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Abstract

Atrial fibrillation is the most common form of cardiac dysrhythmia in the world.
According to the British Heart Foundation, about 1 million people in the UK are
currently living with this condition and they are up to five times more likely to
suffer a stroke than the rest of the population. Atrial fibrillation is the result of
irregular spontaneous contractions of the atrial chambers of the heart separate
to the contractions generated by the sino-atrial node activity. At a cellular level,
pro-arrhythmogenic calcium handling has been observed upon the stimulation
of atrial cells with the partial agonist CGP12177 at a novel low affinity $1-AR
(B1-AR).

The aim of this thesis is to characterise the relationship between the
morphology of the left and right atrial myocytes and the initial calcium release
sites, and alterations in calcium handling protein phosphorylation state during
cardiomyocyte contraction. We study how this relates to atrial arrhythmias via
spontaneous calcium release activity in quiescent rat atrial myocytes by
stimulating the propranolol-insensitive B1-ARs using CGP12177. We aim to
contribute towards understanding specific alterations at the cellular level in atrial
myocytes during arrhythmias and heart failure (HF).

Quiescent WKY rat left and right atrial cells were obtained from Langendorff
perfusion of the whole heart and subsequent atrial cell isolation. Left atrial cells
(13.6 £ 0.3 ym) were wider on average compared to right atrial cells (9.9 + 0.25
pm). Di-BANEPPS stained cells confirmed networks of t-tubules in left atrial
myocytes that facilitate t-tubular transportation of calcium during excitation
contraction coupling. However no t-tubules were reported for right atrial
myocytes presumably due to their narrower widths which are sufficient for
calcium diffusion. Cardiac dysfunction results in cardiac proteins
(sarco(endo)plasmic calcium ATP-ase (SERCA2a) protein, phospholamban
(PLB) and ryanodine receptors (RyR2) having abnormal expressions. Western
blotting studies have demonstrated high abundance of PLB and a tendency for
lower abundance of SERCA2a in hypertensive and volume overload HF tissues
as a result of the increased the workload on the heart and prolonged calcium
release from the calcium store. Phosphorylated proteins of PLB in hypertensive
tissues have lower population of B-ARs and hence there is a reduction in the
stimulation of these receptors in the heart. On the other hand, a deterioration of
RyR2 of the sarcoplasmic reticulum leads to a reduced amount of calcium being
stored in the calcium store and consequently contributes to a contractile deficit.
This may eventually result in arrhythmias, commonly observed in people with
HF.

A pharmacological study of spontaneous calcium release (calcium sparks,
wavelets and waves) using a series of cardioactive agents suggests pathways
of pro-arrhythmogenic calcium release via the low affinity 1-ARs. In particular,
CGP12177 stimulating the B1.-ARs of quiescent rat atrial myocytes has
revealed that there may be a pro-arrhythmogenic pool of calcium in these atrial
cells and a B-blocker such as bupranolol may be efficient in supressing such
stimulation as a therapeutic solution.
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Chapter 1
1.0 Introduction

1.1. Introduction to the anatomy and physioloqy of the mammalian heart

The mammalian heart is an important life-sustaining muscle in the body (Figure
1.1). It continuously and involuntarily propels blood around the body to deliver
oxygenated blood to nourish the organs with vital nutrients and oxygen, as well
as to deposit de-oxygenated blood in the lungs to expel carbon dioxide and
collect oxygen (Levick, 2012). Unlike other muscle groups in the body, the
heart is unique in that it beats continuously and will continue to do so
rhythmically even when the body is at rest. The mammalian heart is situated
slightly to the left of the centre of the body and is obliquely positioned, so that
the apex of the heart leans slightly towards the left side of the body with the
base of the heart lying towards the right of the body. The heart is surrounded
by a pericardium which is a fibrous sac enveloping the epicardial muscle that
constitutes the outside layer of the heart and provides some anchorage of the
heart and protection behind the sternum and rib cage (Levick, 2012). The
healthy heart is crucial in the normal function of the body since alteration in its

activity would bring about consequences to the sustainability of one'’s life.

Superior vena
Aortic arch

Right atria Left pulmonary artery

Left atria
Coronary artery

Right ventricle
Left ventricle

Apex

Figure 1.1 The mammalian heart. A posterior view of a typical mammalian heart.
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1.2. Structure and function of the heart

1.2.1 Atria and ventricles

The mammalian heart is made up of four chambers (Figure 1.2). The left and
right atria make up the upper cavities of the heart, whilst the left and right

ventricles are larger muscular chambers that are at the apex of the heart.

Figure 1.2 The anatomical interior of the mammalian heart. The fundamental and
important parts of the heart are annotated. The frontal view of the heart showing the
left ventricle is thicker than the right ventricle.

The atria are the primary recipients of blood just before its entry into the
ventricles. The heart is orientated such that upon frontal viewing, the right
atrium is the most obvious whilst the left atrium is slightly hidden from view
(Anderson and Cook, 2007). The left atrium is made up of a smooth inner wall

with relatively thick muscle fibres which accounts for the higher pressure
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required to pump blood to the largest chamber of the heart, the left ventricle.
On the other hand, the right atrium has a thinner muscular wall as it does not
require much force to push blood into the right ventricle. The right atrium
consists of extensive muscular protrusions known as trabeculae which serve to
prevent the atrioventricular (AV) valves from inverting and these develop into
ridges called the pectinate muscles (Ho et al., 2002 ; Anderson and Cook,

2007).

Both atria consist of three units known as the vestibule, the venous component
and the most prominent feature of the atria, the atrial appendages. In humans,
the left atrial appendage is a small, protruding lobulous-like pocket whereas the
right atrial appendage is a slightly bigger cone-shaped tissue (Anderson and
Cook, 2007). It has been suggested that the lobular structure of the left atrial
appendage may encourage the formation of blood clots during certain cardiac
disorders like atrial fibrillation (AF) (Johnson et al., 2000). The right and left
ventricular walls on the other hand also possess trabeculae carnae which
similarly to the papillary muscles, aid to prevent the backflow of blood into the

atrial chambers.

1.2.2 Circulation of the blood in the heart

Upon arrival to the atria, the majority of the blood flows passively into the
ventricular chambers whereas a smaller proportion of the blood is pumped by
atrial contraction which contributes about 15 - 20% of the blood in the ventricles
(Kaasik et al., 2001). The replenishing of the ventricles with blood from the atria

is called the “atrial kick” (Lo et al., 1999). The contraction of the mammalian
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atrial chambers occurs momentarily just before that of the ventricles. The
contraction of the atria is less forceful and less prolonged than for the ventricles
(Korecky and Michael, 1974) since the distance for blood to travel from atria to
ventricles is relatively short. The right atrium receives deoxygenated blood from
the body via the two caval veins, the superior vena cava (from the upper parts
of the body) and the inferior vena cava (from the lower parts of the body). The

left atrium receives oxygen-rich blood via the pulmonary vein.

Each side of the heart possesses an AV valve whereby, the right side of the
heart has a 3-cusp valve known as the tricuspid valve while the AV valve on the
left side of the heart is known as the bicuspid or mitral valve. Upon atrial
contraction, blood flows from the right and left atria and through the respective
AV valves which prevent backflow of the blood and into the corresponding
relaxed ventricles. During systole, when the right and left ventricles contract,
the cusps of the pulmonary and aortic semilunar valves are forced outwards to
enable blood to flow out of the ventricles. Chordae tendinae are strong tendons
made of connective tissue which prevents prolapse of AV valves under high
systolic pressure and they are situated on the inner ventricular walls attached to

papillary muscles of the heart.

Upon exit from the right ventricle, deoxygenated blood flows via the pulmonary
artery towards the lungs. On the other hand, the left ventricle which is also the

most muscular and thickest ventricle, pumps blood rich with oxygen towards the

rest of the body via the aorta.
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1.3 Cardiac Excitation Contraction Coupling

1.3.1 Ventricular Excitation Contraction coupling

Excitation Contraction (EC) coupling is the electrical excitation event in
cardiomyocytes which activates the contractiie machinery of the heart, first
resulting in cardiac sarcoplasmic reticulum (SR) calcium release and eventually,
contraction of the heart muscle (Fabiato, 1985 ; Cheng et al., 1993 ; Bers, 2002
: Eschenhagen, 2010). Calcium ions play the main role in orchestrating EC
coupling (Figure 1.3). During the cardiac action potential, the cardiac cell
undergoes depolarisation whereby the L-type calcium channels (LTCCs) open
and calcium enters the cell as a calcium current (Bers, 2002). Invaginations of
the surface membrane of the cardiac cell called t-tubules facilitate the transport
of depolarisation deep into the ventricular cell for EC coupling (Kirk et al., 2003 ;

Smyrnias et al., 2010).

The entry of calcium into the myocyte then triggers the release of more calcium
from the SR via calcium release channels called ryanodine receptors (RyR2)
(Tunwell et al, 1996 ; Dulhunty et al, 2012). This process of calcium
movement is known as Calcium-Induced Calcium Release (CICR) (Fabiato,
1985). This increase in intracellular calcium concentration enables calcium to
bind to a myofilament protein called troponin C, causing a conformational
change of the latter which causes tropomyosin to be displaced from the troponin
body. This in turn allows the myofilaments actin and myosin to interact by
sliding past one another in a rowing motion as outlined in the sliding filament
theory (Huxley and Hansen 1954 ; Huxley and Niedegerke, 1954) which

facilitates contraction of the cardiomyocyte.
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Figure 1.3 The action of calcium ions during excitation contraction (EC)
coupling. Red arrows show the movement of calcium ions during systole. Green
arrows represent events during diastole when the intracellular calcium is low and the
cardiomyocyte is relaxed. The inset diagram illustrates the action potential time
course, the calcium events and the resulting contractile activity in a ventricular
myocyte. Adenosine triphosphate (ATP), sodium calcium exchanger (NCX), action
potential (AP), ryanodine receptor (RyR2), phospholamban (PLB), sarcoplasmic
reticulum (SR), sodium (Na) and calcium (Ca). Courtesy of Bers, 2002.

1.3.2 Atrial Excitation Contraction coupling

EC coupling in isolated ventricular cells has been frequently studied but recently
there has been a sudden increase in interest for this event in atrial cells. EC
coupling in atrial cells is similar to that in ventricular cells. However, differences
occur regarding the handling of intracellular calcium events. Work carried out

by Huser and colleagues (1996) on isolated cat atrial myocytes showed that
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calcium release was frequently being initiated from the periphery of the
myocytes before transitioning across the cell. Unlike the ventricular cells, the
atrial myocytes did not seem to have a complex t-tubule network and were able
to carry depolarisation into the cells without the need of such a system. This is
because of a narrow cell width which is presumed to allow for a short distance
of calcium diffusion to the contractile elements during EC coupling (Mackenzie

et al., 2001).

1.4 The cardiac action potential

The sinoatrial (SA) node is composed of a group of specialised cells situated in
the right atrial muscular wall (Figure 1.4), close to the superior vena cava, and
its function is to trigger continuous and precisely timed electrical signals known
as action potentials (Boyett ef al., 2000). The action potential spreads over the
right and left atrial walls and causes the atria to contract. By this time, the
action potential reaches the AV node causing the Purkinje fibres, which are
specialised fibrous conductive tissues on the inside wall of the ventricles to
send a signal of contraction to the ventricles (Eli8ka, 2006). This causes the
right ventricle to propel the de-oxygenated blood via the pulmonic valve, into the
pulmonary artery and towards the lungs. At the same time, the left ventricle
contracts powerfully to enable the oxygenated blood to be distributed to the rest

of the body via the aortic valve.
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Superior

vena cava

AV
RtI?.hlt bundle
atrium Latt
Internodal bundle
pathway branch

Left
ventricle

Inferior
vena cava

Right Right bundle
ventricle branch

Bob Crimi

Figure 1.4 Cardiac action potential pathway. An electrical impulse originates from
the sino-atrial (SA) node (or sinus node) and arrives at the atrioventricular (AV) node
within 30 ms before travelling down the Purkinje fibres and causing the ventricles to
contract. Courtesy of Robbins and Dorn 11 (2000).

1.5 Calcium Sparks

Calcium sparks are the fundamental units of quantal calcium release arising
from the SR as a response to an action potential during EC coupling (Benham
and Bolton, 1986 ; Cheng et al., 1993 ; Venetucci et al., 2008). Initially, calcium
sparks were identified in isolated single rat cardiomyocytes under the laser
scanning confocal microscope in 1993 by Lederer's group (Cheng ef al., 1993).
In quiescent cells, the calcium sparks were described as being localised and

discrete areas of increased fluorescence observed under the confocal
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microscope when cardiomyocytes were loaded with a fluorescent calcium
indicator such as fluo-4 acetoxyimethyl (AM) (Cheng et al., 1993 ; Bolton and
Gordienko 1998 ; Shirikova et al., 1999 ; Cheng and Lederer, 2008). Calcium
sparks can only be seen in quiescent cells when spontaneous SR calcium
release occurs. They will summate together in time and space and eventually
will resuit in a whole cell calcium event propagating across the entire
cardiomyocyte, known as calcium waves (Cheng et al., 1993). The frequency
of calcium sparks and their eventual transition into calcium waves is increased
by an overload of calcium (Cheng et al., 1993) and do not necessarily result in
co-ordinated cell contractions. Intermediate calcium events are non-
propagating events but are larger than calcium sparks and are known as
calcium wavelets or macrosparks (Cheng et al., 1993). Sometimes excess
catecholamines can activate the arrhythmogenic inward current which
generates an extra cardiac contractions separate to the action potential

generated contractions and they are known as arrhythmias.

Calcium sparks have been observed to be of a bigger size in spontaneously
hypertensive rats (SHR) (Shorofsky et al., 1999). This is due to the size and the
increase in population of RyR2 that function as the calcium channels on through
the LTCC to accommodate the increasing pressure of blood upon the heart.
SHRs are outbred strains of the Wistar rat produced by the Kyoto School of
Medicine and they naturally develop hypertension as they get older. Therefore,
cardiomyocytes from SHR hearts are a common experimental animal model to
study left ventricular hypertensive heart disease at the cellular level because of
their ability to demonstrate the stages of hypertension evident in human disease

(Shorofsky et al., 1999).
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1.5.1 Pathology of cardiac tissues

In humans, pathological hypertrophy in the left ventricular chamber increases
the chances of myocardial infarction (Ml), congestive heart failure (CHF) and
stroke (Gradman and Alfayoumi, 2006 ; Baumi and Underwood, 2010). During
cardiac hypertrophy, the muscular wall of the heart thickens progressively as a
result of the increase in the sizes of cardiomyocytes (Frey et al., 2004). The
increase in the thickness of the cardiac muscle is due to compensatory
mechanisms responding to the pathological cardiac wall stress when the heart
has to work harder to keep up cardiac demand by pumping blood around the
body. Furthermore, collagenous substances begin to accumulate on the
cardiac cell surface which reduces the elastic compliance of the cardiac muscle
(Katz and Zile, 2006). Heart failure (HF) is due to the weak pumping action of
the heart causing insufficient blood reaching the organs of the body to deliver
oxygenated blood or to remove deoxygenated blood. In order to compensate
for a low cardiac output, the heart has to work harder and faster. During HF,
the flow of blood being pushed by the atria into the ventricles during contraction
can be significantly affected since the heart does not have enough power to

pump the blood (Maisel and Stevenson, 2003).

The incidence of AF in patients with HF is between 10 - 15% (Maisel and
Stevenson, 2003). The spontaneous electric impulses of the atria result in the
irregularity in atrial calcium signalling events causing the atria to contract
sporadically and randomly leading to AF which is the most commonly occurring
cardiac arrhythmia (Benjamin et al., 1998). Initially, AF is not a danger to health

since the blood still reaches the ventricles although less forcefully. The irregular
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atrial contraction however could then lead to the possibility of thrombus
formation in the atria due to blood not being pumped consistently and

rhythmically and this may eventually result in a stroke.

1.6. Atrial and ventricular cardiomyocytes
1.6.1. Morphology

Atrial and ventricular cells have well-adapted structures to suit their specific
functions during EC coupling. The morphology of human atrial and ventricular
cells is not significantly different from each other (Bustamante et al., 1982),
however it has been widely demonstrated that there are pronounced differences
in terms of morphological structures between the atrial and ventricular myocytes
of other mammals such as cats (Hiser et al., 1996), sheep (Dibb et al., 2009),
guinea pigs (Hume and Uehara, 1985) and rats (Kirk et al., 2003 ; Walden et al.,
2009 ; Smyrnias et al., 2010).

