+0.01 0.1 +0.003 0.1+0.01
Frequency (Hz) 23x0.2 26x0.2 3.3+0.2*
Duration (s) 9.0+£11 144 +23 41.8 +11.8*

All data are presented as mean * s.e.m., and n=3.

*p<0.05 vs NA 100 pM.
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3.3.6 The effect of calcium-channel blocker on ectopic contractions in

the PV induced by NA

Ectopic activity in rat PVs was induced by NA 100 uM (19.5 + 1.7 ectopic events;
Figure 3-14). There was a significantly decreased number of ectopic events in the
presence of verapamil at concentration of 1 uM (4.3 + 1.1 events, n=6, p<0.05, Figure
3-14 and Figure 3-15A); however, there were not significantly different at
concentrations of 0.01 uM (16.7 + 0.6 events) or 0.1 uM (16.0 £ 2.0 events), (n=6,
Figure 3-14). Verapamil 1 uM significantly decreased the amplitude (0.07 = 0.01 g),
frequency (2.2 £ 0.2 Hz) and duration of ectopic activity (5.9 = 1.9 sec) compared with
the NA group (0.1 +£0.01 g, 3.4 £ 0.1 Hz, and 13.2 + 1.5 sec), (n=6, p<0.05) shown in
Figure 3-15B, C, and D, respectively. Verapamil 0.1 uM also significantly decreased
the duration of ectopic activity (10.7 £ 1.0 sec), (n=6, p<0.05). In addition, verapamil
0.01 uM had no effect on the amplitude of ectopic contractions and the duration of

ectopic activity induced by NA in the rat PVs (Table 3-5).
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NA 100 pM

NA 100 pM + Verapamil 0.01 pM

NA 100 pM + Verapamil 0.1 pM

T

NA 100 pM + Verapamil 1 pM

Figure 3-14 The effect of calcium channel blocker (verapamil) on ectopic

contraction induced by NA. Each preparation was stimulated at 0.1 Hz, 2 ms at a

supramaximal voltage in order to generate electrically evoked contractures at 37°C.

Verapamil was added to the organ bath in accumulative-concentration (0.01 puM,

piM and 1 pM) as indicated below the trace.
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Figure 3-15 The effect of verapamil on ectopic contractions induced by NA. (A)

Number of ectopic beats (B) Amplitude of ectopic contraction (C) Contraction

frequency (D) Contraction duration. All data are presented as mean + s.e.m., *p<0.05

vs NA 10 uM, and n=6.
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Table 3-5 Effects of verapamil on NA-induced ectopic activity in rat PVs

] Verapamil Verapamil Verapamil
Contraction parameters NA 100 pM
0.01 pM 0.1 uM 1 uM
Number of ectopic activity 19.5+ 1.7 16.7 £ 0.6* 16 + 2.0* 43+1.11*
Amplitude (g) 0.1+0.01 0.1+0.01 0.1+0.01  0.07+0.01*
Frequency (Hz) 3401 31+03 3.03+0.3 2.2+02*
13.2x15 13.2+25 10.7 £1.0* 59+19*

Duration (s)

All data are presented as mean * s.e.m., and n=6.

*p<0.05 vs NA 100 puM.
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3.4 Discussion

This study has shown that NA increases contraction responses in the rat PVs in vitro.
This is consistent with the report of rat PVs under isometric conditions in vitro by
Sweeney et al. (2007). The study found that NA increased the cardiac muscle
contractile response in the rat PVs, which had a positive inotropic influence mediated
by B-adrenoceptors (Sweeney et al., 2007). MacLeod and Hunter (1967) also
demonstrated that NA has a positive inotropic effect on the rat PVs; indicating a role
for B-adrenoceptor. NA (o/p agonist) which has a stimulant effect on the heart rate
(chronotropic effect) and the force of contraction. Thus, the results may suggest that
the sympathomimetic NA has a positive inotropic influence mediated via adrenergic

receptors.

Moreover, the present study illustrates that NA, a non-selective adrenoceptor agonist,
induces ectopic activity in the rat PVs in a concentration-dependent manner. This
observation is consistent with an earlier study by Maupoil et al. (2007), which showed
that ectopic activity in rat PVs requires activation of both o and B adrenergic receptors.
Doisne et al. (2009) demonstrated that NA induced automatic activity of cardiac
muscle in the rat PVs. Likewise, studies in rat and guinea pig have shown that PV
cardiomyocytes generate automatic electrical activity under adrenergic stimulation
with NA (Namekata et al., 2010, Okamoto et al., 2012). This ectopic activity generated
by NA may relate to the activation of a and B adrenergic receptors, which causes
increased Ca®* entry into the cell via LTCC and subsequent Ca?* release from the SR
in cardiac muscle tissue (Mohrman and Heller, 2002, Maupoil et al., 2007, Klabunde,

2011).
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In this study, temperature has been shown to change the number of ectopic events in
the presence of NA. Ectopic contractions were induced by NA at 37°C; however, these
gradually decreased and disappeared with falling temperature from 37°C to 25°C. This
Is somewhat similar to a study in rabbit PVs using the whole-cell clamp technique by
Chen et al. (2003), which showed the incidence of DADs in normal (38-39°C) and
high (40-41°C) temperatures but not at low temperatures (22—25°C). The same study
also showed larger transient inward currents of PV cardiomyocytes at normal (38—
39°C) and high (40-41°C) temperatures compared with the currents at low
temperatures (22—25°C). These findings suggest that temperature is a considerable
factor in modulating transient inward currents of PV cardiomyocytes, which may be

associated with the genesis of DADs.

Likewise, a study in isolated rabbit atria showed that atrial arrhythmias were produced
by electrical stimulation in the presence of acetylcholine at 37°C, and these were
reduced on lowering the temperature to 29°C (Beaulnes and Day, 1957). In guinea pig
hearts, prolonged APD at 95 % repolarisation in ventricular myocytes has been shown
at low temperature (24-25 °C). The same study also showed low temperature decreased
the Ca?* current, the delayed rectifier potassium current (Ik) and the inwardly
rectifying potassium current (Iki) using whole-cell clamp experiments. Research in
dog hearts has also shown that increasing temperature from 32°C to 38°C increased
isometric magnitude, duration of force development and the duration of action
potentials (Patterson et al., 2006). Rabbit hearts held in a cardiac hypothermia state
present a relevant decrease in ventricular heart rate during AF (Mischke et al., 2011).
In addition, the hypothermic condition produced by reducing temperature from 37°C

to 34.9°C using an immersion technique in patients with heart diseases; e.g. AF, atrial
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flutter, atrioventricular dissociation, and multiple ectopic ventricular beats.
(Somerville, 1960). Overall, these findings suggest that temperature may be involved
in modulating arrhythmogenic activity through its effects on transient inward currents,
Ca2* current and K* current. Thus, this study suggests that the hyperthermia or high-
temperature condition may result in increasing arrhythmogenic activity of the PV,
while the hypothermic or low-temperature condition may reduce arrhythmogenic

activity in the rat PVs.

Additionally, this study showed that ectopic contractions were inhibited by prazosin
and propranolol, which are a1 and -adrenoreceptor antagonists, respectively. Prazosin
IS az-adrenoreceptor antagonist, which has the potency of prazosin (pA2=9.5);
indicating the involvement of prazosin-sensitive functional a:-adrenoceptors (Southan
et al., 2015). In addition, propranolol is B-adrenoreceptor blocker (pA2=8.2-9.2)
indicating that propranolol has high potency and specific antagonist to -

adrenoreceptor, which can inhibit sympathetic stimulation (Southan et al., 2015).

This present study is consistent with previous investigations in rat PVs by Maupoil et
al. (2007), which showed that prazosin inhibits ectopic activity induced by NA.
Likewise, Okamoto et al. (2012) demonstrated that NA induced automaticity was
inhibited by prazosin in the rat PV cardiomyocytes. Moreover, the study in dogs with
chronic (6-8 weeks) rapid atrial pacing showed that propranolol suppressed
spontaneous activities induced by isoproterenol in the dog PVs (Chen et al., 2000).
Chen et al. (1999) also demonstrated that propranolol suppresses ectopic beats that
originated from human PV with frequent occurrences of paroxysmal AF. These

findings are in agreement with the present study, and suggest that ectopic activity
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induced by NA may relate to both o and § adrenergic receptors.

Furthermore, the present study shows that carbachol, a cholinomimetic drug that binds
and activates the muscarinic receptor, inhibited NA-induced ectopic contractions in the
rat PVs. A study of the muscle connections and autonomic nerve distribution in the
human PV-LA junction showed that this area favoured the formation of re-entrant
arrhythmias (Tan et al., 2006). Additionally, parasympathetic innervation of the PVs
and posterior LA is thought to contribute to focal AF; the posterior LA is the most
richly innervated region of the LA, with parasympathetic fibres comprising a majority
of the nerves supplying this area (Arora et al., 2007, Arora et al., 2008). Arora et al.
(2008) also reported muscarinic type 2 receptor (Mz) distribution in the posterior LA
and PVs in healthy dog hearts. Moreover, the study in sheep PV using
immunofluorescent techniques showed M receptors distributed heterogeneously in
the cardiomyocytes, with the highest density in the PV antrum (Liang et al., 2008).
Another study by Sweeney et al. (2007) showed that acetylcholine had a muscarinic
receptor-mediated negative inotropic effect which decreased the contractile response
of the rat PV. In addition, findings from Takahara et al. (2011) showed that the
application of carbachol as a muscarinic receptor agonist to the PV preparation
hyperpolarised the RMP and suppressed triggered activity induced by a burst pacing
of train stimulation in isolated guinea pig PVs. A previous study by Faria et al. (2009)
also showed that carbachol decreased atrial tachyarrhythmia induced by electrical field
stimulation in isolated rat atria. Thus, the decrease in ectopic activity caused by

carbachol in the rat PV may be due to the suppression of cholinergic activity.
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Previous studies have indicated that abnormal Ca?* regulation increases PV
arrhythmogenesis (Chen and Chen, 2006). This study showed that the extracellular
Ca?* concentration increased the amplitude, frequency and duration of ectopic activity
induced by NA. This may be consistent with the earlier report by Luk et al. (2008),
which demonstrated that elevation of extracellular Ca?* (from 2.7 mM to 5.4 mM and
then 8.1 mM) increased the contraction of rabbit PV sleeve preparations driven by
electrical stimuli in a dose-dependent manner. In isolated rabbit papillary muscles an
increase in extracellular Ca?* of up to 3 mM resulted in an increase in frequency-
dependent positive inotropy effect (Singal et al., 1985). Raising extracellular Ca?* from
1.8 mM to 5.0 mM increased the amplitude of action potentials; however; it decreased
the duration of action potentials in guinea pig ventricular tissue (Leitch and Brown,
1999). The same study also demonstrated a rise in extracellular Ca?* increased peak
inward Ca®* current; however, it increased in the inactivation rate of lca., which may
be associated with shortening action potentials (Leitch and Brown, 1999). Therefore,
this study may associated with the increase intracellular Ca?*, facilitated by excessive
availability of Ca?* from the extracellular space, which induced changes in the ectopic

activity generated by NA.

In addition, this study demonstrates that verapamil, which is the LTCC blocker with
antiarrhythmic properties, can inhibit ectopic activity in rat PVs. Previous studies in
guinea pigs have also shown that verapamil effectively inhibits the amount of triggered
activity in the PV myocardium, suggesting that inhibition of Ca?* influx through
voltage-dependent channels that prevents Ca?* accumulation in PV cardiomyocytes
induced by train stimulation (Takahara et al., 2011). Chen et al. (2008) also

demonstrated that isoproterenol induces the spontaneous activity in isolated single
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cardiomyocytes from rabbit PVs, which suppressed by verapamil. In the study of rabbit
PVs showed that oxidative stress can induce Ca?* overload resulting in PV burst firing
and EADs, which also inhibited by verapamil (Lin et al., 2010) Moreover, verapamil
has been found to suppress ectopic beats originating from PVs in patients with
paroxysmal AF (Chen et al., 1999). Thus, verapamil reduced the arrhythmogenic

activity of PV cardiomyocytes, which the arrhythmogenicity induced by NA.

In conclusion, this study has found ectopic contractions of the isolated rat PV increase
in response to activation by NA (non-specific adrenergic agonist) at 37°C but not at
the lower temperature of 25°C. Moreover, the a-adrenoceptor antagonist prazosin and
[-adrenoceptor antagonist propranolol reduced the number of ectopic events generated
by NA. The cholinergic agonist, carbachol, also inhibited NA-induced ectopic
contractions in the rat PVs. In addition, increasing extracellular Ca?* concentration
from 1.36 to 2.36 mM decreased the number of ectopic events induced by NA;
however, it increased the frequency and duration of ectopic activity within each burst,
which may be associated with increases in intracellular Ca?* concentration. Verapamil,
which is a Ca?* channel blocker, inhibited ectopic activity generated by NA. Overall,
these results suggest a role for catecholamine in the generation of AF and that
decreasing organ bath temperature causes a decline in ectopic activity. Both adrenergic
and cholinergic receptors may be associated with this ectopic activity, related to the
sympathetic and parasympathetic nervous systems. These finding also suggested that
Ca?* plays an important role either directly or indirectly in the induced ectopic
contractions of the rat PV myocardium, which may be the substrate to initiate and

sustain AF.
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Chapter 4. The effect of stretch and pharmacological agents
on electrical activity and mechanical activity of the

rat pulmonary veins
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4.1 Introduction

4.1.1 Stretch induced changes in electrical and mechanical properties

of cardiac muscle

The study by Frank (1895) using isolated frog hearts showed that the strength of
ventricular contraction was increased following stretching prior to contraction.
Patterson and Starling (1914) found that increasing venous return to the heart raises
the filling pressure of the ventricle, leading to increased stroke volume, which is the
amount of oxygenated blood pumped out of the left ventricle into the aorta. This
increase in ventricular filling causes increased sarcomere length, which generates great
wall tension, and hence pressure; referred to as the Frank-Starling Law of the heart; as

reviewed by Klabunde (2011) and Gerilechaogetu (2014).

The myocardial stretch leads to significant electrophysiological changes; e.g.
depolarisation in the left ventricle of rats (Kiseleva et al., 2000), prolongation of APD
in rat atrial myocytes (Tavi et al., 1998). Stretch also increases the intracellular Ca?*
via stretch-activated channels (SACs), which allows Ca?* entry to the cells during
stretch; as reviewed by Calaghan and White (1999). These alterations in the
electrophysiological properties of the heart may be caused by changes in myocardial
segment length, a phenomena referred to as mechanoelectric feedback (Lab, 1996).
Mechanoelectrical feedback can trigger cardiac arrhythmias (Hansen et al., 1990),
which may arise by the activation of SACs in the cell membrane of cardiomyocytes

(Saint, 2002, Kelly et al., 2006, Reed et al., 2014).
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The SAC was first discovered in chick skeletal muscles by Guharay and Sachs (1984).
SACs are found in many cardiomyocytes including those found in chick embryo
ventricle (Ruknudin et al., 1993, Hu and Sachs, 1996), rat atrium (Kim, 1993, Van
Wagoner, 1993) and ventricle (Craelius et al., 1988), and rabbit sinoatrial and atrial
cells (Hagiwara et al., 1992). SACs are also found in human atria and ventricles

(Kamkin et al., 2000, Kamkin et al., 2003b).

Two distinct types of stretch-sensitive ion channels have been found in cardiac tissue;
a non-selective cation channel and a potassium channel (Kelly et al., 2006, Reed et al.,
2014). The non-selective cation channel (stretch-activated channel: SACns) was first
discovered in cardiomyocytes by Craelius et al. (1988). The single channel
conductance to cations through SACns is approximately 21-25 pS; reviewed by Kelly
et al. (2006) and Baumgarten (2013). The activation of SACns leads to Na* or Ca?* to
entry into the cells that will depolarise resting cardiac muscle cells (Peyronnet et al.,
2016, Reed et al., 2014). The potassium stretch-activated channel (SACk) was first
discovered in snail heart ventricle muscle cells by Brezden et al. (1986). A study in rat
atrial myocytes found that SACk, has a single conductance of approximately 100 pS
(Kim, 1992, Niu and Sachs, 2003). In contrast to the activation of SACns, SACk
opening leads to K* efflux, which produces hyperpolarisation or repolarisation (Kohl

et al., 2006, Peyronnet et al., 2016).

Stretch-induced changes in intracellular Ca?* modify the electrical activity of cardiac
myocytes by opening SACns channels, depolarising the cell, which then activates
LTCC opening (Matsuda et al., 1996, Calaghan et al., 2003). Matsuda et al. (1996)

demonstrated that the osmotic cell swelling and cell inflation by applying positive
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pressure through patch pipette enhanced the lca in rabbit cardiac myocytes. Kamkin
et al. (2003a) also showed that stretch using a glass stylus increased Ca?" influx
through LTCC, which depolarised the cell and prolonged the APD in mouse
ventricular myocytes. These may suggest that stretch increases Ca®* currents via

LTCC, which can change the electrophysiological characteristics of cardiac cells.

The myocardial sleeve, which extends from the left atria into the PV is considered to
be a source that may initiate and sustain AF (Haissaguerre et al., 1998). Moreover,
stretching in PVs may increase the incidence of ectopic activity by activating stretch-
induced currents (Seol et al., 2011). Seol et al. (2008) demonstrated that membrane
stretch using hypo-osmotic swelling and mechanical axial stretch induced currents in
cardiomyocytes isolated from rabbit PVs. This study showed that swelling induced the
activation of a stretch-activated nonselective cationic current (Insc, swen) and a CI°
current (lci, swen), including higher permeability to K* than Na* (permeability ratio:
2.84). Additionally, axial mechanical stretch also induced the activation of a stretch-
activated nonselective cationic current (Insc, stretch), Which was permeable to Na*, K*.
Another study in rabbit PVs also showed that stretch increased incidence of
spontaneous activity and firing rates increased force dependently in PV
cardiomyocytes (Chang et al., 2007). The same study also showed the incidence of
early after-depolarisations (EADs), and delayed after-depolarisation (DADs) by
stretch, as well as shortening the duration and decreasing the amplitude of action
potentials (Chang, 2007). Likewise, another study in guinea pig demonstrated that
application of cumulative mechanical stretch to the isolated PV myocardium increased
the firing rate of spontaneous electrical activity in the myocardial layer (Hamaguchi et

al., 2016). Overall, this evidence is highly suggestive that modification of SACs in the
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PV myocardial sleeve by stretching results in abnormal electrophysiological activity

in the heart, which is a potential source of AF.

4.1.2 Pharmacological modulators of stretch-induced ectopic action

potentials

Gadolinium is a trivalent lanthanide, which was first identified as a stretch-activated
channels blocker (SAC blocker) in Xenopus oocytes (Yang and Sachs, 1989).
Gadolinium has been widely used as a potent SAC blocker in a wide range of tissues
such as rat atrial myocytes (Tavi et al., 1996), rabbit atria (Bode et al., 2000), canine
ventricles (Hansen et al., 1991), rat ventricles (Zeng et al., 2000), rabbit PVs (Chang

et al., 2007, Seol et al., 2008), and guinea pig PVs (Hamaguchi et al., 2016).

Gadolinium may be useful for investigating stretch induced arrhythmias by inhibiting
the activation of SAC (White, 2011). It has been shown that gadolinium blocked
cardiac ion channels in a range of concentrations (1-30 uM), effecting non-specific
mechanosensitive channels (Ruknudin et al., 1993, Hu and Sachs, 1997, White, 2006).
Moreover, gadolinium inhibited stretch activated currents in a concentration
dependent manner in rat atrial myocytes, with an I1Cso value of 46.2 uM (Zhang et al.,
2000). The same study also showed that the application of gadolinium 100 uM caused

hyperpolarisation of the RMP and shortened the APD (Zhang et al., 2000).
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A study of intra-atrial pressure in isolated rat atria found that gadolinium (80uM)
inhibited stretch-induced DADs, shortens APD during stretch, and decreases the force
of the atrial contraction (Tavi et al., 1996). Additionally, a study in isolated
Langendorff-perfused rabbit heart has shown that gadolinium (12.5, 25, and 50 mM)
reduced stretch-induced vulnerability to AF in a dose dependent manner (Bode et al.,
2000). Another study in canine ventricle showed stretch-induced arrhythmias by
increasing the left ventricular volume, which were reduced by gadolinium (1-10 puM)
from 95% to 5% (Hansen et al., 1991). Moreover, in isolated rat ventricular myocytes,
a study showed longitudinal stretch increased APD and depolarising resting potential,

which were blocked by gadolinium (100 puM) (Zeng et al., 2000).