Rat hearts are popular choices for use in many cardiac related studies due to
their physiological relevance to the human heart function, their relatively small
handling sizes and availability (De Young et al., 1989). However, the rat atrial
and ventricular cell morphologies are different to that of the human myocytes.
Rat atrial cells in particular usually have a narrow worm-like shape with tapered
ends (Figure 1.5) which is very different from that seen in humans which have a

rod shape.
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Figure 1.5 An isolated rat atrial myocyte. The atrial myocyte photomicrograph
taken with an objective magnification of 20 x and a calibration bar indicating 20 pm, has
the expected smooth tapered end morphology. Courtesy of Sam et al., 2009.

Isolated human atrial cells are larger and have a rod-shaped morphology
(Figure 1.6) (Bustamante et al., 1982). Previously it has been shown that rat
ventricular cells (Figure 1.7) are noticeably wider than the rat atrial cells and
have a rod-shaped morphology (Kirk et al, 2003 ; Smyrnias et al., 2010).
Hence, the rat ventricular cell is similar to the shape of the human atrial cell
(Bustamante et al., 1982). Despite the differences in morphology, both human

and rat atrial myocytes can demonstrate arrhythmic events.

Figure 1.6 An isolated human atrial myocyte. The calibration bar indicates 20 ym.
The human atrial cell has a long straight-edged body and has a rod-shape morphology.
Courtesy of Bustamante et al., 1982.

i13|Page



Chapter 1

Figure 1.7 An isolated rat ventricular myocyte. The photomicrograph depicts a
calibration bar of 50 um. The characteristically rod-shaped rat ventricular cell is similar
in morphology to the human atrial cell but completely different to the rat atrial cell.
Courtesy of Freestone et al., 2000.

1.6.2 Structure and function of t-tubules

T-tubules are intricate intracellular invaginations of the sarcolemmal membrane
(Lipp et al., 1995 ; Brette and Orchard, 2003 ; Kirk et al., 2003 ; Smyrnias et al.,
2010) found in ventricular cells and some mammalian atrial cells (Dibb et al.,
2009 ; Richards et al., 2011). T-tubules serve to propagate a depolarising
action potential throughout the myocytes to enable the co-ordinated and
simultaneous release of calcium to be discharged from the SR (Cheng et al.,
1994 ; Song et al., 2000 ; Brette and Orchard, 2003 ; Brette and Orchard, 2007 ;
Kirk et al., 2003 ; Smyrnias et al., 2010).

T-tubules are normally non-existent at birth but they soon start to develop
rapidly in number and structure (Chen et al., 1995). In situations where there
are ailments of the heart or through ageing, t-tubules begin to deplete

considerably (Smyrnias et al., 2010). T-tubules can be studied once the
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cardiomyocytes are isolated and stained with a suitable probe such as di-
8ANEPPS, a fluorescent dye which detects differences in membrane potential.
The dye only becomes activated and fluoresces upon binding to the lipophillic
membranes of the cell and observed under a laser scanning confocal

microscope.

The t-tubules of the rat ventricular cells are normally about 200 nm in length and
are apparent regularly at every 1.8 ym along the myocyte (Soeller and Cannell,
1999). In atrial cells derived from small mammals however, there are significant
variations concerning this ultrastructural detail. It has been reported that rat
atrial cells do not have an organised t-tubule system unlike for the ventricular
cells (Mackenzie et al., 2001 ; Orchard and Brette, 2008 ; Walden et al., 2009 ;
Richards et al., 2011 ; Orchard et al., 2013). Other groups have reported that
the atrial cells have a similar network of t-tubules which are however not fully
developed and they lack the organisation observed in ventricular cells and may
be orientated transversely (Leeson et al., 1980 ; Tidball et al., 1991). In other
studies, the tubular network of the atrial cells has often been reported as being
disorganised in both longitudinal and transverse manner (Soeller and Cannell,
1999 ; Kirk et al., 2003). This rudimentary network of atrial tubules, similar to
those in ventricular cells has been named the Transverse Axial Tubular System
(TATS) (Kirk et al., 2003). The functional characteristics of TATS are similar to
ventricular t-tubules, yet their existence in atrial cells is thought to be dependent

upon the morphology of these cardiomyocytes.
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As discussed previously, atrial cells are narrower than the ventricular cells and
so therefore there is a smaller distance for the released calcium load to travel to
activate contraction (Dobrev et al., 2009). In rats, wider atrial myocytes (>20
pUm in width) were reported to have more TATS than narrower atrial myocytes
(Kirk et al., 2003 ; Smyrnias et al., 2010) possibly facilitating the EC coupling
process in these wider cells (Dobrev et al., 2009). Upon contraction, left atrial
myocytes provide higher pressures than the right atrial myocytes and thus may
have adapted to be wider (Kirk et al., 2003). There is also considerably more
heterogeneity in the morphology of atrial cells than for ventricular cells. For
example, horse atrial cell widths were considerably larger than those for cows
and sheep, but there were no significant variations in ventricular cell widths

between the different mammals investigated (Richards et al., 2011).

In atrial cells with TATS (more often found in the left atrium), fundamental units
of calcium release events observed by augmentation of fluorescence under the
confocal microscope (calcium sparks) were shown to be initiated more
frequently from groups of cardiac RyR on the cell periphery but also with some
occasional initiations from the cell interior (Huser et al., 1996 ; Kirk et al., 2003 ;
Smyrnias et al., 2010). The relationship between the existence of t-tubules and
the occurrence (and location of initiation) of calcium sparks has been studied by
co-labelling the single atrial cells with both di-8BANEPPS and fluo-4AM
(Smymias et al., 2010). In wider atrial cells, more calcium sparks occurred
originating from the centre of the cell but in narrower atrial cells where there are
no TATS, calcium sparks were mainly restricted to the cell periphery. When
line-scanned under the confocal microscope the wider atrial cell is seen to

produce calcium waves with a “W" shape (Kirk et al., 2003) and progressively
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the waves propagate through the cell in this manner (Hiser et al., 1996 ;
Mackenzie et al., 2001 ; Kirk et al., 2003 ; Smyrnias et al., 2010). However, in
narrower atrial cells, where TATS are less likely to occur, a “U” shaped calcium
wave is produced (Kirk et al., 2003 ; Freestone et al., 2007). This is due to
calcium sparks being triggered on the periphery of thinner cells and these
sparks tend to be notably bigger and have a longer duration before progressing

as a propagated wave across the cell in a “U” shape (Woo et al., 2003).

Recently, it has been suggested that the size of atrial cells, and hence the
probability of the presence of a t-tubule network may be dependent upon the
animal size (Dibb et al., 2009 ; Richards et al., 2011). Huser et al., (1999)
studied atrial cells from a small mammal (cat) stained with di-BANEPPS and
suggested that the t-tubule system does not exist in these cells. In larger
mammals such as sheep, the isolated atrial cells show evidence of having many
more t-tubules structures, though they are still less in numbers than those in the
corresponding ventricles (Dibb et al., 2009). The t-tubular structures existing in
these larger mammalian atrial cells such as in horse atrial cells were observed
by incubating the cells in wheat germ agglutinin (WGA) (Figure 1.8) (Richards et
al., 2011). WGA is commonly used in conjunction with a fluorescent conjugate
and it selectively binds to N-acetyl-D-glucosamine and sialic acid residues
which are found on intracellular cell surfaces such as t-tubules (Savio-

Galimberti ot al., 2008).
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Figure 1.8 Horse right atrial myocyte t-tubule network. The calibration bar depicts
10 um. A network of t-tubules is clearly shown in isolated horse right atrial cells
incubated with wheat germ agglutinin (WGA), which have a rod-shaped morphology, a
shape similar to the ventricular cell of a rat. Courtesy of Richards et al., 2011

1.6.3 Pathophysiology of t-tubules

T-tubules carry depolarisation deep within the cell which results in
cardiomyocyte contraction but in the pathological state t-tubules may become
damaged. The symptomatic stage of hypertension in humans is rather
challenging to work on experimentally hence the SHRs are commonly used for
such studies as they provide an experimental model of hypertensive heart
disease leading to HF. The SHRs still retain t-tubules even though the
cardiomyocytes may not be in a healthy condition. Despite this, EC coupling
still occurs in these SHR cardiomyocytes (Fowler et al, 2007). It has been
suggested that SHR rats of 6 months have already developed signs of
hypertrophy such as increased heart mass and increased systolic blood
pressure (Bell et al., 2004). Temporal features such as the dimensions of the
SHR ventricular myocytes by this stage differs to the nomotensive Wistar-
Kyoto (WKY) counterparts, whereby both the ventricular cell width and cell

lengths are larger than for WKY rats (Bell et al., 2004).
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Ageing and any underlying cardiac diseases are factors which will cause a
depletion of t-tubules in cardiomyocytes and interrupt the EC coupling process
(Smyrnias et al., 2010). To study this effect, rat ventricular myocytes were
detubulated chemically by formamide to re-enact the situation of the deletion of
t-tubules (Smyrnias et al., (2010). The same group went on to show that di8-
ANEPPS stained rat atrial cells showed similar fluorescence intensity as for
ventricular cells which have been artificially detubulated (Smyrnias et al., 2010).
The detubulated rat ventricular cells showed similar patterns in whole cell
calcium waves as for atrial cells, both forming “U” shape calcium waves
propagating through the cell which is normally characteristic of the narrower

atrial cells.

1.7 Expression of calcium handling proteins

Cardiac phosphoproteins in the heart, such as phospholamban (PLB),
phosphorylated versions of PLB (phospho Ser-16 and phospho Thr-17),
sarco(endo)plasmic reticulum calcium ATP-ase (SERCA2a), cardiac RyR2 and
its phosphorylated proteins (RyR2 phospho-Ser2808, RyR2 phospho-Ser2814
and RyR2 phospho-Ser2030), calsequestrin (CSQ) and calreticulin (Figure 1.9)

regulate and maintain the normal function of the heart.
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Figure 1.9 Calcium handling protein signalling pathways. The pathways show
how the levels of the intracellular second messengers-cyclic adenosine
monophosphate (cAMP) in blue arrows and calcium in red arrows play a role in
triggering the actions of phospholamban (PLN also known as PLB) and
sarco(endo)plasmic reticulum 2-ATPase (SERCA2a) respectively on the sarcoplasmic
reticulum (SERCA2a). Other acronyms include ryanodine receptor (RyR2), protein
kinase (PKA), protein phosphatase 1 (PP1) and adenosine triphosphate (ATP).
Courtesy of MacLennan and Kranias, 2003.

1.7.1 SERCA2a : Cardiac calcium pump of the SR

Depolarisation of cardiac cells causes calcium release from the intracellular
calcium store, the SR. The resulting transient elevation in intracellular calcium
concentration enables cardiac contraction to occur. SERCA2a is a 100 kDa

cardiac isoform forming the SR calcium pump (Hasenfuss et al, 1997). It
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allows cardiac relaxation to occur when it pumps calcium back into the SR thus
refilling the calcium store for the next contraction event (Bers, 2002 ; Maller et

al., 2003 ; Li et al., 2005).

1.7.2 PLB : Regulator of the calcium re-uptake pump activity

PLB is a small calcium handling protein found in skeletal, smooth and cardiac
muscles. This 25 kDa pentameric phosphoprotein inhibits the calcium pump
activity of the SR (Boknik et al., 1999 ; Boknik et al., 2001 ; MacLennan and
Kranias, 2003). Each of the five monomeric subunits of PLB is about 5 kDa.
PLB is phosphorylated in intact cardiomyocytes at two distinctive sites, serine
16 (phospho-Ser16) and threonine 17 (phospho-Thr17) (Wegener et al., 1989).
Following its phosphorylation by protein kinase A (PKA) or calcium/calmodulin
dependent protein kinase 2 (CaM Kinase Il) via the B-adrenergic receptor
pathway (MacLennan and Kranias, 2003), the inhibition of SERCA2a activity is
then reversed. When the calcium pump is active, the calcium content of the SR
is increased and cardiac relaxation is hastened (Goldman et al., 1984 ; Solaro
et al, 1998 ; Boknik et al., 2001 ; Kaasik et al., 2001 ; Bers, 2002). When PLB
becomes dephosphorylated by protein phosphatase 1 (PP1), the activity of
SERCA2a pump is again inhibited (Hasenfuss et al., 1997 ; MacLennan and
Kranias, 2003). If calcium re-uptake into the SR increases, this results in more
calcium being released at the next contraction cycle and this in turn leads to

positive inotropy of the whole heart and an increase in cardiac output

(Simmerman et al., 1998).
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1.7.3 RyR2 : Calcium release channel of the SR

The intracellular calcium release channel on the SR membrane is known as the
RyR and it was initially mentioned in cardiac muscles by Nakai and colleagues
in 1990. RyRs are usually found close to the surfaces of sarcolemma especially
at the t-tubules (Franzini-Armstrong et al., 1999). The cardiac isoform of RyR
known as RyR2 exists as a homotetramer unit of about 565 kDa, consisting of
four RyR2 monomers (Kushnir and Marks, 2010). RyR2 is activated by the
inward flow of calcium into the cell during EC coupling (Hasenfuss et al., 1997 ;
Lanner et al., 2010). B-stimulation then increases the L-type calcium current

which increases SR calcium release via the RyR2 (Eschenhagen, 2010).

1.7.4 Other calcium handling proteins

Other less major cardiac calcium handling proteins exist and may be relevant to
this work. CSQ is a 44 kDa calcium binding protein attached hydrophobically
on the inside of the SR and aids the regulation of EC coupling of the
cardiomyocytes (MacLennan and Wong, 1971) by managing the release of
calcium through the RyR2 (Chopra and Knolimann, 2009). Calreticulin is a 46
kDa protein, first reported by Ostwald and MaclLennan, 1974. It is located on
the interior surface of the SR which contributes to the healthy early
development of the human heart (Gelebart et al, 2005). It is normally highly
expressed in the human embryonic heart, however after birth, the level
decreases naturally (Nakamura et al., 2001 ; Gelebart et al., 2005). Calreticulin
at this repressed level helps the folding of new developing proteins and

glycoproteins and regulating the binding and storage of calcium for intracellular
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calcium events (Michalak et al., 1999 ; Gelebart et al, 2005). Abnormal
increases in calreticulin levels in the adult human heart are associated with

development of congenital arrhythmias and heart block (Nakamura et al., 2001).

The expressed abundances of the major cardiac proteins and their
phosphorylation states involved in calcium handling ; for example PLB and
SERCAZ2a in mammalian atrial cells may differ significantly to calcium handling
in mammalian ventricular cells and be related to the different functions carried

out by the various cardiac chambers.

1.7.5 Pathophysiology of calcium handling proteins

Calcium handling proteins which are altered or abnormally distributed were
often found to be those involved in the elimination of calcium from the cytosol
(Hasenfuss et al., 1997). The resulting mishandling of calcium in the
cardiomyocytes may underlie the pathophysiology of several cardiac disease
states, such as cardiac hypertrophy, arrhythmias and HF (Hasenfuss et al.,

1997 ; Kubo et al., 2001).

In experimental studies of systemic hypertension, the SHR and its normotensive
control, the WKY strains are used. On the other hand, a volume-induced
overload model of HF (Scheuermann-Freestone et al., 2001) in rats can be
used as a means to study the effects of heart failure on calcium handling

proteins and CICR.
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During HF, there is impairment to the intracellular calcium uptake into the SR
which therefore leads to an upset in normal calcium handling. It has been found
in the human heart in terms of calcium handling proteins that there are no
changes in the abundances of PLB protein upon the onset of HF however there
is a decrease in SERCAZ2a activity levels (Schwinger et al., 1995 ; Kubo et al.,
2001). On the other hand, MacDonnell and colleagues (2005) have shown in
left ventricular tissue of female rats that the levels of PLB and SERCA2a

remained the same, both in normotensive and hypertensive animals.

The release of calcium from the SR is enhanced when stimulants of the B-
adrenoceptor (B-AR), adrenaline and noradrenaline, bind to trigger the
phosphorylation of the Ser-2808 site on the RyR2 (Eschenhagen, 2010).
However, during HF, RyR2 becomes continuously phosphorylated or
hyperphosphorylated by PKA at the Ser-2808 site of RyR2 (Marks et al., 2002 ;
Wehrens et al., 2005 ; Wehrens et al., 2006 ; Shan et al., 2010 ; Eschenhagen,
2010 ; Bers, 2012 ; Zhang et al., 2012). These calcium channels are therefore
not able to regulate the calcium efflux from the calcium store normally resulting
in a depletion of calcium in the SR. Less calcium in the SR means a decrease

in inotropy, and hence less blood being pumped out of the heart.