Seol et al. (2008) demonstrated that swelling induced Insc, swen and mechanical
stretching induced Insc, stretch. BOth Insc, swetand Insc, stretch Were blocked by gadolinium.
(100 pM). Chang et al. (2007) demonstrated stretch produced spontaneous activity and
increased firing rates in the rabbit PVs. The study also showed shortening of APD,
decreasing the amplitude of action potentials and induction of EADs and DADs. These
changes in rabbit PVs were all reportedly inhibited by gadolinium (1, 3 and 10 pM) in
a dose-dependent manner. Additionally, gadolinium (10 uM) has been found to inhibit
the effect of mechanical stretch on spontaneous electrical activity in isolated guinea
pig PV cardiomyocytes (Hamaguchi et al., 2016). These studies suggested that
mechanical stretch to the PVs increases the ectopic activity of PV cardiomyocytes
through opening of SACs, which can be inhibited by gadolinium; a well-established

SAC blocker (Chang et al., 2007, Seol et al., 2008, Hamaguchi et al., 2016).
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In addition to inhibiting activation of SACs, gadolinium has also been found to block
cardiac LTCC. Lacampagne et al. (1994) reported that gadolinium is a potent Ca®
channel blocker that inhibits Icar in a concentration dependent manner; with ECso of
1.4 uM and complete inhibition at 10 uM in guinea-pig isolated ventricular myocytes.
Moreover, another study in guinea pig showed that gadolinium inhibited in NCX
currents in isolated ventricular myocytes in a dose-dependent manner; with 1Cso of 30
+ 4.0 uM (Zhang and Hancox, 2000). These studies suggest that the pharmacological

effects of gadolinium are complex, potentially involving SACs, LTCC, and NCX.
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4.1.3 Aims

The aim of this chapter is to investigate action potential properties of the rat PV
myocardium under stretch. Furthermore, this study examines the effect of NA on
stretch-induced electrical activity. The experiments in this chapter were designed to
examine how the electrical characteristics of PV cardiomyocytes are affected by five
different pharmacological agents. Gadolinium (SAC blocker), ORM-10103 (selective
Na*/Ca®* exchanger inhibitor; NCX inhibitor), verapamil (Ca®* channel blocker),
prazosin (o-adrenergic blocker), and propranolol (B-adrenergic blocker), were

investigated under the combination of stretch and adrenergic stimulation.
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4.2 Methods

4.2.1 Animals, dissection, and, preparation of the rat PVs

Rat PVs were isolated as described earlier in section 2.2.1. After removing the lung
from animal, the left and the posterior right of lung were dissected. The PVs were
carefully excised and placed in ice cold HEPES solution (composition(mM); NaCl
150, KCI 5.4, HEPES 10, glucose 10, MgCl. 1.2, and CaCl. 1.8 (pH adjusted to 7.4

with 1 M NaOH) , gassed with O,

The electrophysiological studies were performed using the techniques described in
section Experiment protocols). Action potentials were evoked by stimulating the PVs

at a frequency of 0.1 Hz, with twice the threshold voltage and 2 ms pulse duration.

4.2.2 Experiment protocols

4.2.2.1 Microelectrode studies

The recording chamber was placed on the stage of a wild M20 microscope (Wild
Heerbrugg, Switzerland). The tissues were visualised with a 20x objective lens using
Hoffman modulation contrast optics (Modulation Optics, Greenvale, NY, USA). To
reduce artefacts from mechanical vibration and electrical noise, the chamber and
micromanipulator were positioned on an air table (model AVT 701, Wentworth

Laboratories LTD, Bedford, UK) enclosed inside a Faraday cage (Figure 4-1A).

146



Figure 4-1 Photographs illustrating the experimental set-up used for intracellular
recordings under stretch. (A) The potential difference between the recording
microelectrode in the cell and the reference electrode is measured by the Electro 705
electrometer, amplified by the CED 1902 amplifier and recorded onto the hard disk.
(B) The tissue is shown pinned out in the recording chamber under stretching
condition. A pair of bipolar platinum electrodes (shown on the left of the tissue sample)
was inserted across the PV. The recording electrode (shown on right) was inserted into

the PV.
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The tissue preparation was pinned horizontally onto a Sylgard® 184 (Dow Corning,
USA) coated recording chamber (Figure 4-1B). For recording the action potentials,
one end of the preparation was pinned to the bottom of the tissue bath and the other
end was connected to the Grass FT03C force transducer (Grass Instruments, Quincy,
Massachusetts, USA) with silk thread. All experiments were carried out at twice the

threshold voltage and pulse duration of 2 ms, with a stimulation frequency at 0.1 Hz.

The tissue was perfused at a constant rate (10 ml/min) with Tyrode solution with the
following composition (in mM): NaCl 118, KCI 2.7, CaCl2 1.2, MgCl; 1.2, NaHCOs
25, NaH2PO4 2.2, and glucose 11. This solution has previously been used in a stretch-
induced arrhythmia model of the rat PV (Kuz’min and Rozenshtraukh, 2012a, 2012b).
The solution was continuously gassed with 95% O and 5% CO., pH 7.35+ 0.05. The
temperature was maintained constant at 37°C using a temperature regulator (HSE

Temperature Regulator, Type 319, Hugo Sachs, Germany).

Action potentials were recorded using the conventional microelectrode technique.
Recording pipettes were pulled from borosilicate glass capillaries (1.5 mm outer
diameter, 0.86 inner diameter; Warner Instruments, USA). These were shaped with a
vertical micropipette puller (model P-30, Sutter Instrument Co., Novato, USA) and
filled with 3M KCI to produce electrodes with a resistance of 20-50 MQ. To position
the microelectrode a mechanical micromanipulator was used prior to inserting into the

cardiomyocytes during the experiment (Leitz, Wetzlar, Germany).

A silver/silver chloride bead type reference electrode was positioned in the recording

chamber. The potential difference between the reference electrode and the recording
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microelectrode in the cell was measured by a unitary gain high input impedance

electrometer (model Electro 705, World Precision Instruments, Hertfordshire, UK).

Electrical signals were amplified using a CED 1902 amplifier (Cambridge Electronic
Design LTD, Cambridge, UK), sampled at 20 kHz by a computer controlled data
acquisition system (National Instruments PCI-6221 data acquisition board) connected
to the computer using a custom BNC interface. The amplified signals were displayed
using WInEDR electrophysiology software (Version 3.6.9, Dr. John Dempster,
University of Strathclyde) and simultaneously stored on computer hard disk for

analysis.

Platinum electrodes, placed at least 1 cm from the recording electrode (to minimise
artefacts), were used to electrically stimulate the tissue. Rectangular voltage pulses
were supplied by a Grass S44 stimulator via a stimulus isolation unit (model SIU 5A,
Grass Instrument Co., USA). Following impalement of the cell, stimulation voltage
was decreased in 5 V steps until the threshold voltage capable of eliciting an action
potential was reached. All experiments were carried out at twice the threshold voltage

and a pulse duration of 2 ms, with a stimulation.

Action potentials were recorded using WIinEDR software and exported to WinWCP
software (Version 5.1.6 Dr. John Dempster, University of Strathclyde) for analysis.

The following action potential parameters were measured (Figure 4-2):

e Peak Amplitude — The peak action potential amplitude measured relative to the
resting membrane potential
¢ Rise time —The time taken for the action potential to rise from 10% to 90% of

the peak amplitude
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e Tso— The time taken for the action potential to fall from peak amplitude to 50%
of peak amplitude
e Tgo— The time taken for the action potential to fall from peak amplitude to 10%
of peak amplitude
e APDgo — The action potential duration at 90% repolarisation
These propertied were measured from the average of 4-6 consecutive action potentials

for each experimental observation.
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Figure 4-2 Illustration of electrically evoked action potential in PV cardiomyocyte
The action potential parameters i.e. the resting membrane potential (RMP), rise time,
peak amplitude, the time taken for 50% and 90% repolarisation (Tso and Togo) and the

duration of action potential measured at 90% repolarisation (APDqp)
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4.2.2.2 Effect of stretch-induced spontaneous activity in the rat PV cardiomyocytes

To record the effect of different tensions on rat PV cardiomyocytes, a standard protocol
was used to obtain the recordings of the RMP and action potential. Action potentials
were recorded before (Og or resting condition) and after successive stretches of 0.5¢g
and then 1 g. These were recorded during a 1-minute period in each condition,

immediately after inserting the electrode into the cardiomyocytes.

4.2.2.3 Effect of NA on the stretch-induced activity in the rat PV cardiomyocytes

The PV preparation was incubated in Tyrode’s solution under resting then 0.5 gand 1
g stretch. NA (10 puM) was perfused into the chamber for 5 minutes at a rate of 10
ml/min to induce ectopic activity under resting and stretching conditions (Og, 0.5g and
1 g stretch). After NA perfusion, action potentials were recorded for 1 minute at each

tension.

4.2.3.4 Effect of non-cumulative concentrations of NA on stretch-induced activity in

the rat PV cardiomyocytes

With previous experiments, stretch 1 g significantly increased the incidence of
spontaneous activity in the rat PVs. As a consequence, in this experiment the PV
preparation was incubated in the Tyrode’s solution under 1 g stretch. The effect of NA
on activity in the PV cardiomyocytes was tested by adding non-cumulative
concentrations of NA (10 uM, 30 uM and 100 puM, respectively) into the recording

chamber for 5 minutes at each concentration. After NA perfusion, action potentials
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were recorded at steady state for 1 minute before proceeding to subsequent

concentrations.

4.2.3.5 Effects of the pharmacological agents on combined stretch and NA induced

ectopic activity of the rat PV cardiomyocytes

PV preparations were equilibrated in the tissue chamber perfusion with Tyrode’s
solution under 1 g stretch, which followed the result from the experiment 4.2.2.2. In
control, NA 100 pM was perfused into the tissue chamber for 5 minutes at a rate 10
ml/min to generate ectopic activity. The ectopic action potentials from PV
cardiomyocytes in this control situation were recorded for a period of 1 minute.
Different drugs (see list below) were then perfused into the recording chamber for 5
minutes and their effect on stretch and NA induced ectopic activity of PV

cardiomyocytes was also recorded for a 1-minute period.

The following pharmacological agents were examined in this experimental protocol:
gadolinium (80 uM), a stretch-activated ion channel blocker; verapamil (1 pM), a Ca?*
channel blocker; ORM-10103 (1 pM), a novel specific inhibitor of the Na*/Ca?*
exchanger; prazosin (1 pM), a selective as-adrenergic receptor antagonist; and

propranolol (1 uM), a non-cardioselective beta-adrenergic antagonist.
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4.2.3 Statistics

Graphs were produced using Graph Prism (version 6.01, Graph PAD Software Inc.,
San Diego, CA, USA). Data are reported as mean + sem. with values obtained from n
different preparations. Prism was also used to determine any differences between
groups with one-way analysis of variance (ANOVA) followed by Tukey's post-hoc

test.
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4.3 Results

4.3.1 Stretch-induced spontaneous activity in the rat PV cardiomyocytes

Under the resting condition (0g), no ectopic action potentials were observed, as
illustrated in Figure 4-3A. The incidence of spontaneous activity in PVs under stretch
(0.5 g and 1 g) increased force dependently. Figure 4-3B and C show examples of

stretch-induced spontaneous activity during different tensions (n=6).

Increasing tension up to 1 g significantly increased the frequency of ectopic action
potentials (0.2 £ 0.03 Hz) when compared with the PV under resting condition (0.1 £
0.002 Hz, n=6, p<0.05); however, the frequency of ectopic action potentials was not
significantly different between 0.5g stretch (0.1 £ 0.01 Hz) and the control group as

illustrated in Figure 4-4D.

Detailed analysis of action potentials demonstrated that RMP, peak amplitude, rise
time, Tso, Too, and APDgo Were not affected by increasing tension from 0g to 1g, as seen
in Figure 4-4A, B, C, E, F, and G, and Table 4-1. Additionally, the contraction of
ectopic activity in the rat PVs was not significantly different from the control group

(0g) (Figure 4-4H).

154



Figure 4-3 Simultaneous twitch tension and action potential recordings in the rat
PV cardiomyocytes at different tensions. (A) Unstretch (0 g), (B) 0.5 g stretch and

(C) 1 g stretch. # indicates electric stimulation (ES) at 0.1 Hz, and * indicates

spontaneous activity (n=6).
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Figure 4-4 The action potential properties and contractile activity of the rat PV
cardiomyocytes before (0 g) and after stretch (0.5 g, and 1 g). (A) Resting
membrane potential (B) Peak amplitude (C) Rise time of action potential, and (D)
Frequency of action potential. All data are presented as mean * s.e.m., *p<0.05 vs

Control group (0g), and n=6.
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Table 4-1 Action potential parameters illustrating the effects

electrical activity of the rat PV cardiomyocytes

of stretch on

Action potential parameters 0g 05¢g 1lg
Resting membrane potential (mV) -84.7x+4.1 -83.7+£38 -88.5+4.0
Peak amplitude (mV) 99.0£3.5 97.6+4.9 106.7+2.1
Rise time (ms) 0.7+£0.1 0.7+£0.1 06+01
Frequency (Hz) 0.1 +0.003 0.1+0.01 0.2 +0.03*
Tso (Ms) 7.8+1.0 9.1+1.0 111+14
Too (MS) 39.2+53 38.8+6.5 540+1.6
APDg, (Ms) 40.2+53 40.3+6.3 549+1.6
Contraction amplitude (g) 0 0.2+0.03 0.2+0.04

All data are presented as mean + s.e.m., and n=6.

*p<0.05vs 0 g.
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4.3.2 Effect of NA on stretch-induced spontaneous activity in the rat PV

cardiomyocytes

Under resting conditions (0g) there was no ectopic action potentials in the presence of
NA, as illustrated in Figure 4-5A. The application NA induced ectopic action potential
in the rat PVs, which increased firing rates depending on the stretch force (0.5g and

19) (Figure 4-5B and C).

The combined 1 g stretch and NA significantly increased the frequency of ectopic
action potentials (1.4 + 0.4 Hz, n=6, p<0.05), but not in the 0.5 g stretch condition (0.6
+ 0.1 Hz, n=6) compared with the control (0.2 £ 0.01 Hz, Figure 4-6D). However, the
stretch plus NA 10 uM was not significantly different in RMP, peak amplitude, rise
time, T50, T90 and APD90 of action potential as shown in Figure 4-6A, B, C, E, F,
and G and Table 4-2. In addition, no statistically significant change was detected in

the contraction parameter (Figure 4-6H).
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Figure 4-5 Simultaneous twitch tension and action potential recordings in the rat
PV cardiomyocytes at different tensions in the presence of NA 10 uM. (A) Under
resting (0 g) and (B) 0.5 g stretch and (C) 1 g stretch. # indicates electric stimulation

(ES) at 0.1 Hz, * indicates NA-induced automaticity, n=6.
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Figure 4-6 The action potential properties and contractile response during
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Table 4-2 Action potential parameters during combined stretch and NA in the rat

PV cardiomyocytes

Action potential parameters 0g+NA10puM 059g+NA1OpPM 1g+NA10puM
Resting membrane potential (mV) -81.3+3.8 -82.2+44 -82.6+21
Peak amplitude (mV) 97.5+3.0 94.3+6.6 101.2 + 4.3
Rise time (ms) 0.7x0.1 06%0.1 08+0.1
Frequency (Hz) 0.2+0.01 0.6 0.1 1.4 +0.4*
Tso (Ms) 109+27 10.8+25 119+13
Too (Ms) 422+59 46.7+55 55.1+6.1
APDgo (M) 4324509 477455 56.4 + 3.2
Contraction amplitude (g) 0 0.3+0.1 0.5+0.1

All data are presented as mean + s.e.m., and n=6.

*p<0.05vs 0 g+ NA 10 uM.
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4.3.3 Effect of non-cumulative administration of NA on stretch-induced

activity in the rat PV cardiomyocytes

In control, rat PV cardiomyocytes showed some spontaneous activity during 1 g
stretch. The data shows that NA at concentrations of 10 uM, 30 uM and 100 uM

generated ectopic action potentials under 1 g stretch (Figure 4-7).

NA 10, 30, and 100 uM increased the frequency of ectopic action potentials in a
concentration-dependent manner;1.4 + 0.2 Hz, 1.5 £ 0.4 Hz and 3.6 £ 0.8 Hz,
respectively, when compared with the control group (0.1 = 0.004 Hz, n=4, p<0.05) as
shown in Figure 4-9D. In addition, NA 10, 30, and 100 uM significantly increased Too
(51.8 £ 2.7 ms, 53.9 + 6.3 ms, and 56.7 + 5.2 ms) and APDg (53.0 £ 2.8 ms, 54.7 +
6.2 ms, and 57.5 = 5.1 ms) of action potentials in rat PV cardiomyocytes when
compared with control PVs (Tgo 31.3 £ 2.3 ms and APDgo 32.2 £ 2.2 ms, n=4, p<0.05),

as shown in Figure 4-9F-G.

However, increasing the concentration of NA up to 100 uM had no effect on the RMP,
peak amplitude, rise time and Tso, in the PV cardiomyocytes under stretch, as

illustrated in Figure 4-9A, B, C, E, and H, and Table 4-3.

Additionally, since NA was shown to induce arrhythmogenic activity in the form of
ectopic action potentials in the PV, the ability of NA to induce automaticity and EADs
was also examined. The occurrence of EADs was observed in the rat PV preparations;
Figure 4-8 shows examples in which NA changed action potential characteristics and

the induction of EADs in PV cardiomyocytes under stretch.
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Figure 4-7 Simultaneous twitch tension and action potential recordings following
non-cumulative administration of NA in the rat PV cardiomyocytes under 1 g
stretch.(A), Control, (B) NA 10 puM, (C) NA 30 uM and (D) NA 100uM. # Electric

stimulation (ES) at 0.1 Hz and * NA-induced automaticity, (n = 4).
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Figure 4-8 Examples showing the application of NA 100 uM induced the genesis of
early after-depolarisations (EADSs) in the rat PV cardiomyocytes under 1 g stretch.The

arrow indicates EADs.
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Figure 4-9 The action potential properties and contraction activity of non-
cumulative administration of NA in the rat PV cardiomyocytes under 1g stretch
(A) Resting membrane potential (B) Peak amplitude (C) Rise time of action potential,
and (D) Frequency of action potential. All data are presented as mean = s.e.m., *p<0.05
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Table 4-3 Effect of non-cumulative administration of NA on action potentials in the rat PV cardiomyocytes under stretch

Action potential parameters Control NA 10 uM NA 30 uM NA 100 uM
Resting membrane potential (mV) -96.9+84 -945+55 -989+79 -953+3.1
Peak amplitude (mV) 97.9+3.7 96.6+4.1 98.1+23 103.6 +4.9
Rise time (ms) 0.5+0.04 0.6+0.1 0.6 £0.04 0.8+0.1
Frequency (Hz) 0.1 +0.004 1.4+0.2* 1.9+04* 3.6+0.8*
Tso (MS) 6.3+0.8 8.3+0.9 8.5+0.9 8.7+16
Too (MS) 31.3+23 51.8+2.7* 53.9+6.3* 56.7 + 5.2*
APDg, (Ms) 322+22 53.0 +2.8* 54,7 +6.2* 575+5.1*
Contraction amplitude () 0.3+0.1 0.5+0.1 0.5+0.1 0.6+0.7

All data are presented as mean + s.e.m., and n=4.