1.8 B-signalling pathways
1.8.1 p1/g2-ARs

Initially, B-ARs were classified into two subtypes called B1-ARs and B2-ARs
(Lands et al., 1967). It has been suggested since that there are four B-ARs

subtypes in the human heart (Kaumann and Molenaar, 1997). These subtypes
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are namely, a low affinity B1 (81.-AR), a high affinity 1 (B14-AR), the B2 and
B3-ARs, and each regulates the heart in different ways depending on the
subtypes’ specific signalling pathway (Kaumann and Molenaar, 1997). B-ARs
are responsible for connecting the sympathetic nervous system and the
cardiovascular system mediated by the endogenous catecholamines,

adrenaline and noradrenaline (Zheng et al., 2005).

The stimulation of the B1-AR active site by specific agonists triggers the Gs-
protein signalling pathway, whereby adenylate cyclase (AC) is activated leading
to an increase in the levels of cAMP and stimulation of PKA activity (Zhu et al.,

2005). This results in positive inotropic, chronotropic and lusitropic responses.

In humans, B2-ARs are found in smooth, cardiac and skeletal muscles, as well
as the bronchial, genitourinary and vascular areas of the body. The B-AR
signalling pathway is linked to both Gs and Gi proteins (Xiao ef al., 2004). Upon
stimulation of the B2-AR, the Gs pathway results in positive inotropy and
chronotropy. However, the persistent stimulation of the B2-AR will trigger a
switch from Gs protein coupling to a Gi pathway whereby phosphoinositide 3-
kinase (PI3K) will be activated and this leads to negative inotropy (Chen-lzu et
al., 2000 ; Xiao et al., 2004). Upon stimulation of the Gi sub-unit, nitric oxide
(NO) is produced by endothelial nitric oxide synthase (eNOS). The production of
NO activates guanylate cyclase (GC) which catalyses the production of cyclic
guanosine monophosphate (cGMP). An increase in cGMP levels activates
protein kinase G (PKG) and calcium entry via the LTCC is inhibited hence
causing cardioinhibitory effects. Triggering the Gi signalling pathway has also

shown evidence of being a cardioprotective mechanism, whereby apoptosis of
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cardiomyocytes is avoided in HF (Bernstein et al., 2005). It has been shown
that B2-ARs are up-regulated during HF to protect the heart from excess

catecholamines (Moniotte et al., 2001).

1.8.2 B3-ARs

A third cardiac B-AR was reported in ventricular celis from a number of species
including humans (Gauthier et al., 1998). B3-ARs produce a negative
chronotropic and inotropic effect promoted by B3 specific agonists and are

usually coupled to Gi proteins in the human heart (Gauthier et al., 1996).

1.8.3 Designation of the novel propranolol-insensitive and pro-arrhythmic

B1.-ARS

One of the most important treatments for HF and arrhythmias is a class of drugs
known as the B-blockers. B-blockers were initially introduced in the 1960s by
Sir James Black at the Imperial Chemical Industries (ICI) (Black et al., 1995)
and this success triggered a surge of interest in this set of drugs. B-blockers
inhibit the ability of catecholamines to bind to their receptors hence inhibiting
cardiac stimulation. However, a specific sub-class of these B-blocking drugs
was discovered not to block cardiostimulation but instead to cause stimulation.
These drugs were designated as non-conventional partial agonists and they
have been discovered to work upon a specific B receptor variant, known as the
B1.-AR previously known as the putative B4-AR (Kaumann et al., 1998 ;
Kaumann and Molenaar, 2008). An example of a non-conventional partial

agonist is pindolol which was studied in an investigation by Podrid and Lown
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(1982). Pindolol has since been contra-indicated as a result of the
sympathomimetic activity observed in the treatment of ischaemic HF (Podrid
and Lown, 1982). Freestone and colleagues (1999) have shown that the non-
conventional partial agonist, CGP12177, which is structurally similar to pindolol,
is 40 times more potent than isoprenaline (ISO) (a potent synthetic analogue of
adrenaline and noradrenaline) in causing arrhythmias in electrically paced
mouse ventricular myocytes. A study carried out by Kaumann and Lynham
(1997) in WKY rats, showed that CGP12177 mobilised less cAMP and PKA via
the B-AR signalling pathway than ISO. Furthermore, in a study carried out by
Lowe (1998), in ferret ventricle, CGP12177 caused an increase in the plateau
phase of the action potential however the duration of the action potential was
shortened more abruptly compared to noradrenaline stimulating the
conventional B1-ARs. CGP12177 also caused cardiostimulatory and arrhythmic

effects in rat ventricular and atrial myocytes (Sarsero et al., 1999).

Propranolol, a B-blocker was unsuccessful in hindering the stimulatory effects of
CGP12177 though another B-blocker known as bupranolol has been shown to
be moderately effective in blocking the pro-arrhythmic activity (Lowe et al.,
1998). This has led to the designation of a new receptor variant — By -AR.

However, the mechanism for the arrhythmogenic effects mediated by this

receptor is currently unknown.
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1.9 Objectives of the thesis

The objectives of this thesis will focus upon studying the physiology and
pathophysiology of the rat atrial myocyte and pharmacological studies of the

propranolol-insensitive low affinity B-AR in relation to atrial arrhythmias.

Chapter 3 : Pharmacological studies of B-AR cardio-active drugs in embryonic
chick ventricular myocytes will seek to confirm the presence of the four B-AR
subtypes and the combinations of drugs required to individually characterise

these receptors.

Chapter 4 : The morphology and dimensions of isolated left and right rat atrial
myocytes and how these features relate to the occurrence of the t-tubular

network and its relation to EC coupling in these cells will be studied.

Chapter 5§ : Calcium handling proteins that contribute to the functioning of the
EC coupling processes will be studied. Particular focus will be upon the
differences and quantification of calcium handling protein abundances and
degree of phosphorylation in left and right chambers of the rat atrial and

ventricular myocytes in healthy and pathological conditions.

Chapter 6 : Spontaneous calcium release events resulting from calcium
handling in quiescent rat atrial myocytes under various perfusate conditions will
be studied for pro-arrhythmogenicity or inhibition of SR calcium release activity.
This would hopefully contribute to a better understanding of the specific

alterations at the cellular level in atrial myocytes during arrhythmias and HF.
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CHAPTER 2

General Methods
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2.0 General Methods

2.1 Materials

2.1.1 General reagents

All chemicals including Foetal Bovine Serum (FBS) (Gibco), Bovine Serum
Albumin (BSA), penicillin, streptomycin and amphotericin B solution and trypan
blue were purchased from Sigma Aldrich Company Ltd with the following
exceptions : sodium chloride, M199 cell culture media and Dulbecco’s
phosphate buffered saline (DPBS) (without calcium and magnesium) which
were from Fisher Scientific UK Ltd. Trypsin extracted from bovine pancreas
and Type Il collagenase enzyme (both Worthington) were obtained from Lorne
Laboratories.  Pluronic F-127 solution, di-8ANEPPS and fluo-4AM (all
Invitrogen) were obtained from Fisher Scientific Ltd whilst sodium
orthovanadate was purchased from Sigma Aldrich Company Ltd. Protease
inhibitor cocktail tablets for the lysis buffer were obtained from Roche Products,

Ltd. All blue standard marker was purchased from BioRad Laboratories inc.
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2.1.2 General instruments and equipments

Instruments and equipment for western immunoblotting were purchased from
BioRad Laboratories Inc. Quantification of the protein of interest was carried
out using a densitometer (BioRad G-800) and QuantityOne software which was
also obtained from BioRad Laboratories, Inc. Glassware for the Langendorff
perfusion system set-up was purchased from Fisher Scientific Ltd, with bespoke
additions obtained from the glass blowing workshop at Kingston University. The
perfusion pump and the platinum cured silicone tubings were obtained from
Watson-Marlow Pump Group. Pure oxygen medical gas (100% O,) was
obtained from St George’s Hospital. The Axiovert 100M or Axiovert 200M
inverted microscopes attached to LSM 510M laser scanning units, as well as
the LSM 510M software were from Carl Zeiss, Oberkochen, Germany. The 488

nm argon laser was from Laser-Fertigung Hamburg, Germany.

2.1.3 Drugs

All drugs for the chick embryonic cardiac cell culture study and calcium imaging

study in rat atrial cells were purchased from Tocris Bioscience. Bupranolol was

a kind gift from Professor Kiec-Kononowicz (Poland) and ruthenium red was

purchased from Abcam pic.
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2.2 Embryonic chick cardiac cell culture

Under aseptic conditions, chick embryonic ventricular cells were isolated and
cultured according to the methods of DeHaan (1967) and Rabkin and Sunga
(1987) with slight modifications. In brief, white chick eggs (63 g - 63 g) were
incubated in an automatic egg incubator (Maino MPS 24 and Brinsea Octagon
10) for 7 - 8 days at 37.8°C and 87% humidity. Chick hearts were isolated
under sterile conditions from the embryos. Using a standard laboratory
dissecting microscope, ventricular tissues were separated from the atria and
minced using single edged razor blades in DPBS solution. The tissue was
digested by a series of 5 min digestion periods at 37°C, in 0.05% w/v trypsin.
The tissue digests were then bathed in a growth media solution made up of
90% viv M199 solution, 10% w/v FBS and 0.1% v/v antibiotic/antimycotic

solution of penicillin, streptomycin and amphotericin B.

Cells obtained by this enzymatic digestion were then spun at 216 rpm for 5 mins
in a standard laboratory centrifuge. Cell pellets were collected and diluted in
the growth media solution. Cell number and therefore the volume of cell-
containing media to be plated was determined by mixing the cell suspension
and trypan blue in a 1:1 ratio and using a haemocytometer (Neubauer chamber)
under the light microscope. Cells were plated (3x10° - 9x10° cells/ml) to be
maintained in a sterile incubator (37.5°C and 95% O and 5% CQ,) for 48 hrs to
allow for cell proliferation and initiation of spontaneous contractile activity prior

to drug exposure.
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2.2.1 Basal beating rate studies

Cultured chick embryonic ventricular cells were aseptically replenished with
fresh pre-warmed growth media after 48 hrs incubation. Culture plates
containing the cultured ventricular cells were placed on a heated microscope
stage 37°C for 5 mins. The spontaneous basal beating rates of the chick
cardiomyocytes were studied using the Leica Application Suite V3.2.0

application. The contraction rate was recorded for 20 s.

2.2.2 Pharmacological classification of B-ARs in chick embryonic

ventricular cells

Upon the consistent beating of the cultured cells, the following cardioactive
agents (Table 2.1) were aseptically introduced to the single wells ; ISO (100
nM), propranolol (200 nM), CGP12177 (1 uM) and propranolol (200 nM) and
BRL37344 (300 nM and 600 nM).

33|Page



Chapter 2

Table 2.1 List of drug experiments for study of B-ARs on chick embryonic
ventricular myocytes in culture. Basal counts were carried out prior to drug
additions. The drug agents were cardiostimulatory, eg. 1SO, or cardioinhibitory eg.
BRL37344 and were added to cell media of proliferated chick cardiomyocytes and
allowed to equilibrate for 10 mins before beating rates were taken under the
microscope.

B-AR agents Concentration (M)

ISO 100 nM

Propranolol 200 nM

CGP12177 + propranolol 1 WM and 200 nM
respectively

BRL37344 300 nM, 600 nM

2.3 Rat atrial and ventricular cell isolation

2.3.1 Animals

Adult (8 - 10 weeks old) WKY, Sprague-Dawley (SD) and SHR rats (250 - 350
g) from Charles River, UK were used. Animals were maintained at the
Biological Research Facilities (BRF), St Georges Hospital, UK, in a specialised
environment, fed daily on rat chow and water ad libitum. Male rats were initially
sacrificed by stunning followed by cervical dislocation in accordance to the
guidelines of Schedule 1 of the Animal (Scientific Procedures) Act 1986. For
the majority of the studies, rats were deeply anaesthetised i.p by a single dose
(40 mg/ml per 250 g body weight) sodium pentobarbital before being dissected
to remove the heart also in accordance to the guidelines of Schedule 1 of the

Animal (Scientific Procedures) Act 1986.
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2.3.2 Enzymatic dissociation of cardiac myocytes: Langendorff method

Male WKY rats were sacrificed as previously described and the diaphragm was
cut open via an abdominal thorax intersection. The whole heart including a
generous section of the aorta was dissected out and bathed immediately in
cold (4°C) Tyrode’s solution composed of (mM); 130 NaCl, 54 KCI, 1.4
MgCl,6H,0, 0.4 NaH,PO4H,0, 10 glucose 4.2 HEPES, 20 taurine, 10 creatine,
0.5 CaCl,, pH 7.3 (NaOH). Glucose was added and the pH of the Tyrode’s
solution was adjusted accordingly on the day of experiment. Fat and extra
tissue was dissected off and a mixture of heparin (12.5% v/v) and Tyrode's
solution was flushed into the heart using a small needle syringe via the aorta in
an attempt to prevent blood clots. The heart was then suspended immediately
onto the cannula of the Langendorff apparatus (Figure 2.1). Initially, the
isolated heart was perfused with Tyrode's solution (0.5 mM calcium) at a flow
rate of 10 mi/min and the heart was observed to be beating vigorously and
ejecting blood. Once the medium collecting in the reservoir ran clear, the
second perfusate (calcium free) with EGTA (100 yM) was switched to run for 6
mins. Once the heart ceased to beat, the third perfusate consisting of calcium-
free Tyrode’'s solution with collagenase (1 mg/ml) was allowed to run for
10mins. All buffers in the Langendorff apparatus were gassed continuously
with 100% O medical gas and maintained at 37°C and only the collagenase

perfusate was re-circulated.
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Figure 2.1 Langendorff apparatus. Perfusion of warm Tyrode's solution (0.5 mM
calcium) maintains a rhythmic contraction of the rat heart before becoming static due to

the subsequent perfusion of EGTA. Final perfusate includes the enzyme collagenase

for tissue digestion.
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2.3.2.1 Ventricular cell isolation

The heart was then removed from the Langendorff apparatus and the
ventricular tissue was minced up in fresh warm collagenase solution (0.75
mg/ml). The tissue was manually agitated in the enzyme solution in a water
bath (37°C) whilst being gassed with 95% O, : 5% CO, for 5 mins. The cell
media was filtered through nylon gauze (250 pm pore size) in a plastic funnel to
collect viable cells whilst the remaining tissue was scraped back into fresh
enzyme-containing solution for further digestion. The next incubation in
enzyme solution (1 mg/ml) was for 25 mins followed by gentle trituration using
a Pasteur pipette. The cell media was filtered through the gauze as before and
was allowed to recover for a few mins. The supernatant was extracted and
fresh Tyrode’s solution with a low calcium concentration (0.2 mM and then 0.5
mM calcium) was added incrementally to re-introduce calcium gently back to
the cardiomyocytes and prevent calcium overload. This provided a population
of calcium tolerant cardiomyocyte pellets which were re-suspended and
checked under the microscope for viability. Only healthy single isolated
ventricular quiescent myocytes were selected for experiments. The cell-
containing media was then transferred to eppendorf tubes for use in

subsequent experiments.
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2.3.2.2 Atrial cell isolation

The steps for atrial cell isolation differed slightly from that of the ventricular cell
isolation. Following the Langendorff perfusion of the heart, the left and right
atria were microdissected immediately and bathed in some enzyme perfusate
(0.75 mg/ml). The left and right atria were minced up using sharp single edge
razor blades and placed into separate boiling tubes for incubation and manual
agitation in the water bath (37°C). Agitation in enzyme solution was carried out
three times, each session lasting 156 mins. Each time, the supernatant was
collected and fresh enzyme-containing solution added to the remaining tissue
in the boiling tubes and cell pellet was re-suspended. In the final session, the
tissue was gently triturated. The cells were allowed to rest in Tyrode's solution
(0.2 mM calcium then 0.5 mM calcium added incrementally) to prevent calcium
overload and recover from the mechanical agitation. The cell media was then
checked under the microscope for any viable cells. Viable cells are isolated
single cells with a worm-shaped morphology and visible striations observed
under the microscope. Cells with blebs or contracting erratically were excluded
from the subsequent analyses. The media was then transferred to eppendorf

tubes in preparation for experiments.

38jPage



Chapter 2

2.4 Confocal Microscopy

The confocal microscope is now an essential tool for studying and
characterising the subcellular calcium signalling events on single isolated
quiescent cells (Minsky, 1988 ; Bolton and Gordienko, 1998). Confocal, or
“stationary spot” (Parker ot al., 1996) microscopy is a specific optical imaging
technique in combination with fluorescence whereby the microscope utilises a
narrow laser beam projected precisely onto a specific point of interest through
an objective of high numerical aperture (NA) (Amos and White, 2003). The
laser excites the fluorescence loaded in the cell of interest to a high energy
state and when the energy is lost, light is emitted at lower energy to produce an
image. A pinhole aperture on the microscope enables irrelevant light rays to be
ignored and only illuminates onto a single point on the specimen of interest

without sacrificing the light intensity (Minsky, 1988).

A laser scanning microscope (LSM) 510M version 2.01 (Carl Zeiss) of the
confocal microscope was employed for all the experimental work involving
cardiomyocyte morphological studies, t-tubule studies and calcium imaging.
The SCsi interface of the confocal microscopes was hosted by a Pentium PC
(32-bit Windows NT. 4.0 operating system) running the LSM 510M software.
An argon laser light source of 488 nm (3%) was used as exciting light and 4.8 A
tube current was selected. Low intensity laser excitation was used to prevent
the risk of photobleaching. Plan-Neofluar x 20 / 0.5 Ph2 objectives, numerical
aperture (NA) oil-immersion objective, long pass (LP) wavelength 505 nm and
a pinhole size of 95 uym (to optimise signal quality of the images being

captured) were selected for all studies.
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The line-scan method which provides information only from a one-dimensional
perspective (Lipp and Niggli, 1993) was run with the selected line on the cell
specimen being scanned at every 2.09 ms for 20000 ms. In order to minimise
any photobleaching or potential damage to the cell caused by the laser beam
during line scanning, only a maximum of 3 line scan image videos were
obtained from one particular section and none lasted for more than 20 s at any

time.

The high spatial fast X-Y whole cell time series imaging was also used whereby
the whole cell images produced are from repetitively scanning the specimen of
interest multiple times in two dimensions. However the acquisition rate of the
X-Y time series mode is theoretically not as fast as for the line-scan mode with
a scan speed of 10, bi-directionally at 40 whole frame image scans st and it
also depends on the population of pixels in one image frame. The lowest
possible X-Y frame pixel size (128) which maximises frame rate, minimises
noise-signal disruptions and reduces photobleaching was used for time series

and calcium spark images.

2.4.1 Incubation of fluo-4AM loaded cardiac cells

The high affinity calcium-sensitive fluorescein indicators such as fluo-3 or fluo-4,
are favoured for use with the laser scanning confocal microscope to study
calcium events in cardiomyocytes. Calcium fluorescent indicators are not
lipophilic and hence are unable to enter the cell membrane. Therefore, calcium
indicators are usually pre-combined with AM esters which act as protective

groups rendering the fluorescent dye neutral to enable it to cross the lipid
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membranes (Figure 2.2). Upon entering the cytoplasm, de-esterification occurs
whereby the AM groups are digested by the intracellular esterases. This
enables the trapped fluophore molecules to be excited by a blue excitation light
(laser beam) and triggers emission of a green light which can be detected by

the confocal microscope (Semwogerere and Weeks, 2005).

Lipid bilayer
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Figure 2.2 Fluo-4AM calcium indicator crosses lipid bilayer. The dye is excited by
the laser and leads to the detection of calcium cytosolic events. The fluorescent dye
molecule is shown in pink and the acetoxymethyl (AM) units which are eventually
cleaved off upon entry into the intracellular space are shown in green.

The fluo-4AM dye is an AM ester dye used as an intracellular calcium indicator
(Gee et al., 2000). For this study, pluronic F-127 solution (2 pl) and fluo-4AM in
dimethyl sulfoxide (DMSO) (1 mM, 5 ul) was added to a calcium-containing
Tyrode’s solution (0.5 mM calcium, 1 ml) in the dark, to make up fluo-4AM (4
pM) stock solution. The cell preparation was re-suspended and incubated in
some fluo-4AM stock solution for 30 mins at room temperature (RT), away from
any light source. The supernatant was extracted leaving the cardiac cell
suspension behind in an eppendorf tube and was replaced with Tyrode’s

solution (1 mM calcium) to incubate at RT for 5 mins to allow for intracellular
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de-esterification of the dye. The cells were then examined under the laser
scanning confocal microscope using an Axiovert 100M or Axiovert 200M
inverted microscope attached to LSM 510M laser scanning units. An increase
in calcium intensity detected by fluorescence is able to be captured by the
confocal microscope (Figure 2.3) and experiments were carried out

accordingly.
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Figure 2.3 Histogram showing an example of calcium spark arising in time and

space. The increase in calcium intensity in a cardiomyocyte is detected by calcium

fluorescence under the confocal microscope.
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2.4.2 Incubation of di-8ANEPPS loaded cardiac celis

Di-8ANEPPS is a membrane potential dye which is highly fluorescent upon
excitation by a laser from the confocal microscope. It binds to membranes as it
is very lipophilic. Di-8ANEPPS (5 mg) in pluronic F-127 solution (1 pl) was
added to DMSO (4.2 ml) to make up the 2 mM di-8ANEPPS stock solution.
This was aliquoted (10 pl) into eppendorf tubes for storage at -20°C. For
immediate use, the stock solution of di-8BANEPPS (5 pl) was added to Tyrode's
solution (0.5 mM calcium, 5 ml) to make up a final di-BANEPPS solution (2
puM). This was then added to an aliquot of cells in an eppendorf tube and
incubated at RT for 7 mins. The supernatant was then removed and fresh
Tyrode’s solution (0.5 mM calcium) was added and the cells were then
inspected under the laser scanning confocal microscope. Di-8ANEPPS is

excited at 498 nm and emits fluorescence at 713 nm.

2.5 Western Blotting

Western blotting was used to identify and quantify proteins from samples of
tissue homogenates. Briefly, it involves gel electrophoresis whereby proteins of
interest are separated according to their molecular weight (MW) and then
transferred onto a suitable membrane and blocking non-specific protein binding
before being detected by interactions between antibodies and the specific
proteins in question. In this thesis, western blotting was carried out to

determine the presence and to provide quantification of the following calcium
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handling proteins ; total PLB, the phosphorylated versions of PLB - phospho-
Thr17 and phospho-Ser16, SERCA2a, total RyR2 and the phosphorylated
versions of RyR2, Ser-2808, Ser-2814 and Ser-2030. Anti-PLB was purchased
from Merck Millipore. Phosphorylation specific antibodies of PLB, anti-phospho-
Thr17 and anti-phospho-Ser16 and phosphorylation specific antibodies of RyR2
such as anti-phospho Ser-2808, anti-phospho Ser-2814, anti-phospho Ser-2030
were purchased from Badrilla Ltd. Anti-RyR2 was purchased from Abcam pic.
Actin, a-actinin and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
antibodies used as housekeeping proteins were obtained from Insight
Biotechnology Ltd. Polyclonal IgG sheep anti-mouse horse radish peroxidase
(HRP), polyclonal IgG donkey anti-goat HRP and IgG anti-rabbit HRP were
obtained from GE Healthcare as was the enhanced chemilumiscence (ECL)

analytical system for protein blot detection.

2.5.1 Preparation of cardiac homogenates

Upon cervical dislocation of WKY, SHR and HF-induced by volume-overload
(shunt) and sham-operated (sham) rats, the hearts were quickly excised and
the left and right atria and ventricles were micro-dissected. WKY and SHR
aduit male rats were from Charles River, UK and cardiac samples from shunt
and sham-operated rats were kindly donated by Dr Aarne Feldheiser
(Germany). Tissues were immediately immersed in ice cold (4°C) physiological
solution composed of (mM); 120 NaCl, 5.4 KCI, 5 MgSO,7H;0, 5 pyruvate Na,
20 glucose, 10 HEPES, 20 taurine, 5.5 NTA, 0.5 CaCl;, pH 6.96 (HCI, NaOH).
Left and right atrial and ventricular samples were immediately snap frozen in

liquid nitrogen and stored at -80 °C.
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Atrial and ventricular homogenates were prepared on dry ice. Frozen tissues
were weighed before being manually homogenised using a hand held glass
tissue grinder. Homogenisation was performed on ice in a lysing buffer
composed of (mM); 0.5 NaCl, 0.6 NaF, 0.5 Na,P.0;, 0.5 EDTA, 0.5 EGTA,
Triton x 100 (1%), including one protease inhibitor cocktail tablet and sodium
orthovanadate (50 pl), an inhibitor for protein phosphotyrosyl phosphatases
(PTPs). Lysed tissue samples were centrifuged at 4°C, 15000 x g for 10 mins
before adding the supernatant to B-mercaptoethanol and sodium dodecyl
sulphate (SDS) containing sample buffer. SDS in the sample buffer
encourages protein denaturation by taking the role of a surfactant, whilst -
mercaptoethanol acts as a mild reducing agent for cleaving disulfide bonds of

proteins, hence disrupting their conformation.

2.5.2 Western blot of calcium handling proteins

Protein homogenates were boiled at 95°C for initial use and dry-heated to 37°C
for subsequent uses. Polyacrylamide gel percentage depends on the protein of
interest (Table 2.2) and once loaded, the proteins were separated according to

their individual MW during gel electrophoresis at 200 V.
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Table 2.2 Polyacrylamide gel percentage for various protein of interest : Cardiac
RyR2 and phosphorylated RyR2s (4% gel), SERCA2a (6% gel) and PLB and the
phosphorylated PLB (15% gel). The recipe makes up a total of 10 ml volume.

Reagent Stacking Gel 4% Running Gel 9% Running Gel 15% Running Gel

4X Buffer 2.5ml 2.5 ml 2.5ml 2.5mi
Acrylamide 1.16 mi 1.5 mi 3.0mi 5.0mi
10% APS 100 pl 100 pl 100 pl 100 i
dd H20 6.23 ml 5.89 mi 4.39ml 2.39 ml
TEMED 10 i 10 pi 10 ul 10 yl

The protein on the gel was then transferred to a membrane such as a
nitrocellulose membrane (8.5 x 6.0 cm?) following the method of Towbin et al.,
(1979) or polyvinylidene fluoride (PVDF) membrane (8.5 x 6.0 cm?). After
protein transfer using semi-dry protein transfer unit (Figure 2.4) one of two
blocking incubation processes were carried out either with 3% w/v BSA or with
5% w/v milk in 0.1% v/v Tween 20 buffer solution. The primary antibody,
depending on the specific protein of interest, was incubated with the protein
membrane overnight at 4°C. The membrane was incubated in the appropriate
secondary antibody labelled by the highly specific HRP enzyme. The process
was followed by ECL protein detection. Upon exposure to the substrate luminol
from the ECL reagent, the HRP label on the secondary antibody is oxidised in
the presence of hydrogen peroxide and light is produced. Briefly, when the
western blot is exposed to an X-ray film, the light produced is captured and
shows up on the film where the protein of interest has been attached by the
HRP labelled antibody. This is represented on the X-ray film as a protein band
which can be quantified using a densitometer (Biorad G-800) and analysed

using QuantityOne software.
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Figure 2.4 Western blotting semi-dry transfer unit. The layout of the transfer unit is
such that the negatively charged proteins travel from the gel and onto the chosen
blotting membrane (nitrocellulose or PVDF) towards the positive end of the unit. (a)

stacking membrane in triplicate (b) gel (c) protein membrane.

2.5.3 PLB standards for the assessment of linearity

Pure PLB standard (50 ug/1000 pl) was loaded (10 pl) in increasing amounts in
a polyacrylamide gel (15%) including 6 M urea. The protein samples were
loaded and electrophoresed on an SDS-polyacrylamide gel electrophoresis
(PAGE) gel at 200 V before being transferred to a PVDF membrane (8.5 x 6.0
cm?). Following the semi-dry transfer of the proteins onto the PVDF membrane,
the latter was immersed and incubated with a blocking solution of 5% w/v milk
in 0.1% v/v Tween 20 buffer solution on a reciprocating shaker. The membrane
was then incubated at 4°C overnight with a specifically labelled antibody for
PLB (1 : 5000). The membrane was incubated in the appropriate secondary
antibody labelled by the highly specific HRP enzyme. The process was

followed by ECL protein detection.
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2.6 Data analysis and statistics

GraphPad Prism 6.0.1 was used for all statistical analyses and representations
of graph displays. All experimental data are presented as mean + standard
error of the mean (S.E.M). In each study, the differences between each subject
were assessed by means of a paired t-test, unless otherwise stated as
unpaired. If the t-tests are unpaired then Welch’s correction was applied if the
standard deviation was not equal. Also used was two-way ANOVA with Tukey's
post-hoc test. Values of p < 0.05 were considered as being significant and

were assigned * in graph representations.

QuantityOne analysis software was used for the quantitative analysis of
densitometric data resulting from western blotting of calcium handling proteins

in different cardiac chambers.

The LSM 510 Image Examiner was used for spontaneous calcium activity

analyses in studies using quiescent isolated cardiac myocytes in time series

and line scan mode as well as the di-8ANEPPS study of the t-tubules.
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3.0 Pharmacological characterisation of B-AR subtypes in
cultured chick embryonic ventricular cells

3.1 Introduction

3.1.1 Chick embryo physiology

Cardiac myocytes derived from the chick embryo (Gallus domesticus) constitute
a useful tool to study cardiovascular development and neurohormonal
influences on cardiac function (McCain et al., 1999). They are also of use in
studying pharmacological effects on the cardiovascular system of a variety of
cardioactive agents (Sperelakis, 1978). Chick embryos are favoured for
experimental studies because of their availability, rapid embryological
development and easy experimental handling (Fechner et al., 2008). In this
study the chick embryonic cardiomyocyte model facilitates the testing of various
concentrations and combinations of B-blockers and B-agonists and hence to

characterise the B-ARs present in chick embryonic heart.

The chick embryo undergoes developmental changes outside the maternal
body and as such, the influences of the maternal hormones, metabolic or other
haemodynamic changes will not have an influence on the development of the
chick embryo (Ruijtenbeek et al., 2002). Furthermore, the chick embryo in one
chick egg is independent of other eggs growing from the same maternal body
and hence there are no interactions or disturbances amongst the other embryos
(Fechner et al., 2008). Similar to the mammalian heart, the chicken heart also
possesses four chambers. The right atrium of the chicken heart is the recipient
of the deoxygenated blood from the body via the vena cava, whilst the left

atrium obtains oxygenated blood from the lungs via the pulmonary vein. The
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right ventricle pumps blood into the pulmonary circulation via the pulmonary
artery whilst the left ventricle, via the aorta, supplies the blood to the rest of the
body. Hamburger and Hamilton, (1951) have suggested that within 40 hrs after

the formation of a chick embryo, the contracting heart is formed.

3.1.2 Cardiac cell and tissue culture

Cardiac cells are aseptically isolated from a suitable experimental animal model
and cultured in a sterile artificial media that has similar environmental conditions
to that which the cells are normally exposed to in vivo (Pedro de Magalhaes,
2004). The resulting network of a monolayer of spontaneously beating
interconnected individual cardiac myocytes enables a range of experimental

studies to be performed in vitro (Sperelakis, 1978).

Burrows and colleagues (1912) were the first to successfully culture cardiac
cells that were observed to spontaneously beat. Cardiac cells in culture
possess a unique characteristic in that they are able to beat spontaneously,
independent of innervations from the nervous system (Weaver, 2007). Cultured
cardiac cells are suitable for studying various pharmacological properties, for
example they are robust enough to be exposed to drugs at a range of
concentrations so that dose-response curves of drugs can be obtained
(Sperelakis, 1978). Another advantage of cultured cardiac myocytes is that
despite the artificial environment the cells are exposed to, they still possess
their normal pharmacological receptors which make them excellent models for
pilot studies for determining drug actions (Sperelakis, 1978). However, in spite

of all the favourable features of cultured cardiomyocytes, it is important to keep
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in mind that some negative aspects do exist for this model. It has been
suggested for instance, that significant variability in the spontaneous beating of
cardiac cells in culture is possible (Sperelakis, 1978), even in various locations
of the same cell culture. Nevertheless, the chick embryonic tissue culture
remains useful for carrying out pilot studies for determining suitable working
concentrations of pharmacological agents targeted at specific receptors on

cardiac cells.

3.1.3 Classification of B-ARs subtypes in cardiomyocytes

B-ARs are G-protein coupled receptors (GPCRs) present on cardiac cells made
up of 7-transmembrane domains with an extracellular N-terminus and an
intracellular C-terminus (Dzimiri, 1999). When the catecholamines bind to B-
ARs, stimulation of the receptors occurs which results in the enhancement of a
series of physiological processes such as cardiac contractility, cardiac
pacemaker activity, as well as metabolism of glucose and lipids (Zheng et al.,
2005). PB-ARs are responsible for a number of intracellular signalling
components being triggered such as AC, GC, phospholipase C and a variety of

ion channels (Dzimiri, 1999).