*p<0.05 vs Control group (0g).
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4.3.4 Effect of gadolinium on the combined stretch and NA induced

ectopic activity of the rat PV cardiomyocytes

The rat PV cardiomyocytes displayed incidence of ectopic activity under 1 g stretch
combined with NA 100 uM (Figure 4-10A). The presence of gadolinium 80 uM
inhibits stretch-induced changes in electrical activity and contraction in rat atrial
myocytes (Tavi et al., 1996). Figure 4-10B shows that gadolinium 80 uM inhibited the
ectopic action potentials induced by the combination of stretch and NA. Figure 4-11D
shows that gadolinium significantly decreased the frequency of NA-induced

automaticity under 1g stretch from 3.7 £ 0.6 Hz to 1.0 £ 0.3 Hz (n=6, p<0.05).

The presence of gadolinium 80 uM had no effect on RMP (Figure 4-11A), nor peak
amplitude of the action potential in rat PV cardiomyocytes (Figure 4-11B). Treatment
with gadolinium caused no statistically significant changes in rise time, T50, T90 and
APD90 of action potentials compared with the control, as shown in Figure 4-11F, and
Table 4-4. In addition, no statistically significant change was detected in the

contraction parameter (Figure 4-11E).
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Figure 4-10 Effect of gadolinium on the combination of stretch and NA induced
ectopic activity in the rat PV cardiomyocytes. (A) Representative recordings of
twitch tension and action potential in absence of gadolinium (control; the combination
of stretch and NA 100 uM) (B) Representative recordings of twitch tension and action
potential in presence of gadolinium 80 uM. The expanded segments present the pre-
post gadolinium. # indicates electrical stimulation, * indicates NA induced ectopic

action potential and n=6.
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Figure 4-11 Effect of gadolinium on the action potential parameters of the PVs
with the combination of stretch and NA. Control; the combination of stretch and NA
100 uM, Gadolinium 80 uM (A) Resting membrane potential (B) Peak amplitude (C)
Rise time of action potential, (D) Frequency of action potential (E) Contraction
amplitude (F) Time taken for 50% repolarisation (Tso), Time taken for 90%
repolarisation (Tgo), and the duration at 90% repolarisation (APDgo) of action

potentials. All data are presented as mean + s.e.m., * p < 0.05 vs control and n=6.
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Table 4-4 The effect of gadolinium on action potential parameters of ectopic

activity induced by combined stretch and NA in the rat PV cardiomyocytes

Action potential parameters Control Gadolinium 80 uM
Resting membrane potential (mV) -85.0+3.3 -84.1+15
Peak amplitude (mV) 96.6 £ 3.7 87.8+£6.3

Rise time (ms) 05+0.1 0.8x0.1
Frequency (Hz) 3.7x0.6 1.0+£0.3*

Tso (M) 8.8+1.2 8.1+13

Too (M) 53.2+4.2 46.9+9.4
APDgo (ms) 54.6 + 4.0 48.0+9.4
Contraction amplitude (g) 0.3+0.1 0.3+0.1

All data are presented as mean * s.e.m., and n=6.

*p<0.05 vs control group (0g).
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4.3.5 Effect of verapamil on the combined stretch and NA induced

ectopic activity of the rat PV cardiomyocytes

In control, the combination of stretch and NA 100 uM induced ectopic action
potentials in the rat PV myocardium (Figure 4-12A). The application of Ca?* channel
blocker; verapamil 1 uM reversed the stretch activated increase in intracellular Ca?* in
isolated guinea pig ventricular myocytes (Gannier et al., 1996). The effect of verapamil
on the combination of stretch and NA induced ectopic activity of the rat PV

cardiomyocytes is illustrated in Figure 4-12B.

Treatment with verapamil significantly decreased the frequency of NA-induced
automaticity under the stretch condition from 3.6 + 0.7 Hz to 0.5 £ 0.1 Hz (n=6,
p<0.05, Figure 4-13D). However, verapamil had no effect on RMP (Figure 4-13A) or

action potential peak amplitude (Figure 4-13B).

Moreover, the rise time, T50, T90 and APD90 of action potentials were not
significantly altered in the presence of verapamil when compared with control group
(Figure 4-13F). Verapamil also had no effect on the contraction amplitude of the rat
PV (0.3 £0.1g) when compared with the PV control (0.3 + 0.1g) as illustrated in Figure

4-13E, and Table 4-5.
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Figure 4-12 Effect of verapamil on the combination of stretch and NA induced
ectopic activity of the rat PV cardiomyocytes. (A) Representative recordings of
twitch tension and action potential in absence of verapamil, (control; the combination
of stretch and NA 100 uM) (B) Representative recordings of twitch tension and action
potential in presence of verapamil 1 uM. The expanded segments present the pre-post

verapamil, # Electrical stimulation, * NA induced ectopic action potential and (n=6).
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Figure 4-13 Effect of verapamil on the action potential parameters of the PVs
with the combination of stretch and NA. Control; the combination of stretch and NA
100 pM, Verapamil 1 uM (A) Resting membrane potential (B) Peak amplitude (C)
Rise time of action potential, (D) Frequency of action potential (E) Contraction
amplitude (F) Time taken for 50% repolarisation (Tso), Time taken for 90%
repolarisation (Tgo), and the duration at 90% repolarisation (APDgo) of action

potentials. All data are presented as mean £ s.e.m., * p < 0.05 vs control and n=6.
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Table 4-5 The effect of verapamil on action potential parameters of ectopic

activity induced by combined stretch and NA in the rat PV cardiomyocytes

Action potential parameters Control Verapamil 1 uM
Resting membrane potential (mV) -85.0 £2.9 -76.2+4.3
Peak amplitude (mV) 96.2+5.8 89.0+£7.04
Rise time (ms) 05+0.1 09+0.2
Frequency (Hz) 3.6x0.7 0.5+0.2*
Tso (M) 93+2.1 9.1+2.2
Too (Ms) 51.1+3.6 46.3+6.4
APDgo (ms) 52.1+4.8 48.0 +6.4
Contraction amplitude (g) 0.3+0.1 0.3+0.1

All data are presented as mean * s.e.m., and n=6.

*p<0.05 vs Control group (0g).
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4.3.6 Effect of ORM-10103 on the combined stretch and NA induced

ectopic activity of the rat PV cardiomyocytes

The presence of ORM 10103 ranging from 0.1 to 10 uM reduced both the outward and
the inward NCX currents in a concentration-dependent manner in canine ventricular
myocytes (Jost et al., 2013). The present study shows that the combination of stretch
and NA as a control group induced ectopic action potentials in the rat PV
cardiomyocytes (Figure 4-14A). The representative recording in Figure 4-14B shows

ORM-10103 1 uM reduced the ectopic action potentials in the rat PV cardiomyocytes.

ORM-10103 had no effect on the RMP and peak amplitude of ectopic action potentials
in the rat PV myocardium compared with the control group, as seen in Figure 4-15A
and B (n=6). The action potential rise time was not significantly changed by ORM-
10103 (Figure 4-15C). Treatment with ORM-10103 significantly reduced the
frequency of NA-induced automaticity under stretch from 3.6 £ 0.5 Hzto 1.1 £ 0.2 Hz
(n=6, p<0.05, Figure 4-15D). However, ORM-10103 did not significantly alter rise
time, T50, T90 and APD90 of action potentials (Figure 4-15F) as well as ectopic

contraction in the rat PVs as shown in Figure 4-15E and Table 4-6).
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Figure 4-14 Effect of ORM-10103 on the combination of stretch and NA induced
ectopic activity in the rat PV cardiomyocytes. (A) Representative recordings of
twitch tension and action potential in absence of ORM-10103, (control; the
combination of stretch and NA 100 uM) (B) Representative recordings of twitch
tension and action potential in presence of ORM-10103 1 uM. The expanded segments
present the pre-post verapamil, # Electrical stimulation, * NA induced ectopic action

potential and (n=6).
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Figure 4-15 Effect of ORM-10103 on the action potential parameters of the PVs
with the combination of stretch and NA. Control; the combination of stretch and NA
100 uM, ORM-10103 1 puM (A) Resting membrane potential (B) Peak amplitude (C)
Rise time of action potential, (D) Frequency of action potential (E) Contraction
amplitude (F) Time taken for 50% repolarisation (Tso), Time taken for 90%
repolarisation (Tgo), and the duration at 90% repolarisation (APDgo) of action

potentials. All data are presented as mean + s.e.m., * p < 0.05 vs control and n=6.
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Table 4-6 The effect of ORM-10103 on action potential parameters of ectopic

activity induced by combined stretch and NA in the rat PV cardiomyocytes

Action potential parameters Control ORM-10103 1 uM
Resting membrane potential (mV) -81.7+34 -79.4+19
Peak amplitude (mV) 89.7+4.2 88.0+£4.6

Rise time (ms) 0.7+0.1 0.7+0.1
Frequency (Hz) 3.6x0.5 1.1+£0.2*

Tso (M) 9.1+17 8.6+2.1

Too (Ms) 50.8+4.6 41.5+8.3
APDgo (ms) 51.9+4.7 42.7+85
Contraction amplitude (g) 0.3+0.1 0.3+0.04

All data are presented as mean * s.e.m., and n=6.

*p<0.05 vs Control group (0g).
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4.3.7 Effect of prazosin on the combination of stretch and NA induced

ectopic activity of the rat PV cardiomyocytes

Prazosin; an a1- adrenoceptor antagonist (1 pM) inhibited ectopic activity induced by
NA in the rat PVs (Maupoil et al., 2007, Doisne et al., 2009). Therefore, to observe
any effects of a-adrenergic blockade on the combination of stretch and NA induced
ectopic activity of the rat PV cardiomyocytes, prazosin was added to the preparation

(Figure 4-16).

Treatment with prazosin had no effect on the RMP (Figure 4-17A) or action potential
peak amplitude of ectopic action potentials in the rat PV myocardium (n=6, Figure
4-17B). However, prazosin did significantly reduce the frequency of spontaneous
action potentials in rat PV cardiomyocytes under the combination of stretch and NA

from 3.6 £ 0.5t0 0.4 £ 0.1 Hz (n=6, p<0.05, Figure 4 17D).