It was initially suggested that the cardiac activity stimulated by B-ARs was
exclusively via the stimulation of a subclass of the 8-ARs called the B1-ARs.
However, several other subtypes of the B-ARs were discovered through
radioligand binding studies and various pharmacological assays using B-
agonists and antagonists in human hearts (Baker, 2005 ; Zheng et al., 2005).

Lands and colleagues (1967) famously classified the B-ARs into two subtypes
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called B1-ARs and B2-ARs. However, recently it has been proposed that there
are four B-ARs subtypes in the human heart (Kaumann and Molenaar, 1997).
These subtypes are namely, B1.-, B1nx-, B2- and B3-ARs, and each sub class
possesses various characteristics to regulate the heart in different ways
depending on the subtypes’ specific signalling pathway (Kaumann and
Molenaar, 1997). B-ARs exert a characteristic property that is known as
constitutive activity (Seifert and Wenzel-Seifert, 2002). This means that an
agonist is not required to be present at the specific active site of the cardiac cell
in order for a receptor to be spontaneously active. GPC Rs consist of an active
and an inactive form (Kenakin, 2004). Upon the vacancy of an active site or its
occupation by an agonist, the active conformation is favoured and hence, the
receptor becomes coupled to the G-protein (Chidiac et al., 1995). However, the
inactive form is favoured when an inverse agonist settles at the specific active
site and the receptor is uncoupled from the G-protein (Chidiac et al., 1994). As
a result, the conformational forms of the receptor rely upon the particular
structure of the ligand as well as its efficacy for binding to the active site

(Bhattachaya et al., 2008).

3.1.3.1 B1+ARs

The B1-AR is a subclass of the B-ARs of the cardiac cells. It is made up 477
amino acids and it is located on chromosome 10 (Frielle et al., 1988). The
stimulation of the B1-AR active site by a specific agonist triggers the Gs-protein
signalling pathway, whereby AC is activated leading to an increase in the levels
of cAMP and stimulation of PKA activity (Zhu et al, 2005). The resulting

response involves the increase in the phosphorylation of LTCCs, causing
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increase in calcium influx into the cell which leads to more calcium release from
the SR, causing increased inotropy and chronotropy (Bers, 2002 ; Creazzo et
al,, 2004). It has been suggested that 75% of the total B-ARs found in the
human heart are of the 1 subtype (Naga Prasad et al., 2001 ; Taira et al.,
2008). There are two particular subtypes of the B1-AR that have been
suggested recently; B14 and B1.-ARs (Figure 3.1) both of which stimulate the
Gs signalling cascade and when the high affinity and low affinity sites of B1
respectively, are triggered, positive inotropism, chronotropism and lusitropism
have been reported (Kaumann et al.,, 1989 ; Taira et al., 2008). However, for
these two affinity sites of B1-AR, different pharmacological characteristics have

been reported (Molenaar et al., 2007).

Adrenaline has double the potency of noradrenaline on the atria of the human
heart (Kaumann et al.,1989) even though both stimulate and occupy the binding
sites of the B14-AR. However, ISO which is a potent synthetic analogue of
adrenaline and noradrenaline has been found to have the highest potency of
them all at the B14-AR (Brodde and Michel, 1999). Examples of a selective
agonist and antagonist at the B14-AR are fenoterol (Xiao et al., 2003) and
bisoprolol (Taira et al., 2008) respectively. It has been suggested that upon
acute stimulation of the B14-ARs, the PKA-dependent coupling pathway
becomes predominant, however, chronic stimulation will eventually cause

desensitisation of the receptor which occurs in HF and cardiac cell death (Koch

et al., 2000).
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Figure 3.1 Agonists and antagonists of the B1-Adrenoceptor (B1-AR) binding
sites on cardiomyocytes. A selection of examples of agonists and antagonists that
have affinity for B1-ARs namely B14-ARs (high affinity) and 81,-ARs (low affinity).

3.1.3.2 B2-ARs

The B2-AR protein is coded by a gene on chromosome 5, made up of 413
amino acids (Bristow ef al., 1986). In the human heart, B2-ARs accounts for 30
- 40% of the total B-ARs found mainly in the ventricles and atria (Bristow ef al.,
1986). B2-ARs are also found in smooth muscles and skeletal muscles, as well
as the bronchial, genitourinary and vascular areas of the body. It has also been
suggested that B2-ARs play a role in assisting the regulation of cardiac

contraction and rhythm by being located in the pacemaker and conducting sites
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of the heart (Bartel et al., 2007 ; Dzimiri, 1999). ISO has been found to have an
affinity at the B2-AR, as well as the endogenous catecholamines (Brodde,
1991). Selective agonists and antagonists of the B2-AR, include terbutaline and

IC1118551 respectively (Brodde and Michel, 1999).

The B2-AR signalling pathway in human and rat ventricular myocytes is able to
couple to both Gs and Gi proteins (compared to B1-AR which couples to only
the Gs protein) (Chen-lzu et al., 2000 ; Xiao et al., 2004 ; Johnson, 2006). This
results in more opportunity to accommodate various agonists that activate
different signalling pathways, and this behaviour is known as agonist trafficking
(Zheng et al., 2005). This characteristic may be of potential use in the
development of specific B2 Gi agonists since Gi protein coupling has a
cardioprotective effect which might be beneficial in the treatment of HF (Zheng

et al., 2005).

It has been speculated that the ability of B2-ARs to couple to both Gi and Gs
proteins may be due to the polymorphism of the active site. McGraw and
colleagues (2005) have shown the existence of 9 different polymorphisms of the
B2-AR whereby binding to each polymorphism produces different behaviour
following the coupling of an agonist to the active site of the receptor. The Gs
protein pathway in B2-ARs is identical to that of the B1-ARs, therefore upon
stimulation, positive chronotropy and inotropy will occur (Lohse et al., 2003). It
has been proposed that B2-ARs coupling can also promote relaxation (Taira et
al., 2008) which is thought to be as a result of cAMP-dependent

phosphorylation of PLB and the depletion of calcium stores (Bartel et al., 2003).
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As previously mentioned, persistent stimulation of B14-ARs will result in death of
cardiomyocytes via the CaM kinase |l pathway (Xiao et al., 2004). On the other
hand, it has been suggested that the Gi pathway when coupled with $2-ARs will
prevent the apoptosis of cardiomyocytes in HF (Bernstein et al., 2005 ; Zheng et
al., 2005). This cardioprotective property of B2-ARs results from its persistent
stimulation which forces the receptor G protein coupling to change from the Gs
to the Gi signalling cascade via the activation of PI3K (Chen-lzu et al., 2000 ;
Xiao et al.,, 2004). This has been demonstrated in experiments involving
cultured rat myocytes and inhibition of B2-ARs showing an increase in B1-AR-
induced apoptosis (Communal ef al., 1999) compared to when $2-ARs were not

inhibited.

3.1.3.3 B3-ARs

The B3-AR gene was successfully cloned in 1989 by Emorine and colleagues
and is located on chromosome 8 and produces a protein with 402 amino acids.
In terms of the amino acid sequence, B3-ARs are 51% and 46% similar to B1-
ARs and B2-ARs respectively (Emorine et al., 1989). B3-AR is the other -
receptor that produces a cardio-inhibitory effect apart from B2-AR (upon its
persistent stimulation only) and its functional role in the human heart remains
controversial. in the human heart, B3-ARs are usually coupled to Gi proteins
and are responsible for the negative chronotropism and inotropism promoted by
specific agonists (Gauthier et al., 1996). B3 mRNA gene expression has been
reported to be upregulated and hence advance the progression of HF in canine

models (Cheng et al., 2001)
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The stimulation of the B3-ARs (Figure 3.2) by a suitable agonist such as
BRL37344 activates the enzyme eNOS and as a result produces NO (Rozec et
al., 2006). NO causes the activation of GC which in turn increases the
intracellular cGMP concentration. A rise in the levels of cGMP leads to the
activation of PKG which controls several proteins including one which
decreases the opening frequency of the LTCCs and hence reducing calcium
entry into the cardiomyocytes (Williams et al., 2006 ; Napp et al., 2009). Gi
protein activation is also thought to be linked with the inhibition of AC which
decreases the levels of intracellular cAMP although the mechanism for this
pathway is still currently unknown (Ursino et al., 2009). BRL37344 remains the
agonist of choice for selectively stimulating the active site of B3-ARs (Gauthier

et al., 1996 ; Baker, 2005).
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Figure 3.2 p3-Adrenoceptor (AR) cardiac signalling pathway. Upon stimulation by
a B3-AR agonist upon the receptor, nitric oxide (NO) is produced and causes
cardioinhibitory effect.
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3.1.3.4 The novel low affinity 1-ARs

Initially, it was suggested that a third cardiostimulatory B-AR existed and that
this receptor was activated by non-conventional partial agonists which caused
raised heart rate and increased force of contraction (Kaumann, 1989). It was
towards the late nineties when a putative B4-AR, thought to be similar to the B3-
AR subtype, was reported to exist in the atria and brown adipose tissue of mice
(Kaumann and Molenaar, 1998). Kaumann and Molenaar (1998) carried out
studies on B3-AR knock-out mice to find that CGP12177 still triggered
stimulatory activity in the atria and brown adipose tissue implying that the 83-AR
and the putative B4-AR were separate receptors mediating opposite effects.
However, no genes were confirmed for the putative f4-AR which suggests that
this new receptor was more likely to be a subtype of another binding site that

already existed (Konkar et al., 2000 ; Kaumann ef al., 2001).

It was also reported in studies performed with 31/82-AR double-knockout mice
that the positive inotropic effect of CGP12177 in the atrium was absent but
remained effective in B2-AR knockout mice atrium (Rohrer et al, 1999 ;
Kaumann et al., 2001). The cardiostimulatory effect of CGP12177 was also
abolished in the brown adipose tissue of B1-AR knockout mice (Kaumann et al.,
2002) but in rat ventricular myocytes overexpressing B1-ARs, CGP12177 in the
presence of propranolol produced positive responses (Lewis ef al., 2004).
Recently, this concluded in suggestions that 81-ARs may exist in two affinity
states, the high affinity state, B14-AR and the novel low affinity state, B1,-AR
(Konkar et al., 2000 ; Kaumann ef al., 2001 ; Lewis et al., 2004 ; Molenaar and

Parsonage, 2005 ; Molenaar et al., 2007; Taira et al., 2008).
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3.2 Aim of study

There is conflicting evidence regarding the existence of various B-AR subtypes
in cardiac tissue. This work therefore forms a pilot study of the cardioactive
drugs being used in aseptically cultured chick embryonic ventricular myocytes
to confirm the working conditions required to pharmacologically isolate the
contributions of the four cardiac B-ARs described and relate them to the

physiology of the cardiac cells.

3.3 Matorials

All materials obtained are from the UK unless stated otherwise. Fertile white
chick eggs were purchased from Henry Stewart and Co. Ltd and incubated in
conditions previously described. All cardioactive drugs for the study were

purchased from Tocris Bioscience (UK).

3.4 Methods

3.4.1 Embryonic chick cardiac cell culture

Chick embryonic ventricular cells were aseptically isolated and cultured (Figure
3.3 and Figure 3.4) according to the methods of DeHaan (1967), Rabkin and
Sunga (1987) and Rabkin et al., (1994) with slight modifications, as previously

described in Chapter 2.
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Figure 3.3 Extracting chick embryos from fertile chick eggs. (a) Eggs were
cracked open (b) the embryo was gently removed from the egg (c) the embryo was
gently placed onto a sterile petri dish (d) the ventricular tissue was separated from the
atria and placed in Dulbecco’s phosphate buffered saline (DPBS) solution to be
minced into smaller chunks .
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Figure 3.4 Chick embryo heart under the dissecting microscope. (a) atria and (b)
ventricles.

3.4.2 Basal beating rate studies

The spontaneous basal beating rates of the chick cardiomyocytes were
recorded as previously described with slight modifications. The contraction rate
was recorded for 20 s from assigned quadrants of the culture dish in a 10 min

period.

62|Page



Chapter 3
3.4.3 Cardioactive drugs used for pharmacological characterisation of -

subtypes in chick ventricular myocytes

Following basal counts for the 48 hr incubated cultured cells, each of the
cardioactive agent mixtures (1 - 2 ml) were aseptically introduced to the single
wells after the old growth media was removed. The B-AR agents used included
ISO (25 nM, 50 nM, 100 nM, 100 uM), propranolol (200 nM), CGP12177 (1 pM)

+ propranolol (200 nM) (Kaumann et al., 2001) and BRL37344 (600 nM).

Following the addition of each drug to an assigned cell culture dish, they were
incubated for 10 mins to allow cell adaptation to the new media before recording

the contraction rate of the cardiomyocytes.

3.5 Statistical analysis

Experimental data are presented as mean + S.E.M. The differences between
the average beating rates of the cultured ventricular cardiac cells at basal
conditions and after administration of drugs were assessed by means of the
paired t-test unless otherwise stated as unpaired. Values of p < 0.05 were

considered as being significant.
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3.6 Results

3.6.1 Culturing chick embryonic ventricular cardiomyocytes

Following the 48 hr incubation, the chick ventricular cardiomyocytes culture
formed elaborate long lobular shaped colonies that have spontaneous rhythmic

contractions.

3.6.2 Drugs acting on B-ARs

3.6.2.1 ISO

In an attempt to investigate the cardioactive activities mediated by 81/82 ARs,
ISO was introduced aseptically to proliferated chick embryonic ventricular cells
at the following concentrations ; 25 nM, 50 nM and 100 nM to culture dishes
containing ~700,000 cells/ml. 1SO (25 nM) significantly increased the mean
spontaneous contraction rate from basal at 74.6 + 7.23 bpm to 129.6 + 10.32
bpm. However, with the introduction of ISO (50 nM), the mean spontaneous
contraction rate decreased slightly and when more ISO (100 nM) was added,
there was another decrease in contraction rate from 121.2 £ 8.24 bpm to 89.5 +
7.57 bpm (Figure 3.6). However, all three sample groups of ISO produced

higher contraction rates than at basal.
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Figure 3.5 The cardiostimulatory effect of a range of ISO concentrations.
Isoprenaline (ISO) at 25 nM caused a positive cardiostimulatory effect but the mean
beating rate decreased slightly upon the addition of 50 nM ISO. The addition of ISO
(100 nM) caused a significant decrease (*p < 0.03) in the mean spontaneous beating
rate but tends to be cardiostimulatory in the unpaired ANOVA test compared to the
beating rate at basal conditions (n = 21 where n = number of cells) and error bars
signify S.E.M.

3.6.3.2 Propranolol

Propranolol (200 nM) which is a B1/B2 antagonist decreased the mean basal
spontaneous contraction rate (~750,000 cells/ml). It is demonstrated (Figure
3.7) that compared to the basal condition the mean spontaneous contraction
decreased from 89.6 + 5.28 bpm to 71.0 + 5.03 bpm upon the addition of
propranolol. This paired sample study shows inverse agonism mediated by the
occupancy of propranolol at B1/82-ARs that results in significantly lower mean
contraction rate compared to that for basal conditions where these sites are

unoccupied.
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Figure 3.6 Propranolol demonstrates inverse agonism. Addition of propranolol
(200 nM) to proliferated chick ventricular myocytes, decreased the contraction rate by
20.8% in relation to its basal count (n = 48 where n = number of cells ; ****p < 0.0001)
and error bars signify S.E.M.

3.6.3.3 CGP12177 + propranolol

CGP12177 (1 uM) in the presence of propranolol (200 nM) caused an increase
in the spontaneous beating rate in cells pre-treated with propranolol in a paired
study (Figure 3.8). Propranolol decreased the contraction rate of chick
ventricular cells from 47.5 + 1.05 bpm to 34.4 £ 4.19 bpm (n = 16 ; p = 0.0015).
However, the addition of CGP12177 caused the beating rate to increase sharply

to 115.1 £ 5.08 bpm (n = 16 ; p < 0.0001).
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Figure 3.7 The cardiostimulatory effect of the addition of CGP12177 in the
presence of B-blocker propranolol. Propranolol (200 nM) significantly decreased the
mean contraction rate (n = 16 where n = number of cells ; **p < 0.005) from basal
conditions. When CGP12177 (1 uM) was added in the presence of propranolol (200
nM) in a paired study, the contraction rate of the ventricular cells increased by 70%
which was statistically significant compared to basal rates (n = 16 where n = number of
cells ; ****p < 0.0001) and error bars signify S.E.M.
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3.6.3.4 BRL37344

Upon the addition of BRL37344 (600 nM), the mean spontaneous contraction
rate of ventricular cultured cells (~650,000 cells/ml) decreased from a basal rate
of 37.6 £ 243 bpm to 27.5 = 4.25 bpm (n = 13 ; p < 0.001) (Figure 3.9).
BRL37344 was observed to promote negative inotropic effects via B3-ARs due

to activation of a PKG-dependent pathway via cGMP (Gauthier et al., 1998).
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Figure 3.8 BRL37344 causes negative inotropy in chick ventricular myocytes.
After the addition of BRL37344 (600 nM) to cultured ventricular myocytes, the
contraction rate was observed to decrease significantly compared to the basal rate (n =
13 where n = number of cells ; **p < 0.001) and error bars signify S.E.M. The mean
difference in beating rate of ventricular myocytes between the paired basal condition
and BRL37344 at 600 nM is 10.1 bpm.
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3.6.3.5 Cumulative addition of cardiostimulatory and cardioinhibitory

drugs

Data was gathered from un-paired experiments to summarise the
cardiostimulatory and cardioinhibitory activity exerted by cardioactive drugs on
their specific B-ARs in chick ventricular cardiomyocytes in a cumulative manner.
The mean beating rate of the chick ventricular myocytes at basal condition was
90.3 + 4.50 bpm (n = 119). The addition of propranolol (200 nM) showed an
inverse agonist behaviour whereby the mean beating rate showed a statistically
significant decline to 34.4 + 4.19 bpm (n = 16 ; p < 0.0001). However, the mean
contraction rate increased when CGP12177 (1 uM) was introduced in the
presence of propranolol (n = 16 ; p = 0.006) demonstrating the stimulatory effect
of this partial agonist acting upon the B1,.-AR. BRL37344 (600 nM) resulted in a
sharp decrease in mean contraction rate to 42.0 + 2.88 bpm (n = 13 ; p =
0.0001). However, 1ISO (100 nM) showed cardiostimulatory behaviour whereby

the mean beating rate was shown to be 89.5 + 7.57 bpm (n = 21) (Figure 3.10).
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Figure 3.9 The effect of consecutive addition of cardioactive drugs to cultured
chick ventricular myocytes. Propranolol shows inverse agonism in cultured chick
myocytes (****p < 0.0001). Addition of CGP12177 (1 uM) and propranolol (200 nM)
caused a significant increase in the mean contraction rate (n = 16 where n = number of
cells ; ****p < 0.0001). BRL37344 (600 nM) exerts cardioinhibitory behaviour whereas
ISO (100 nM) shows a significant cardiostimulatory effect (n = 21 where n = number of
cells ; ****p < 0.0001). The horizontal bars represent the individual comparisons
between the groups and error bars signify S.E.M.
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3.7 Discussion

The classic B14-AR agonist, ISO has been shown to result in positive inotropism
and positive lusitropism of rat atrial and ventricular myocytes (Sarsero et al.,
1999) mouse ventricular myocytes (Freestone et al., 1999 ; Shen et al., 2006),
mediated by the PKA-dependent pathway in cardiac cells. ISO has been shown
to stimulate both B14 and B2-AR sites causing an increase in the rate of

contraction and relaxation in humans (Brodde, 1991).

In the present study, ISO has been proven to be a cardiostimulant on immature
chick cardiac cells whereby a concentration of 25 nM for 10 mins resuited in an
increase from basal conditions in the mean spontaneous contraction rate. It
was also observed that a large number of cardiac cells responded with positive
inotropism and chronotropism upon the addition of ISO though a means of
measuring the force of the contraction was not possible and is therefore a
limitation of the technique used. However, when the ISO incubation time
exceeded 20 mins, the cardiomyocytes was observed to be either highly
arrhythmic or static. This confirms that ISO, a potent 814 and B2 agonist,
becomes cardiotoxic through a period of persistent stimulation as suggested by
Brodde (1991). The cardiotoxicity arising from prolonged exposure of I1SO in
chick cardiac cells arises from the activation of the CAM kinase Il pathway
which has been suggested to be linked to cardiomyocyte apoptosis and

desensitisation of the receptor site of the cardiac cell (Wang et al., 2004).
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On the other hand, propranolol is a competitive antagonist at the 1y and f2-AR
active sites. Through the addition of propranolol to a culture of non-stimulated
chick ventricular cardiomyocytes, the mean spontaneous contraction rate
showed a significant decrease of 20.8% demonstrating inverse agonism. This

behaviour has also been observed in propranolol by Baker's group (2003).

The addition of CGP12177 in the presence of propranolol to spontaneously
beating cardiac cultured cells increased the contraction rate more than that
resulting from ISO at 25 nM, 50 nM and 100 nM, despite the fact that ISO is a
full agonist and CGP12177 is only a partial agonist in cardiac cells from several
other species. This is a similar behaviour to a study in 1999 in mouse
ventricular myocytes carried out by Freestone and colleagues whereby it was
shown that CGP12177 was much more likely to cause a more potent arrhythmic
response compared to ISO even though CGP12177 only triggered 30% of the
intracellular calcium levels of ISO. For example, there was an increase of 70%
in spontaneous beating rate of chick ventricular myocytes upon the addition of
CGP12177 (in the presence of propranolol) compared to the sole addition of
propranolol. However, for ISO at 25 nM (which was also the most potent dose)
the increase was by just 42.4% compared to its basal conditions. The effect of
CGP12177 in the presence of a propranolol therefore confirms the presence of
B1.-AR in chick ventricular cardiomyocytes and that this receptor is resistant to

blockade by propranolol.

72 |Page



Chapter 3
BRL37344 is a selective agonist that has a significant affinity for the 83 receptor
which has been shown to be present in the mammalian myocardium (Gauthier
et al, 1998). Usually, BRL37344 is used at a concentration of 300 nM
(Gauthier et al., 1996), however in this study, no cardioactivity was observed
when this concentration was used. BRL37344 at 600 nM was then added to the
chick ventricular cardiomyocytes in culture and was seen to decrease the mean
spontaneous contraction rate. BRL37344 has been described as a B-agonist
for 1, B2 and B3-ARs though it is much more selective for the latter receptor
site (Gauthier et al., 1998). When the B1 and B2-ARs are not occupied by for
example propranolol, BRL37344 favours the B3-ARs resulting in negative
chronotropism. It has been suggested in cardiomyocytes of dogs that
BRL37344 produces positive chronotropy, however this could possibly be due
to baroflex mechanisms rather than cardiac B-ARs (Tavernier et al., 1992). The
presence of B3-ARs in chick ventricular myocytes is therefore supported by the
negative chronotropism that results when B3-AR is stimulated by BRL37344

alone in these cardiac cells.
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3.8 Conclusion

The agonists for 14, B2 and B1.-ARs are all cardiostimulatory whereas

the B3 agonist causes a cardioinhibitory effect.

Pharmacological evidence for four distinct B-AR sites in 7-days incubated

chick embryo ventricular myocytes.

This will be of use in Chapter 6 for the pharmacological investigation of

the propranolol-insensitive B1-ARs in rat atrial cells and how they can

promote atrial arrhythmias.
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4.0 Atrial cell morphology and calcium spark localisation

4.1 Introduction

4.1.1 Physiological characteristics of rat atrial and ventricular myocytes

The function of individual atrial and ventricular myocytes has been widely
studied in rats. Recently there has been a surge of interest in studying the
specific morphology and size of the atrial myocytes with regard to considering
the different functions exhibited by the atrial chambers with a specific focus on

AF, a pathophysiological cardiac condition.

The presence of certain ultrastructural features of the cardiomyocytes may
depend upon the size of the cells as they seem to be important for the
conduction of calcium sparks. In other words, it is possible that a relationship
exists between the morphology of the cardiomyocytes and calcium release
sites. This then contributes to initiation of cell contraction either in response to
a depolarizing action potential arising from the SA node or without such an

impulse in the instance of an arrhythmic event.

The ventricle has been widely studied compared to the atria due to the ease
and convenience of obtaining a significant number of isolated individual
ventricular myocytes for experimental studies (De Young et al., 1989).
However, atrial cells are currently becoming subjects of interest for the study of
AF. Single isolated rat ventricular cells are larger in both length and width
compared to the atrial cells. This is because the ventricles are larger muscles

and have to work harder to pump blood to the lungs and other more distant
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organs. Freshly isolated calcium-tolerant (< 1 mM calcium) rat ventricular
myocytes are wide and possess rod-like shapes (De Young et al., 1989 ;
Freestone et al., 2000). On the other hand, rat atrial cells were found to have a
fairly narrow and elongated shape with tapered ends (Freestone et al., 2000).
According to Kirk and colleagues (2003), atrial myocytes (mixed population of
single left and right atrial cells) isolated from SD rats have relatively uniform

widths across the length of the cells.

Rat atrial cells have been classified as being “wide” or “narrow” cells depending
on whether they possess t-tubules or not (Kirk et al., 2003 ; Smyrnias et al.,
2010). In cells with t-tubules present, the rat atrial cell is considered “wide” and
according to Kirk's group (2003) has an average width of 13.2 + 2.8 ym and
according to Smyrnias’ group (2010) the average width is 16.6 + 0.4 um. On
the other hand, a typical “narrow” rat atrial cell has no t-tubules and according to
Kirk's group (2003) has an average width of 11.7 £ 2.0 um and according to
Smyrnias’ group (2010), has an average width of 13.7 + 4.0 ym. Freestone and
colleagues (2004) have reported WKY rat atrial cells having an average width of
13.0 + 0.3 pm which is similar to the dimensions obtained by Kirk's and
Smyrnias’ group (Kirk et al., 2003 ; Smyrnias et al., 2010). According to
Smyrnias et al., (2010) rat atrial cells which were wide, measuring more than 20
pm in width all possessed an ultrastructural feature similar to t-tubules. Such
wide cells presumably were largely found in the left atria whilst narrower cells

were predominantly found in the right atria.
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4.1.2 T-tubules and EC Coupling

EC coupling is a critical mechanism needed to ensure synchronised cardiac
contractility of the myocardum made up of milions of individual
cardiomyocytes. A specific feature of the ventricular muscle cell ultrastructure
called the transverse or t-tubules was initially discovered and reported in 1956
by Lindner. T-tubules are extensive and protruding invaginations of the
sarcolemma which function to carry action potentials deep within the cell and

therefore contribute to the regulation of contraction of these cardiomyocytes.

T-tubules are common features of rat ventricular cells and are about 200 nm in
length and are regularly located every 1.8 ym along the length of ventricular
myocytes (Smyrnias et al., 2010). In cardiomyocytes, the majority of the LTCCs
are located on the t-tubule membrane compared to a smaller proportion situated
on the external sarcolemmal membrane (Brette and Orchard, 2003) and hence
are in close proximity to the SR. As such, the most significant source of the
calcium that triggers further calcium release from the SR is from the LTCC entry
via the t-tubules (Brette ot al., 2006). This suggests that the position and
function of the t-tubules within the ventricular cell contributes to a rapid and co-
ordinated calcium release from the SR to all parts within the cell eventually

causing a co-ordinated cellular contraction (Kirk et al., 2003).

To a certain extent, the process of EC coupling in atrial cells is similar to that of
the ventricular cells. Both atrial and ventricular cell contractions are triggered

by the action potential reaching the membrane which causes the opening of the
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voltage-gated LTCCs. However the propagation of the intracellular calcium

mobilised by this event is quite different.

4.1.2.1 T-tubules in atrial myocytes

Recently studies have shown that the extensive and well organised t-tubule
network system which is commonly observed in mammalian ventricular
myocytes, does not exist in mammalian atrial cells (Orchard et al., 2008 ;
Walden et al., 2009 ; Richards et al., 2011). There have also been reports of
atrial cells possessing a similar system which is not as well distributed and is
rather disorganised compared to the ventricular t-tubular system (Leeson, 1980
- Tidball et al., 1991 ; Kirk et al., 2003 ; Smyrnias et al., 2010). This rudimentary
network of tubules reported by Kirk and colleagues (2003) in wider rat atrial

cells are known as TATS and these may facilitate EC coupling in such cells.

However, as previously suggested, narrower atrial cells lack the tubule system
altogether (Kirk et al., 2003, Smyrnias et al., 2010). TATS in atrial cells have
been described as having both randomly disorganised transverse and some
occasional longitudinal tubules (Soeller et al., 1999 ; Smyrnias et al., 2010).
Others have reported the tubules in atrial cells having primarily a lengthwise
structural system rather than the usual invaginations of sarcolemma running
across the cell as seen with ventricular myocytes (Leeson, 1980 ; Tidball ef al.,
1991 ; Woo et al., 2005 ; Dibb et al., 2009 ; Smyrnias et al., 2010).
Furthermore, the electrical stimulation of narrower atrial cells tends to cause “U”
shaped whole cell calcium transients with the calcium event originating from the

cell periphery where calcium sparks are initiated (Kirk et al., 2003).
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On the other hand, wider atrial cells have been reported to produce “W” shaped
calcium waves with calcium sparks originating from both the cell periphery and
cell interior (Kirk et al., 2003). This poses the question of whether there may be
a relationship between the morphology of the atrial myocytes, the presence or

absence of TATS and the site of initiation of calcium sparks.

4.1.2.2 T-tubules in SHR myocytes

SHR rats develop hypertension and eventually cardiac hypertrophy as they age.
Hypertension is a chronic condition whereby the arterial blood pressure is
elevated. Cardiac hypertrophy occurs when the myocardium thickens in
response to working against this increased load and thus leads to a decrease in
the volume capacity of heart chambers (Shorofsky et al, 1999). This is an
adaptive response to the increased after-load the heart is working against. In
particular, the left atrium and left ventricular wall are thicker as more effort is
required to pump the blood out of the heart. Therefore as a result, the
hypertrophied rat heart is heavier than that for normotensive rats (Freestone et
al., 1996 ; Shorofsky et al., 1999). SHR rats only develop cardiac hypertrophy
from 6 months old onwards, but as shown in echocardiograph studies of these
rat hearts, there are no signs of heart failure until after 12 months (Shorofsky et
al., 1999). As a result of the cardiac hypertrophy, individual cardiac cells show
a prolonged relaxation period, increased caicium release from the SR and
increased contractility of the individual heart cells (Shorofsky et al., 1999 ; Bell
et al., 2004). There is a higher amount of free intracellular calcium ions in SHR
cardiomyocytes which results in larger sparks compared to those from normal

cardiomyocytes (Shorofsky et al., 1999). The accumulation of calcium ions
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seems to cause an increase in calcium storage capacity in the SR of SHR
cardiomyocytes hence causing an increase in calcium release events

(Shorofsky et al., 1999).

4.1.2.3 T-tubules in large and small mammals

it has been reported in several studies that AF is a phenomenon that does not
occur in small mammals (Huser et al.,, 1996 ; Mackenzie et al., 2001 ; Dibb et
al., 2009 ; Richards et al, 2011). Nevertheless, it is possible to initiate

arrhythmic events in isolated rat atrial cells.

Dibb and colleagues (2009) showed that in terms of morphology and internal
structure, small mammalian atrial myocytes (such as from rats) are very
different to larger mammalian atrial myocytes (such as from sheep). The
average width of the sheep atrial myocytes (14.5 + 0.75 pm and 16.0 + 1.16
pum) (Dibb et al, 2009 and Richards et al, 2011 respectively) is larger
compared to rat atrial myocytes which has been reported to have an average
width of 13.2 £ 2.80 ym, 13.0 £ 0.30 pm, 9.1 £ 0.98 um and 10 um (Kirk et al.,
2003 : Freestone et al, 2004 ; Dibb et al., 2009 ; Walden et al, 2009
respectively). Various studies have shown that human atrial cells have an
average width of 17 ym, 17.9 pm and 17.3 = 1.2 ym (Porciatti et al., 1997 ;
Polontchouk et al., 2001 ; Richards et al., 2011 respectively). This means they
are narrower than the horse atrial width (22.7 £ 1.5 ym) but slightly wider than
the atrial widths of cows (16.8 £ 0.93 pm) and sheep (16.0 + 1.16 um) (Richards
et al., 2011). In the larger atrial myocytes obtained from sheep, horses and

humans, it was discovered that a t-tubule network exists (Dibb et al., 2009 :
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Richards et al., 2011) which supports the suggestion that these membranal
invaginations function to facilitate the calcium release in the centre as well as
the periphery of these wider atrial myocytes. Furthermore, the t-tubule network
is noticeably absent in atrial myocytes from sheep with HF which is a similar
occurrence in ventricular myocytes of horses with HF and human

cardiomyocytes derived from patients with chronic HF (Dibb et al., 2009).