There were no statistically significant changes in rise time, T50, T90 or APD90 of
action potentials compared with the PV control, as seen in Figure 4-17F. As
summarised in Table 4-7, the presence of prazosin did not significantly decrease the

amplitude of ectopic contraction in the PV (Figure 4-17E).
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Figure 4-16 Effect of prazosin on the combination of stretch and NA induced

#
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ectopic activity in the rat PV cardiomyocytes. (Control; the combination of stretch
and NA 100 uM) (A) Representative recordings of twitch tension and action potential
in absence of prazosin, (B) Representative recordings of twitch tension and action
potential in presence of prazosin 1 uM. The expanded segments present the pre-post

prazosin, # Electrical stimulation, * NA induced ectopic action potential and (n=6).
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Figure 4-17 Effect of prazosin on the action potential parameters of the PVs with
the combination of stretch and NA. Control; the combination of stretch and NA 100
MM, Prazosinl uM (A) Resting membrane potential (B) Peak amplitude (C) Rise time
of action potential, (D) Frequency of action potential (E) Contraction amplitude (F)
Time taken for 50% repolarisation (Tso), Time taken for 90% repolarisation (Tgo), and
the duration at 90% repolarisation (APDgo) of action potentials. All data are presented

as mean = s.e.m., * p < 0.05 vs control and n=6.
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Table 4-7 The effect of prazosin on action potential parameters of ectopic activity

induced by combined stretch and NA in the rat PV cardiomyocytes

Action potential parameters Control Prazosin 1 uM
Resting membrane potential (mV) -81.1+20 -717.3+2.6
Peak amplitude (mV) 81.9+3.7 83.6£5.7
Rise time (ms) 08+0.1 09+0.2
Frequency (Hz) 3.6x0.1 0.4+0.1*
Tso (M) 11.0+1.4 102 +1.2
Too (Ms) 51.21+3.74 47.44 + 3.68
APDgo (ms) 52.34 +3.71 48.64 + 3.44
Contraction amplitude (g) 04x0.1 0.3+£0.03

All data are presented as mean * s.e.m., and n=6.

*p<0.05 vs Control group (0g).
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4.3.8 Effect of propranolol on the combination of stretch and NA

induced ectopic activity of the rat PV cardiomyocytes

The presence of propranolol 1 uM inhibited the responses to electrical stimulation in
the rat LA (Doggrell, 1990). The present study shows that NA 100 uM combined with
1g stretch was applied to generate spontaneous activity in rat PV cardiomyocytes as
the control condition (Figure 4-18A). The effect of B-adrenoceptor blockade was

studied by perfusing with propranolol (Figure 4-18B).

Microelectrode studies demonstrated that propranolol had no effect on the RMP or the
peak amplitude of ectopic action potentials, as shown in Figure 4-19A and B.
However, the frequency of NA-induced automaticity under stretch was significantly

reduced by propranolol from 3.6 + 0.6 to 0.2 £ 0.04 Hz (n=6, p<0.05, Figure 4-19D).

Detailed examination of the ectopic action potentials revealed that the presence of
propranolol 1 uM did not alter the combination of stretch and NA induced changes in
the rise time, T50, T90 and APD90 of action potentials compared with the control
group, as seen in Figure 4-19C and F. Moreover, the amplitude of contraction was not
significantly different after applying propranolol to the rat PV preparations (Figure

4-19E, and Table 4-8).
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Figure 4-18 Effect of propranolol on the combination of stretch and NA induced
ectopic activity of the rat PV cardiomyocytes. (Control; the combination of stretch
and NA 100 uM) (A) Representative recordings of twitch tension and action potential
in absence of propranolol (B) Representative recordings of twitch tension and action
potential in presence of propranolol 1 uM. The expanded segments present the pre-
post propranolol, # Electrical stimulation, * NA induced ectopic action potentials and

(n=6).
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Figure 4-19 Effect of propranolol on the action potential parameters of the PVs
with the combination of stretch and NA. Control; the combination of stretch and NA
100 uM, Propranolol 1 uM (A) Resting membrane potential (B) Peak amplitude (C)
Rise time of action potential, (D) Frequency of action potential (E) Contraction
amplitude (F) Time taken for 50% repolarisation (Tso), Time taken for 90%
repolarisation (Tgo), and the duration at 90% repolarisation (APDgo) of action

potentials. All data are presented as mean + s.e.m., * p < 0.05 vs control and n=6.
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Table 4-8 The effect of propranolol on action potential parameters of ectopic

activity induced by combined stretch and NA in the rat PV cardiomyocytes

Action potential parameters Control Propranolol 1 uM
Resting membrane potential (mV) -83.3+2.2 -81.2 3.7
Peak amplitude (mV) 96.9+5.9 88.4+5.4

Rise time (ms) 0.6+0.1 1.0+£0.1
Frequency (Hz) 3.6x0.6 0.2 +0.04*

Tso (M) 11.0+1.1 10.4 + 3.7

Too (M) 50.0 + 5.6 44.7 5.2
APDgo (ms) 51.0+5.7 46.2 +5.4
Contraction amplitude (g) 0.3+0.1 0.3+0.03

All data are presented as mean * s.e.m., and n=6.

*p<0.05 vs Control group (0g)
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4.4 Discussion

4.4.1 Effect of stretch-induced spontaneous activity in the rat PV

cardiomyocytes

In the present study stretch increased the incidence of spontaneous electrical and
mechanical activity but had no noticeable effect on action potential characteristics in
rat PV cardiomyocytes. This is consistent with Hamaguchi et al. (2016), who reported
that mechanical stretch increases the firing rate of spontaneous electrical activity but
does not action potential parameters in guinea pig PV myocardium. In contrast, Chang
et al. (2007) showed that stretch changed the electrophysiological properties,
shortened APD and increased the incidence of spontaneous activity in rabbit PV

cardiomyocytes.

Previous studies have shown that mechanoelectrical feedback leads to changes in the
electrical activity of the heart (Nazir, 1996a, Chang et al., 2007). This
mechanoelectrical feedback is induced by the activation of SACs, which can affect
both the inward and outward ionic currents, resulting in the change of APD and
increasing automaticity (Ruknudin et al., 1993, Ravelli and Allessie, 1997, Patterson
et al., 2006). These results suggest that stretch is an important factor in electrical
activity of the PVs, although its specific effect on action potentials is debated. It is fair
to hypothesise that stretch-induced arrhythmogenic activity of the PVs may be

involved in the genesis of AF.
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4.4.2 Effect of NA on stretch-induced spontaneous activity in rat PV

cardiomyocytes

This study has also shown that application of NA increases the generation of ectopic
action potentials, prolongs APD and induces EADs in rat PV cardiomyocytes under 1
g stretch. This observation is consistent with earlier studies of the PVs described
above. In addition, it has been shown that NA and isoproterenol prolong the terminal
phase of repolarisations (EADs), which is enhanced by increasing Ca®* transient and
NCX currents in canine hearts (Patterson et al., 2006). Tsuneoka et al. (2012)
demonstrated that NA induces automaticity activity and EADs in mouse PV
myocardium. Likewise, a study in isolated ventricular myocytes from patients with
heart failure showed prolonged APD and induced EADs in the presence of NA

(Veldkamp et al., 2001).

The sympathetic and parasympathetic nervous systems play important roles in
autonomic activity, which generate and sustain AF (Namekata et al., 2010). Previous
studies in rabbit, guinea pig, rat, and mouse PV cardiomyocytes have shown that NA,
stimulating both a and p adrenoceptors, induces automatic electrical activity (Doisne

et al., 2009, Namekata et al., 2010, Takahara et al., 2011, Tsuneoka et al., 2012).

The application of NA also induces EADs, which are generated at the end of the action
potential plateau phase, resulting in prolonged APD. EADs relate to increased inward
Icar (January et al., 1991) or activation of the NCX channels in response to Ca?* release
from the SR, which causes Ca?* overload and action potential prolongation (Szabo et
al., 1994, Nattel and Dobrev, 2012). The PVs might be a particular point of initiation

of automatic electrical activity. Hocini et al. (2000) demonstrated the predominant
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source of ectopic activity initiating AF was located in individual human PVs. Tan et
al. (2008) also showed that the ectopic foci responsible for initiating AF have high
densities of sympathetic nerves and PAS-positive specialized conduction cells in PVs
of the dog. Some studies have shown ganglionated plexi at the PVV-LA junction where
adrenergic neurotransmitters induce excess Ca?* intracellularly leading to Ca?*
overload and generating EADs in PV cells (Scherlag et al., 2006, Tan et al., 2006).
This may suggest that NA-induced action potential prolongation and EADs in rat PV
cardiomyocytes could be related to the induction of AF via the sympathetic nervous

system.

4.4.3 Effect of pharmacological agents on stretch-induced spontaneous

activity in rat PV cardiomyocytes

In the present study, gadolinium (80 uM) decreased the incidence of spontaneous
electrical activity in rat PV cardiomyocytes caused by combining stretch and NA. This
is in agreement with previous reports in rabbit atrial cardiomyocytes (Bode et al.,
2000), rabbit PV myocardium (Chang et al., 2007, Seol et al., 2008) and guinea pig
PV cardiomyocytes (Hamaguchi et al., 2016). Gadolinium, a SAC blocker, has been
shown to inhibit the effect of stretch-induced changes in the action potential and
EADs/DAD:s in rat and rabbit cardiac cells (Tavi et al., 1996, Bode et al., 2000, Seol
et al., 2008). The mechanical stretch-induced increase in spontaneous activity in
guinea pig PV cardiomyocytes was decreased by gadolinium (Hamaguchi et al., 2016).
Previous studies have also shown that gadolinium can inhibit stretch-induced

automaticity in rabbit PV myocardium in a dose-dependent manner (Chang et al.,
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2007). Similarly, Seol et al. (2008) demonstrated that gadolinium suppresses the
swelling-induced stretch-activated nonselective cationic currents and mechanical
stretch-activated nonselective cationic currents in cardiomyocytes isolated from rabbit
PVs. In addition, a study in isolated ventricular myocytes has shown that gadolinium
inhibits cardiac IcaL, at a concentration of 10 uM (Lacampagne et al., 1994), and NCX
currents, at a concentration of 100 uM (Zhang and Hancox, 2000). Thus, this finding
suggests that gadolinium at concentration 80 UM may have antiarrhythmic potential,

which would indicate a non-specific action, involving the SAC, LTCC and NCX.