4.2 Aim of stud

There is no information in the literature about right and left atrial cell dimension
comparisons but we hypothesise that left atrial myocytes are wider compared to
right atrial myocytes. Wider atrial cells may provide a more heterogenous
distribution of calcium sparks compared to the narrower atrial cells. We seek
here to confirm the differences in width between the left and right atrial
cardiomyocytes as well as to investigate the relationship between calcium spark
initiation sites and cell morphology in rat atrial myocytes. In addition, important

ultrastructural features of the ventricular myocytes, the t-tubules will be studied.

4.3 Materials

Materials used in this study are as previously described in Chapter 2, with the

addition of sodium pentobarbital for anaesthesia which was purchased from

Sigma Aldrich Company Ltd. Heparin was obtained from BD Healthcare Ltd.
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4.4 Methods

4.41 Animals

Rats used in this study are as described in Chapter 2.

4.4.2 Langendorff method - Perfusing the whole rat heart

Male WKY rats were sacrificed and the procedure for whole heart perfusion

using the Langendorff method was as previously discussed in Chapter 2.

4.4.3 Atrial cell isolation

Atrial cell isolation procedure is as described in Chapter 2 with a slight
modification to the method. Gentle manual agitation of the minced tissues in
collagenase enzyme solution and then Tyrode's solution (0.2 mM calcium) was
carried out in sessions lasting 5 mins each in the water bath (37°C). After each
session, supernatant was collected and fresh warm enzyme was added to the
remaining atrial tissue in the boiling tubes for the last session of manual
agitation at 37°C for 15 mins. Any remaining tissue was gently triturated using

a Pasteur pipette to aid tissue digestion.

4.4.4 Incubation of fluo-4AM loaded cardiac cells

Fluo-4AM solution (4 uM) was made up as described in Chapter 2.
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4.4.5 Incubation of di-BANEPPS loaded cardiac cells

Di-8ANEPPS (2 puM) in DMSO was prepared as explained in Chapter 2. T-
tubule studies consist of using di-8ANEPPS-stained cells to construct 3-D
images which were obtained from a series of Z-slices of the specimen obtained

in a specific time span.

4.5 Statistical analysis

Experimental data are presented as mean + S.E.M. All t-tests were unpaired

and values of p < 0.05 were considered as being statistically significant.

4.6 Results

4.6.1 Average weights of whole rat hearts

Upon dissection of the heart from WKY and SHR rats, a sample of hearts was
weighed (Figure 4.1). The average wet weights of the hearts from SHR rats
(2.0 £ 0.04 g) were found to be heavier than those obtained from WKY (1.5 +
0.06 g) (n = 5 and 10 respectively, p < 0.0001). This is considered as being
due to hypertrophy and thickening of the cardiac tissue (due to accumulation of

collagen) characteristic of hypertension in these animals.
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Figure 4.1 Comparison of the average wet weights of whole SHR and WKY rat
hearts. SHR hearts are significantly heavier than WKY hearts (****p < 0.0001).

4.6.2 Average weights of WKY and SHR atrial tissue

Following microdissection of the left and right atria, the tissues were rapidly
weighed out. The mean average weight of WKY left atria was 484.3 + 23.2 mg
and the WKY right atria was 464.8 + 11.6 mg (although not significantly
different). SHR left atria was 410.4 + 19.7 mg and SHR right atria was 371.2 +
32.7 mg (not significantly different). The mean average wet weights of WKY
left and right atrial tissue were higher than the SHR counterparts (Figure 4.2)
even though the whole SHR hearts had a significantly higher average weight

than WKY hearts.
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Figure 4.2 WKY left and right atria are on average heavier than SHR left and
right atria. The mean weight of WKY left atria is significantly higher than the mean
weight of SHR left atria, (n = 4 and n = 5 respectively, *p < 0.05). The mean weight of
WKY right atria is also significantly greater than the mean weight of SHR right atria (n
= 4 and n= 5 respectively, *p < 0.05). LA and RA depict left atria and right atria
respectively. A similar observation was reported by Sonnenberg et al., 1983.

4.6.3 Morphology of WKY rat ventricular myocytes

Different chambers of the heart possess cardiomyocytes with a specific
morphology adapted to perform their specific functions. Ventricular cells
isolated from WKY rats have a relatively wide and straight rod-shaped

morphology (Figure 4.3). The mean ventricular width is 26.8 + 1.71 pm and the

mean ventricular length is 149.5 £ 5.07 ym (n = 14).
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Figure 4.3 Morphological snapshot of single isolated WKY rat ventricular
myocyte. The rat ventricular myocyte has a broad rod-like shape. The red scale bars
indicate a scale of 50 um.

4.6.4 Morphology of WKY rat left atrial myocytes

On the other hand, rat atrial cells have a long and thin worm-like morphology
with tapered ends. Even though the left and right atria share the same general
morphology, they differ in the widths of the cells. A selection of left atrial cells

is shown (Figure 4.4). The mean left atrial myocyte width is 13.6 + 0.30 ym (n

= 91).

Figure 4.4 Morphological snapshots of single isolated WKY rat left atrial
myocytes. Clear striations are seen under the microscope which are the sarcomere
structures and are indications of healthy robust myocytes. The red bar indicates a
scale of 20 pm.
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4.6.5 Morphology of WKY rat right atrial myocytes

Right atrial cells are approximately the same length as the left atrial cells and
resemble the morphology of left atrial cells under the microscope (Figure 4.5).
On average, the right atrial cells are narrower than the left atrial cells, where
the widths are 9.9 + 0.25 pm compared to 13.6 + 0.30 ym respectively (n = 125
and n = 91 respectively, p < 0.0001,). In terms of length, on average the right
atrial cells are 96.5 + 2.13 pym and the left atrial cells are 93.1 + 2.01 uym

respectively (n = 125 and 91 respectively) though not statistically significantly

different.

Figure 4.5 Morphological snapshots of single isolated WKY rat right atrial
myocytes. On average, the right atrial cells are narrower than the left atrial cells. The
red bar indicates a scale of 20 um.
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4.6.6 Morphology of SHR rat atrial and ventricular myocytes

Left SHR atrial cardiomyocytes are observed to be longer and wider than their
WKY counterparts even though there is a proportion of atrial tissue death
during hypertension. Similar observations have been reported by McCrossan’s
group (2004). SHR ventricular cells (Figure 4.6) had an average length of

144.5 + 2.6 um and WKY ventricular cell length was 149.5 £ 5.07 ym.

Figure 4.6 Morphological snapshot of single isolated SHR myocyte. (a) SHR left
atrial cell (b) SHR right atrial cell and (c) SHR ventricular cell. All SHR cardiomyocytes
are wider and longer compared to their WKY counterparts (*p = 0.05). Even though
the above SHR ventricular myocyte is a diseased cell, it still maintains the striated
sarcomere structures which are also seen in WKY ventricular cells.
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4.6.7 Comparison between the average lengths of WKY and SHR atrial

myocytes

The average length of WKY left atrial cells was 93.1 £ 2.01 ym which however
was not significantly different from the average length of WKY right atrial cells
which was 96.5 £ 213 ym (n = 91 and 125 respectively) (Figure 4.7).
Furthermore, the average lengths of SHR left and right atrial cells also did not

differ significantly from each other.

For comparison purposes, the mean length of the WKY ventricular cell was
included (149.5 + 5.07 ym) (n = 18) and was statistically significantly longer
than the right and left WKY atrial cells (p < 0.0001) but not longer than the SHR
atrial cells. On the other hand, SHR left atrial cells were shown to be on
average longer than WKY left atrial cells, 123.9 + 10.94 pm compared to 93.1 +
2.01 pm respectively (n = 9 and 91 respectively, p < 0.0002). However, the
SHR right atrial cells tended to be slightly shorter than the WKY right atrial
cells, 94.6 + 9.91 ym compared to 96.5 + 2.13 ym respectively (n = 7 and 125

respectively, p = 0.9).
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Figure 4.7 Comparison between the lengths of WKY and SHR left and right atrial
myocytes. WKY ventricular myocytes are significantly longer than left and right atrial
myocytes (****p < 0.0001) whereas SHR left atria is also significantly longer than WKY
left atria (*p < 0.01). SHR left and right atrial myocytes did not show statistically
different lengths and this was also observed in WKY left and right atrial myocytes.
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4.6.8 Comparison between the average widths of WKY and SHR atrial

myocytes

The mean width of the WKY left atrial cell (13.6 £ 0.30 um) was significantly
larger than the mean width of the WKY right atrial cell (9.9 + 0.25 pm) (n = 91
and 125 respectively, p < 0.0001) (Figure 4.8). For comparison purposes, the
mean width of the WKY ventricular cells was included, 26.8 £ 1.71 ym (n = 18).
Both SHR left and right atrial cells were not significantly wider than their WKY
counterparts. The average width of SHR left atrial myocytes was 15.1 £ 1.1 ym
and was significantly different to the average width for SHR right atrial

myocytes which was 11.9 + 0.9 pm (n = 9 and 7 respectively, p < 0.05).
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Figure 4.8 Comparison between the widths of WKY and SHR left and right atrial
myocytes. SHR left atria is 3.23 pm wider than SHR right atria whereas WKY left atria
is 3.70 um wider than WKY right atria. Both SHR left and right atria tend to be wider
than their WKY counterparts however SHR left atria is significantly wider than SHR
right atria (*p < 0.1). WKY ventricular myocytes are significantly wider than both WKY
and SHR left and right atrial myocytes (****p < 0.0001).
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4.6.9 T-tubules in WKY rat ventricular myocytes

Di-SANEPPS was used for the detection of the presence of t-tubule
membranes within cardiomyocytes. As shown (Figure 4.9), t-tubules were

present in WKY ventricular cells.

Figure 4.9 T-tubules in WKY ventricular myocytes stained with di-BANEPPS. The
striations in di-BANEPPS stained ventricular myocytes (a) and (b) are t-tubule

membranes annotated by green arrows.
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4.6.10 T-tubules in WKY rat atrial myocytes

A sparse network of TATS can be observed in WKY left atrial cells (annotated
by a white arrow) stained with di-BANEPPS, however in the narrower right atrial

cells, no t-tubule network was detected (Figure 4.10).

Figure 4.10 Single isolated WKY rat atrial myocytes labelled with di-BANEPPS.
(a) The left atrial myocyte shows some evidence of TATS annotated by the white arrow

and (b) right atrial myocyte shows no evidence of TATS.
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4.6.11 Calcium sparks originating from centre of atrial cells

Calcium sparks in atrial cells are initiated both on the cell periphery and from
the central region of the myocyte and the frequency of the calcium sparks at
each location depends on the size of the atrial cells. Left atrial cells are wider
on average than right atrial cells (13.6 £ 0.3 ym compared to 9.9 + 0.25 pm)
and this means that a greater distance needs to be travelled to carry
depolarisation across the width of the cardiomyocyte. As shown for the left
atrial cell (Figure 4.11), some calcium sparks (51%) originate in the centre of
the cell and this may be due to the presence of TATS (which are more likely to

exist in left atrial cell than right).

B0+

% calcium spark originating from centre

Left Atrial Right Atrial
Cardiac tissue type

Figure 4.11 Percentage frequency of calcium sparks originating from centre of
atrial cells. It was observed that 51% of calcium sparks occurring in the left atrial cells
originated from the centre whereas 23% of calcium sparks in right atrial cells occurred
in the centre of the cells (n = 6 and 5 respectively where n = number of cells ; *p =
0.03) and error bars signify S.E.M.
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The following calcium fluorescent images (Figure 4.12) of atrial myocytes show
examples of calcium sparks originating from the centre of the left atrial cell and

calcium sparks being triggered from the periphery of the right atrial cell.

Figure 4.12 Initiation sites of spontaneous calcium sparks in atrial cells. The
majority of calcium sparks in (a) left atrial cells are triggered from the centre however
most of the calcium sparks in (b) right atrial cells originate from the periphery of the
cell. The calcium sparks are annotated by white arrows in these confocal images and

are observed as intense fluorescent-coloured blips.
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4.7 Discussion

AF is the most commonly occurring type of cardiac dysrhythmia in the human
population, currently affecting nearly 2% of the UK population according to the
British Heart Foundation (BHF). However not much is known regarding whole
cell calcium transient formation and EC coupling in the atria, unlike for the well-
studied ventricles. The focus here has therefore been on the atrial
cardiomyocyte to study its morphology in relation to sites of calcium release
which contributes to cardiac contraction and which may be relevant to the

spontaneous calcium release characteristic of arrhythmias.

Bell and colleagues (2004) have previously shown that SHR rats have heavier
hearts compared to WKY which is consistent with the findings of this study. The
mean weight of WKY hearts was found to be significantly lighter than for SHR
hearts. This is possibly due to the thicker muscle of the left ventricular walls of
the SHR rat hearts that produces more effort to pump blood out to the rest of

the body (Freestone et al., 1996 ; Shorofsky et al., 1999 ; Bell et al., 2004).

To our knowledge, this study is the first to have specifically separated out the
right and left atrial tissue for comparison purposes. Both left and right SHR
atrial tissue weighed less than the left and right WKY atrial tissue which
suggests that there might have been significant cell death in this pathological
state. A similar observation was reported by Sonnenberg and colleagues
(1983) who did not specify the specific atrial tissue they used but reported the
wet weight of the SHR atria was 295 mg and observed to be smaller and
shrunken compared to the wet weight of the WKY atria at 386 mg. The loss of

tissue mass of the SHR atria may be due to the constant and long term release
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of the atrial natriuretic hormone factor (ANF) in SHR rats which results in death

of atrial tissue (Sonnenberg et al., 1983).

To add to the novel aspect of this study, the isolated left and right atrial
myocytes have been specifically separated out unlike the other groups (Kirk et
al., 2003 ; Dibb et al., 2009 ; Smyrnias et al., 2010 ; Richards et al., 2011). The
average length of the single isolated SHR left atrial cells was significantly
longer than that of the WKY left atria though there were no significant
differences between the widths of these respective cells. This may account for
the progressively longer process of cell shortening that occurs in SHR left atrial
cells than in WKY (McCrossan et al., 2004). SHR left atrial cells also need to
work against a higher arterial pressure whereas the SHR right atrial cells might
not experience this pressure increase greatly. Additionally there was no
significant difference between the length of the SHR and WKY right atrial cells
although the average width of SHR left atria was significantly wider than that of
the SHR right atrial myocyte. This is possibly due to the higher pressure and

hence higher workload subjected to the SHR left atria compared to the SHR

right atria.

Ventricular cells were observed to be large rod-shaped like myocytes as
previously described by Freestone and colleagues (2000). Upon staining with
di-8ANEPPS, t-tubules were observed clearly in WKY and SHR ventricular
cells. Bell and colleagues (2004) showed an average rat ventricular cell width
of 26.1 £ 0.95 ym and an average rat ventricular cell length of 137.5 £ 5.53 pym.

In this study, the ventricular myocytes were found to have an average width of
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26.1 + 1.71 ym and an average length of 149.5 + 5.07 ym whereby the width

measurement is similar to that reported by Bells’ group (2004).

Many studies have shown that rat atrial cells do not possess a well organised t-
tubular system as observed in mammalian ventricular cardiomyocytes (Tidball
et al., 1991 ; Woo et al., 2002 ; Kirk et al., 2003). Instead they posess TATS
which perform the same task as the t-tubular system of the ventricular cells
(Kirk et al., 2003 ; Dibb et al., 2009 ; Louch et al., 2010; Smyrnias et al., 2010).
This shows that the action potential is still being propagated by the t-tubules
deep into the cell to facilitate EC coupling. It has been shown that there is a
correlation between the atrial cell widths and the quantity of t-tubules present in
large mammals such as sheep, cow and horses (Richards ef al., 2011). Usually
the wider the cells, then the more the t-tubules are present. These studies
(unlike this present study) however did not analyse the extent of the t-tubular

system separately in left and right atrial myocytes.

In this study, it has been discovered that the left rat atrial cells accounted for the
majority of the wider atrial cells and in comparison the right rat atrial cells were
significantly narrower. This observation has not been shown in previous
literature. The atrial widths obtained by Kirk and colieagues (2003) are the
most similar to the mean left atrial width obtained from this study. This indicates
that in the rat, left atrial cells are wider than right atrial cells and show signs of
possessing a tubular network which is required to facilitate EC coupling. The
wider rat atrial myocytes consistently possess a tubular network to cause

depolarisation-triggered calcium release over the larger distances compared to
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the narrower cell where presumably calcium diffusion alone is significant to

activate the myofilaments.