In the present study, verapamil (1 uM), a specific LTCC-blocker, significantly
decreased the occurrence of ectopic action potentials in the rat PV myocardium under
the stretch plus NA condition. This may be in agreement with previous reports by
(Gannier et al., 1996) , which demonstrated that the stretch-induced increase in
intracellular Ca®* in isolated guinea pig ventricular myocytes can be reversed by
verapamil. Similarly, verapamil has been shown to slightly decreased the incidence of
spontaneous activity in rabbit PV cardiomyocytes during stretch (Chang et al., 2007).
Previous studies have shown stretch can increase Ica. through LTCC (Kamkin et al.,
2003a), which prolonged APD in mouse ventricular myocytes. Matsuda et al. (1996)
also reported that stretch increased IcaL in rabbit atrial myocytes and sinoatrial node
cells. In contrast, Eckardt et al. (2000) reported verapamil (1 puM) had no effect on
stretch-induced changes in repolarisation and stretch-induced arrhythmias in isolated
rabbit ventricles. In addition, verapamil did not inhibit AF induction during acute
dilatation in rabbit hearts (Bode et al., 2000). Therefore, these apparently conflicting
reports may suggest that verapamil, rather than having a direct effect on SACs, acts on

LTCC in PV cardiomyocytes.
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The present study also investigated the effects of ORM 10103, an NCX inhibitor, on
stretch plus NA induced ectopic action potentials. ORM 10103 was found to decrease
the number of ectopic events. Previous studies in human, mouse, and rat
cardiomyocytes have shown that mechanical stretch increases intracellular Na*
concentrations via SACs, activating NCX, which enhances Ca?* influx through the cell
membrane (Tavi et al., 1998, Alvarez et al., 1999, Baartscheer et al., 2003a, Isenberg
et al., 2003). Considering the action of ORM-10103, it may be suggested that this
effect is caused by inhibiting the NCX process, limiting Ca?* influx into the cell,

therefore preventing PV cardiomyocytes from generating rapid ectopic events.

This study demonstrated that the application of prazosin (1 uM) and propranolol (1
M) decreased the number of ectopic events in the rat PV myocardium during stretch
in the presence of NA, which is consistent with previous reports in mouse and rat PVs
by Okamoto et al. (2012), which demonstrated prazosin and propranolol block NA-
induced automaticity in rat PV cardiomyocytes. It has also been shown that prazosin,
a selective ai-adrenergic receptor antagonist, and atenolol, a selective Pi-receptor
antagonist, have an inhibitory effect on catecholamine-induced autonomic activity in
the rat PV (Doisne et al., 2009). In addition, propranolol, a B-adrenoceptor blocker,
inhibits the effect of NA-induced automatic electrical activity in the mouse PV

myocardium (Tsuneoka et al., 2012).

In rat atrial myocytes, automaticity activity induced by stretch is enhanced by
isoproterenol. Isoproterenol, which produces B-adrenergic stimulation, can therefore
modulate the effects of stretch (Wagner et al., 2004). Kuz’min and Rozenshtraukh

(2012a) also demonstrated that isoproterenol induces changes in electrical activity and
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excitability of the rat PV myocardium. Studies in rat, mouse and guinea pig
myocardium have all shown that NA induces automaticity in PV preparations (Doisne

et al., 2009, Takahara et al., 2011, Tsuneoka et al., 2012).

In conclusion, this study has shown that stretch induces ectopic action potentials in rat
PV cardiomyocytes, which is enhanced by the application of NA. Stretch-activated ion
channels are thought to contribute largely to this abnormal electrical activity.
Application of NA increases this effect via the sympathetic nervous system, o-8
adrenoceptor stimulation, and increasing Ca?* influx into cardiac muscle cells.
Additionally, the combination of stretch and NA may increase intracellular Ca?* via
the activation of NCX in reverse mode. Overall, these findings indicate that stretch-

induced arrhythmogenic activity may be involved in the generation of AF.

Mechanical stretch may affect cardiomyocytes via opening of SACs that leads to Na*
and Ca®* entry into the cells (Reed et al., 2014, Hamaguchi et al., 2016). As a
consequence of increasing permeability to Na*, increased intracellular Na* leads to the
activation of the NCX and intracellular influx of Ca?* (Tavi et al., 1998). Stretch also
alters intracellular Ca?* concentration by the entry of Ca?* via LTCC; as reviewed by
Calaghan et al. (2003) and Lammerding et al. (2004). Gadolinium (SACs blocker),
ORM-10103 (a selective inhibitor of the NCX current), and verapamil (Ca* channel
blocker) reduce the incidence of stretch-induced ectopic action potentials enhanced by
NA in the rat PV myocardium. Considering prior knowledge of these drugs, we may
suggest that gadolinium inhibits stretch-induced electrical changes by blocking SACs;
ORM-10103 inhibits ectopic action potentials by blocking the NCX currents; and

verapamil reverses these stretch and NA induced changes by blocking Ca?* influx
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through LTCC during stretch. Furthermore, prazosin (ai-blocker) and propranolol
(non-selective B -blocker) also decreased the frequency of NA-induced automaticity
under 1 g stretch. These findings suggest a complex interaction of cellular mechanisms
including physical stretch and adrenergic stimulation induce arrhythmogenic activity,

which may provide a substrate to initiate and sustain AF.
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Chapter 5. General Discussion
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5.1 Characteristics of cardiomyocytes in the rat PV and atria

Chapter 2 the characteristics of cardiomyocytes found in the rat PV and atria were
revealed using Masson's trichrome staining. The PV sections showed that
cardiomyocytes are located outside of the adventitial layer, separated from smooth
muscle. Longitudinal sections of the rat PV showed myocardial sleeves extending from
LA into the PVs. This study revealed a non-uniform alignment of myocardial fibres
within sleeves. Moreover, transverse sections showed the circumferential fibre
arrangement surrounding the lumen of the PVs. Higher magnification of the PV
sections showed the rectangular and striated appearance of the cardiac muscle fibres,
which are similar to the cardiomyocytes found in the LA. The LA and PV staining
sections also revealed that cardiomyocytes contain one or two nuclei, which are
located centrally within the cells. Additionally, intercalated discs were found at the
end-to-end junctions of cardiomyocytes in both sections. Nathan and Eliakim (1966)
demonstrated the presence of myocardial sleeves extending over human PVs. Cheung
(1981a) demonstrated that action potentials and automaticity were recorded at the
distal end of the PVs, which could be generated within these myocardial sleeves.
Moreover, Haissaguerre et al. (1998) reported that myocardial sleeves within the PVs
were a source of ectopic beats possibly involved in the initiation of AF. Therefore, the
present studies confirm that cardiomyocytes extend from LA into the PV, which forms
a myocardial sleeve, in agreement with previous findings in humans and other
mammals (Calkins et al., 2008, Namekata et al., 2010, Takahara et al., 2011, Tsuneoka

et al., 2012), and may be associated with the occurrence of AF.
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5.2 ldentification of the SAN and the expression HCN4 channel of

the rat PV and atria

In the present study, the SAN was identified using Masson’s trichrome staining in the
rat RA. The location of the rat SAN is positioned between the SVC and the roof of the
RA, near to the sinus node artery. Under a light microscope, the SAN cells are
observed as small, ovoid, pale staining and poorly striated in appearance, which are
different from atrial muscle cells. However, in this study using Masson’s trichrome

staining, node cells were not observed in any area of the rat PV section.

It has been reported that the SAN is the pacemaker of the heart (Satoh, 2003). In
humans and rodents, the SAN is located in the posterior wall of the RA, extending
from the superior vena cava. (Satoh, 2003, Liu et al., 2007, Ferreira et al., 2011, Wen
and Li, 2015, Huang et al., 2016). These nodal cells exhibit a clear, structureless and

pale appearance (Waller et al., 1993, Satoh, 2003).

In this study using light microscopy did not reveal node-like cells in any area of the
rat PV section. Saito et al. (2000) and Perez-Lugones et al. (2003) also found no
evidence of node-like cells in normal human PV preparations under light microscopy.
However, Masani (1986) demonstrated that node-like cells are present in the
myocardial sleeve of the rat PVs with the electron microscope. The electron
microscope technigque generally produces much higher resolution images than light
microscopy, which may account for this considering the characteristics of node-like
cells. They are reported to have appeared with the typical clear structure, either
individually or in small groups, among the ordinary myocardium. Using periodic acid-

Schiff (PAS) staining for glycogen, which is contained in node cells, Chou et al. (2005)
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showed positive findings for node-like cells in the canine PV under a light microscope.
Perez-Lugones et al. (2003) also identified myocardial cells with pale cytoplasm in the
PV of humans with AF by light microscopy and electron microscopy. Therefore, to
identify node-like cells in the PV, the electron microscope technique may be
considered for closer examination of the tissue staining. Moreover, the overall
pathological conditions of the heart, with or without exhibiting AF, may relate to the
presence of node-like cells in the PV preparation and our ability to identify these using

different imaging techniques.

To further investigate the differences between SAN and atrial muscle cells,
immunohistochemistry was used to identify the expression of HCN4, a specific maker
for node cells, responsible for the pacemaker current () in the heart (Bois et al., 2011).
The RA section showed the expression of HCN4 in SAN cells but not in atrial muscle
cell area. In the rat PV section, no significant expression of HCN4 protein was
observed. This is in agreement with previous studies in rats, which showed that HCN4
is highly expressed in the SAN, but not in PVs (Yamamoto et al., 2006, Xiao et al.,
2016). However, the recent study by Li et al. (2014) showed high expression levels of
HCN4 channel mRNA and proteins in the atria and PVs of aged dogs; this may relate
to the overall pathological condition of the dogs’ hearts. Therefore,
immunohistochemistry can be used to identify HCN4, a marker of SAN cells, in the
RA but not in the PVs. The source of arrhythmogenic activity involved in the initiation
of AF may not have an influence on node-like cells in the normal PVs. However,
pathological conditions encountered in aging, e.g. heart failure, may be associated with

the ectopic beats originating in the myocardial sleeves of the PVs.
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5.3 NA induced ectopic activity in the rat PVs

Chapter 3 findings showed that NA, a non-selective adrenoceptor agonist, induces
ectopic activity in the rat PV at 37°C. This ectopic activity was decreased by reducing
the temperature to 25°C. Increasing extracellular Ca?* also changed ectopic contraction
characteristics, specifically increasing the frequency and the duration of ectopic
contractions in the rat PVs. Prazosin (az-blocker), propranolol (B-blocker), carbachol
(cholinergic agonist), and verapamil (Ca?* channel blocker) decreased the number of

ectopic events generated by NA.

This study shows ectopic activity recorded from cardiomyocytes in the PV. The
autonomic nervous system has two divisions; sympathetic nervous system and
parasympathetic nervous system, which are both known to influence the automaticity
of the PV myocardium (Namekata et al., 2013). Increasing catecholaminergic activity
is an important stimulator of enhanced automaticity in PV cardiomyocytes (Mahida et
al., 2015). The stimulation of adrenergic and cholinergic activity regulates multiple
cardiac ion currents (e.g. Na*, K and Ca?"), which has an influence on the generation
and maintenance of AF (Workman, 2010). Maupoil et al. (2007) demonstrated that
ectopic activity in the PV requires activation of both a and  adrenoceptors. Likewise,
studies in PV myocardium have shown that NA induces automatic electrical activity
in guinea pig, rat and mouse PV cardiomyocytes (Cheung, 1981a, Doisne et al., 2009,
Namekata et al., 2010, Takahara et al., 2011, Tsuneoka et al., 2012). As noted, ectopic
activity in the rat PV may relate to the a-adrenergic receptor signalling pathway, which
activates phospholipase C (PLC), and the B-adrenergic receptor signalling pathway,

which stimulates protein kinase A (PKA). These pathways cause increased Ca?* entry
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into the cells via LTCC and enhanced release of Ca?* from the sarcoplasmic reticulum
in the heart. Therefore, PVs receive both sympathetic and parasympathetic
innervations, which are considered to play important roles in the generation of AF

through their effects on the PV cardiomyocytes.

Furthermore, temperature plays a key role in the modulation of contractile and
electrophysiological activity of cardiomyocytes. In isolated rat PVs, ectopic activity
increased in response to stimulations by NA at 37°C but not at the lower temperature
of 25°C. This is consistent with previous reports in rabbit PV by Chen et al. (2003),
isolated rabbit atria by Beaulnes and Day (1957), and in dog hearts by Patterson et al.
(2006), where increasing temperature increases the isometric tension, duration of force
development, and duration of action potentials. Chen et al. (2003) also showed PV
cardiomyocytes have larger transient inward currents at high temperature compared
with low temperature. Thus, temperature may have an influence on
electrophysiological properties and the genesis of arrhythmogenic activity in PV

cardiomyocytes.

Overall, results obtained from the rat PV indicate that the sympathetic neuronal
influence on the PV myocardium leads to the generation of automatic activity through
activation of both a- and B-adrenergic receptors. These mechanisms may be involved
in the generation and maintenance of AF, with the PV acting as an origin under the

autonomic nervous control.
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5.4  Stretch induced changes in PV cardiomyocytes

Chapter 4 showed that stretch increased the incidence of spontaneous activity but had
no effect on the action potential characteristics in rat PV cardiomyocytes. This study
also shows that application of NA increases the incidence of ectopic action potentials,

prolongs APD and induces EADs in rat PV cardiomyocytes under 1 g stretch.

Previous studies have shown that mechanical stretch increases the firing rate of
spontaneous electrical activity in the PV myocardial layer (Ravelli, 2003, Chang et al.,
2007). Stretch also induces activation of SACs, which increases intracellular Na* and
Ca?* and results in changes of APD and increasing automaticity (Seol et al., 2008, Seol
et al., 2011). In addition, application of NA to cardiomyocytes induces changes in
electrical activity followed by the generation of automaticity activity in guinea pig, rat
and mouse PV myocardium (Namekata et al., 2010, Doisne et al., 2009, Tsuneoka et

al., 2012).

In addition, EADs occur during the action potential plateau or during late
repolarisation (Gaztafaga et al., 2012, Nattel and Dobrev, 2012). Stretch can trigger
arrhythmias caused by EADs and DADs of the membrane potential (Tavi et al., 1996).
The mechanism suggested to be responsible for these arrhythmias is the Ca* overload
caused by stretch (Lab, 1996, Chang et al., 2007, Seol et al., 2011). During the stretch-
induced Ca?* overload, the Ca?*induced inactivation of the Ica. opens a time window
in which the increased NCX current can trigger EADs (Tavi et al., 1998). Moreover,
NA can generate EADs by increasing inward lIcaL, resulting in increased intracellular
Ca?" and subsequently activating Ca?" release from the sarcoplasmic reticulum.

Spontaneous Ca?* release from the sarcoplasmic reticulum leads to reverse-mode
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activation of the NCX, causing Ca?* overload and subsequently generating EADs
(January et al., 1991, Vassalle and Lin, 2004, Nattel and Dobrev, 2012, Tse et al.,

2016).

Therefore, this study suggested that stretch changed electrophysiological activity in
the rat PVs, which enhanced the automatic activity induced by the application of NA.
In addition, the combination of stretch and NA may induce Ca?* overload generated
EADs, resulting in prolonged APD, which occurred during phase 2 of the action

potential.

Gadolinium is known as a potent SAC blocker, and has been widely used in atrial
ventricular myocytes and PV myocardium (Tavi et al., 1996, Bode et al., 2000, Hansen
etal., 1991, Zeng et al., 2000, Chang et al., 2007, Seol et al., 2008, Hamaguchi et al.,
2016). It has also been reported that gadolinium blocks Ca?* channels by inhibiting
IcaL in a dose-dependent manner (Lacampagne et al., 1994). Another study also
showed that gadolinium inhibits NCX currents in isolated guinea pig ventricular
myocytes (Zhang and Hancox, 2000). Finding that gadolinium inhibits changes
induced by stretch plus NA may demonstrate the antiarrhythmic potential of blocking

SACs: however, contributions from Ca?* and NCX must also be considered.

Treatment with ORM-10103 (NCX inhibitor) can be used as inward and outward NCX
current inhibitors (Terracciano and Hancox, 2013). In this study, ORM-10103 also
suppressed the ectopic action potentials in the rat PVs, suggesting that the NCX is
involved in the combination of stretch and NA mediated arrhythmogenic activity.
Stretch-induced SAC opening leads to Na* influx to the cells, subsequently rising

intracellular Na*, which favours Ca?* entry via reverse mode of the NCX (Rice and
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Bers, 2011). Thus, ORM-10103 may inhibit the NCX process, limiting Ca2* influx into

the cell, therefore preventing PV cardiomyocytes from generating ectopic events.

Furthermore, prazosin (ai-blocker) and propranolol (non-selective B-blocker) also
decreased the frequency of NA-induced automaticity under stretch. In rat atrial
myocytes, stretch-induced automaticity is enhanced by isoproterenol (B-adrenergic
stimulation) (Wagner et al., 2004). Moreover, NA induces automaticity in PV
preparations from rat, mouse and guinea pig myocardium (Doisne et al., 2009,
Namekata et al., 2010, Takahara et al., 2011, Tsuneoka et al., 2012). These results may
suggest that the sympathetic nervous system influences the PV myocardium leading
to the generation of automaticity through activation of both o- and B-adrenergic

receptors.

Stretch may be the precipitating factor in changing the electrophysiological properties
of the PVs, which can be reversed by SAC, NCX, and calcium channel blockers. NA
enhances the arrhythmogenic activity of PVs, which was inhibited by the effect of both
az and [ adrenoceptor blockers. These findings suggest that stretch and catecholamines

may be linked to AF originating in the PVs.
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55  Summary

To summarise, this study has shown that histological techniques in rats confirm that
cardiomyocytes extend from the LA into the PV, which forms a myocardial sleeve, in
agreement with previous findings in humans and other mammals. This histological
study also identified the SAN located in the RA. SAN cells are observed as small,
ovoid, pale staining and poorly striated in appearance, which are clearly different from
atrial muscle cells viewed under a light microscope. However, the node-like cells were
not observed in any area of the rat PV section. Further using immunohistochemistry,
HCN4, a marker of pacemaker cells, was found in SAN cells but not in atrial muscle
cells. In addition, the expression of HCN4 protein was not detected in any area of the
rat PVs. Therefore, the present study indicates that cardiomyocytes extend from LA
into the PV, which forms a myocardial sleeve that may be associated with the
occurrence of AF; although in this physiological ‘normal’ preparation node-like cells
were not seen in the PV. Considering that node-like cells were not observed in the PV
sections, it is plausible to suggest that AF triggered by the PV may not involve these

cell types.

NA-induced ectopic activity in rat PVs was mediated via a-p-adrenergic receptors,
indicating that increased catecholaminergic activity is an important mediator of
enhanced automaticity in rat PV cardiomyocytes. Furthermore, mechanical stretch also
induced changes in electrical characteristics and induced ectopic action potentials in
the rat PVs. SACs may be an important link between stretch and ectopic activity in
PV, potentially acting as a main factor in the development of AF. Thus, stretching of

the PVs may be considered as an influence on AF.
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In this thesis, we used tissues obtained from healthy animals to investigate the
anatomical and physiological properties of PVs, which may be considered the primary
limitation of this study. To confirm these findings and further our understanding of the
mechanism of AF in the PV, pathophysiological tissue samples from humans with AF
may be used in future studies. Moreover, the examination of arrhythmogenic
properties of the PV has revealed that Ca?* may be associated with ectopic activity and
EADs under stretching conditions. Further investigation with Ca?* imaging techniques
using the Ca?* sensitive fluorescent indicator, fluo-4, could be implemented to monitor
intracellular Ca?* on stretch-induced activity in rat PV cardiomyocytes. Better
knowledge of factors regulating arrhythmias generated in the PV will lead to the
discovery and development of novel therapeutic strategies and pharmacological agents

for treatment of AF.
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