Furthermore, t-tubular systems have also been reported to alter in health and
disease. Human atrial cells have mostly been studied in a pathological setting.
However in the occasional studies where cardiomyocytes have been obtained
from patients with normal heart rhythm, it has been shown that t-tubule
networks are present in 69% of the atrial myocyte populations studied (Richards
et al., 2011). Healthy human atrial cells have been studied by Aptel and
colleagues (2002) who showed evidence of two populations of calcium sparks
occurring spontaneously, one being larger than the other. During AF, calcium
handling is disrupted which suggests that the t-tubule membranes may be

damaged in this pathophysiological state.

It was also noted in this study on WKY rats that the calcium sparks are
statistically significantly more likely to originate from the centre of the left atrial
myocytes compared to right atrial myocytes. It is also statistically significantly
more likely that calcium sparks occur in the periphery of right atrial myocytes
compared to the left. In the left atrial myocyte of the rat, 51% of calcium sparks
occurred in the centre of the cell compared to 23% of calcium sparks that
occurred in the centre of right atrial myocytes. It is likely then that left atrial
myocytes have more calcium sparks deep within the cells because of a more
developed t-tubule system compared to the right atrial myocytes (Kirk ot al.,

2003 ; Smyrnias et al., 2010).
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4.8 Conclusion

e The majority of wider atrial cells are left atrial cells that possess TATS

and the narrower atrial cells are right atrial cells that have no TATS.

e Left atrial cells had more calcium sparks originating from the centre of
the cell body whereas right atrial cells had calcium sparks occurring
mostly on the cell periphery. This may be relevant to the spontaneous

calcium release characteristic of arrhythmias.

It may therefore be worthwhile to also quantitatively investigate the effect of

health and disease on calcium handling proteins that regulate myocardial

contractility in EC coupling.
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5.0 Cardiac calcium handling proteins : Abundance in normal
and diseased states and regional specificity

5.1 Introduction

Cardiac contractility is modulated by changes to intracellular calcium handling
which can occur, for example by the binding of stimulatory agonists to the B-
ARs. In healthy hearts, the Gs protein coupled B-ARs on the cell membrane are
activated by stimulants such as catecholamines. This in turn activates AC and
increases the intracellular level of cAMP (Levitzki, 1988). The rise in cAMP
activates the cAMP-dependent PKA which phosphorylates a series of vital

cardiac calcium handling proteins.

These proteins include PLB, a protein of the SR, which regulates the activity of
SERCAZ2a, the calcium pump on the SR membrane (Kiss et al., 1997 ; Boknik
et al,. 1999 ; MacLennan and Kranias, 2003), RyR2, the cardiac isoform of the
calcium release channel of the SR (Marx et al., 2000 ; Eschenhagen, 2010) and
voltage-gated LTCCs that enable calcium entry into the cell upon depolarisation
(Gémez et al., 1997). The phosphorylation of these calcium handling proteins
causes an increase in calcium mobilization. In particular phosphorylation of
PLB increases the activity of SERCA2a resulting in positive lusitropic effects
and loading of the SR with greater amounts of calcium (Boknik et al., 2001). A
larger SR calcium load is associated with increases in calcium transient
amplitude as a consequence of subsequent calcium release from the SR.
Abnormalities in cardiac calcium handling protein function can occur in various

disease states and the normal interaction within the cardiac signalling pathways
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associated with contraction is disrupted and may result in deterioration of

cardiac muscle function.

5.1.1 SERCA2a

Upon the depolarisation of cardiac cells, calcium is released from the SR in
response to trigger calcium entry via sarcolemmal calcium channels. The
transient elevation in intracellular calcium concentration that occurs enables
cardiac contraction. SERCA2a is a 100 kDa protein that is vital in this process
as it enables cardiac relaxation when it pumps calcium back into the SR thus

refilling the SR for the next cardiac contraction event.

The activity of the SR calcium pump is dependent upon the binding of the
reversibly phosphorylated PLB (MacLennan and Kranias, 2003). When PLB is
dephosphorylated, SERCA2a activity is inhibited. Lower levels of PLB in the
heart have been reported to be associated with increases in the levels of activity
of SERCA2a and caicium content in the SR (Santana et al., 1997 : Brittsan and
Kranias, 2000). This suggests that basal cardiac contraction and SR calcium
content are influenced by the relationship between PLB and SERCA2a.
SERCA2a and PLB expression differs between different heart chambers. For
example, the abundances of SERCA2a and PLB differ in atria and ventricles of
various species (such as mice and rats) with faster relaxation occurring in the

basal state in atria due to the increased levels of SERCA2a and lower amounts

of PLB found in this tissue (Freestone et al., 1999).
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5.1.2 Total and phosphorylated PLB

PLB is a reversible regulator protein of the SR calcium cardiac pump whose
function is altered during B-AR activation (MacLennan and Kranias, 2003).
When it is in a dephosphorylated state it inhibits the activity of the calcium
pump. Following its phosphorylation by PKA or calcium/CaM kinase II, the
inhibition exerted by PLB is then relieved and cardiac relaxation is enhanced
(MacLennan and Kranias, 2003). Dephosphorylation by PP1 converts PLB
back to its native state. PLB has been of great interest due to its regional
specific expression in cardiac tissues in human and murine models (Boknik et

al., 1999).

However, it is obvious in the existing literature, that there is variability in the
current western blotting methods for the detection of PLB in both its native and
phosphorylated forms. Studies have reported on the 25 kDa pentameric form of
this protein (Boknik et al,1999 ; Luss et al,1999) and also the 6 kDa
monomeric form (Wegener and Jones, 1984; Wientzek and Katz, 1991 ;
Fallavollita et al., 1999). The latter was obtained by exposing cardiac tissue
homogenates to high temperature (95°C) which aids the denaturing process of

the protein structure.

Nevertheless PLB protein abundance has been reported to vary in different
chambers of the heart depending on the chamber the tissues have originated
from (Boknik et al, 1999). Changes in PLB expression and hence a
disturbance to the PLB-SERCA2a interaction has been linked to cardiac

pathophysiological conditions such as arrhythmias and HF. A deficiency of PLB
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in the heart causes faster relaxation, gradual increase in inotropism and

eventually increasing work load upon the heart (Koss and Kranias, 1996).

The phosphorylation of PLB occurs at 2 specific sites namely Ser16 and Thr17
which are triggered by B-adrenergic stimulation (Wegener ot al., 1989). Ser16
is phosphorylated by cAMP-dependent PKA whilst Thr17 is phosphorylated by
calcium/CaM kinase Il. The abundances of PLB and phosphorylated versions
of PLB vary between normal hearts and hypertensive hearts (Boknik et al.,
1999 : Mills et al., 2006). However there are inconsistencies in the literature
regarding the abundances of phosphorylated PLB in each cardiac chamber
under different physiological and pathophysiological conditions. For example,
Renna and colleagues (2006) observed that levels of phospho-Ser16 and
phospho-Thr17 were higher in WKY ventricular tissues compared to SHR
ventricular tissues. On the other hand, Boknik's group (2001) reported no
differences in the expression of phospho-Ser16 between these two conditions
however the expression of phospho-Thr17 was found to be higher in SHR
ventricular tissues compared to WKY normotensive tissues as a resuit of more

active CaM Kinase |l in hypertensive rat models.
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5.1.3 Total and phosphorylated RyR2

During CICR, an influx of extracellular calcium into the cell causes calcium
release from the SR via the calcium release channel (Fabiato and Fabiato,
1978). This calcium channel is RyR2, the 565 kDa cardiac isoform of RyR
(Nakai et al., 1990). RyR2 has 3 established phosphorylation sites ; (i) Ser-
2808 found in humans and rats is phosphorylated by PKA and CaM kinase ||
and is dephosphorylated by PP1 (Witcher et al., 1991) ; (ii) Ser-2814 located in
cardiac tissues of humans and rodents is phosphorylated by CaM kinase Il and
dephosphorylated by PP1 and (iii) Ser-2030 which is also located in humans
and rat cardiac tissues is phosphorylated by PKA and dephosphorylated by PP1

(Xiao et al., 2006).

The phosphorylation of RyR2 at the Ser-2808 site triggered by an elevation in
circulating catecholamines is the main functional cause of enhanced calcium
release from the SR via the RyR2 channel (Wehrens et al, 2006 ;
Eschenhagen, 2010) resulting in augmented cardiac contraction. However, an
alteration of the protein function may cause dysfunctionality in the reguiation of
calcium flow from the SR during HF (Eschenhagen, 2010). The catecholamines
(adrenaline and noradrenaline) which are present at elevated levels in HF
cause the RyR2 to be hyperphosphorylated at the Ser-2808 site leading to
uncontrolled calcium leakage from the SR which may result in reduced cardiac
contractility, cardiac arrhythmias and eventually sudden cardiac death (Laitinen

et al., 2001 ; Wehrens et al., 2006 ; Eschenhagen, 2010 ; Shan et al., 2010).
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The calcium handling proteins of the heart that have been mentioned, normally
work together during EC coupling to enable SR calcium release and the
consequent refilling of the SR. However, abnormalities of calcium handling may
lead to malfunction in the contraction of the heart and hence contribute to the

pathophysiology of cardiac diseases.

5.2 Aim of study

The objective is to investigate whether there are any significant differences in
protein levels of the various calcium handling proteins in each of the cardiac
chambers of WKY and SHR rats and in tissues derived from a volume overload

model of HF (by aorto-caval shunt) and their sham-operated controls.

5.3 Materials

All materials obtained are as described in Chapter 2 with the following addition,
the HiMark™ Pre-Stained High Molecular Weight protein standard (Invitrogen)
was purchased from Life Technologies Ltd whereas the Precision Plus
Protein™ Kaleidoscope™ standard was obtained from BioRad Laboratories,

Inc.

5.4 Methods

5.4.1 Animals

WKY, SHR and shunt and sham-operated rats were sacrificed as described in

Chapter 2.
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5.4.2 Preparation of cardiac tissue homogenates

Cardiac tissues from WKY, SHR and shunt and sham-operated tissues were

prepared and homogenised as previously described in Chapter 2.

5.4.3 Gel electrophoresis and western blotting of pure PLB protein

Pure PLB protein was probed using western blotting to show the linearity of this

system in terms of signal intensity as described in Chapter 2.

544 Gel electrophoresis and western blotting of calcium handling

proteins in cardiac homogenates

Western blotting was carried out to determine the presence of and to quantify
the following calcium handling proteins in rat cardiac tissues; total and
phosphorylated versions of PLB, SERCA2a and total and phosphorylated
versions of RyR2. Cardiac homogenates were ‘boiled’ at 95°C initially for 5
mins and for the subsequent experiments the same homogenates were warmed
at 37°C for 5 mins. Quantification of the protein of interest for all experiments
was carried out using a BioRad densitometer (G-800) and the accompanying

QuantityOne software.
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5.4.4.1 SERCA2a

A polyacrylamide gel concentration of 9% was used for the detection of
SERCA2a (110 kDa). Gel electrophoresis was carried out as previously
described. A PVDF membrane which was pre-wetted with methanol was used
to transfer the protein samples from the gel body. The blocking solution used
was 3% BSA in a 0.1% Tween 20 buffer solution. The primary antibody used
was a polyclonal SERCA2a antibody (1 : 5000) and the secondary antibody was
a polyclonal anti-rabbit antibody (1 : 1000). SERCA2a was normalised by a-
actinin (100 kDa) (1 : 1000). Protein detection and band intensities were

quantified as before.

5.4.4.2 PLB recovery when rat ventricular homogenates are subjected to

boiling or non-boiling

One group of left and right rat ventricular homogenates were subjected to 95°C
and the other group subjected to 37°C for 5 mins before being loaded onto the
polyacrylamide gel (15%) which included 6 M urea. The samples were
electrophoresed at 200 V before being transferred to a PVDF membrane pre-
wetted in methanol. Following the semi-dry transfer of the proteins onto the
PVDF membrane, the latter was immersed and incubated with a blocking
solution of 5% milk in 0.1% Tween 20 buffer solution. The membrane was
incubated at 4°C overnight with a specifically labelled antibody for PLB (1 :
5000) and the secondary antibody was polyclonal IgG anti-mouse (1 : 5000).
PLB was normalised by GAPDH (37 kDa) (1 : 1000). Quantification of the

protein of interest was carried out as previously described.
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5.4.4.3 Total PLB and phosphorylated PLB

The abundance of PLB, phospho-Ser16 and phospho-Thr17 (25 kDa) was
analysed by western blotting where a polyacrylamide gel (15%) including 6 M
urea was used. The protein samples were loaded and electrophoresed as
previously discussed before being transferred to a PVDF membrane pre-wetted
in methanol to enable absorption of the transfer buffer. Following the semi-dry
transfer of the proteins onto the PVDF membrane, the latter was immersed and
incubated with a blocking solution of 5% milk in 0.1% Tween 20 buffer solution
for PLB and phospho-Thr17 or 3% BSA in 0.1% Tween 20 buffer solution for
phospho-Ser16 on a reciprocating shaker. The membrane was incubated at
4°C overnight with a specifically labelled antibody for PLB (1 : 5000).
Phosphorylation specific antibodies, phospho-Thr17 (1 : 5000) and phospho-
Ser16 (1 : 5000) were also used in other samples. The secondary antibody
used was a polyclonal IgG anti-mouse (1 : 5000) for PLB and a polyclonal IgG
anti-rabbit (1 : 1000) for phospho-Ser16 and phospho-Thr17. The labelled
antibody was detected by HRP enzyme using a luminol substrate that shows up
a signal showing the expression of the protein of interest during the
chemiluminescence protein detection process as previously explained in
Chapter 2. Total PLB and its phosphorylated proteins were normalised by
GAPDH (1 : 1000). Quantification of the protein of interest was carried out as

previously described.
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5.4.4.4 Total RyR2 and phosphorylated RyR2

The relative abundance of total RyR2 and phosphorylated versions of RyR2
(565 kDa) were determined using a polyacrylamide gel concentration of 4.5%.
Separated protein samples were transferred onto methanol pre-wetted PVDF
membranes. The membrane blots were pre-incubated in 3% BSA in a 0.1%
Tween 20 buffer solution. Protein blots were incubated accordingly with total
RyR2 (1 : 1000), RyR2 phospho-Ser2808, RyR2 phospho-Ser2814 and RyR2
phospho-Ser2030 antibodies (1 : 1000). Total RyR2 and its phosphorylated
proteins were normalised by a-actinin (1 : 1000). The secondary antibody used
was a polyclonal IgG anti-rabbit (1 : 1000). Protein detection and band

intensities were quantified as previously described.

5.5 Results

5.5.1 SERCA2a : WKY and SHR atrial and ventricular tissues

SERCA2a abundance in WKY tends to be higher than that of SHR cardiac
tissues (Figure 5.1). In terms of chamber specific differences in the expression
of SERCA2a, there were no significant differences between WKY left and right
atria (1.3 £ 0.14 and 1.2 + 0.12 respectively ; n = 5 and 4 respectively) and
WKY left and right ventricles (1.3 £ 0.05 and 1.0 + 0.03 respectively ; n = 6).
The right ventricle had a similar amount of SERCA2a expressed in
normotensive and hypertensive tissue (1.0 £ 0.03 and 1.0 + 0.01 respectively ;
n = 6). There was also no significant difference between WKY and SHR left

ventricular homogenates (1.3 + 0.05 and 1.0 £ 0.05 respectively ; n = 6).
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Figure 5.1 Protein expression of SERCA2a in WKY and SHR tissues from all four
chambers of the heart. (a) and (b) representative western blots and chart
respectively of SERCA2a in WKY and SHR cardiac tissues. There were no significant
differences between the cardiac chambers and the mentioned cardiac conditions (n = 6
for all, except WKY left atrial tissue, n = 5 and right atrial tissue, n = 4). (c) Arrows
representing trends in the data ; increase ( 1‘), decrease ( {) or no change (— of
protein abundance as comparisons between the two different strains. Combining the
atrial samples of both strains and comparing them with the combined ventricular
samples would reveal more SERCAZ2a in atria as previously reported.
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5.5.2 Quantification of PLB in boiled and non-boiled cardiac tissue

Both left and right ventricular homogenates showed no significant quantifiable
differences in the amount of PLB protein recovered when they were boiled or
not boiled prior to gel electrophoresis (Figure 5.3). The 25 kDa pentamer
depicts the intact form of PLB whereas the 6 kDa protein is the monomeric unit

of PLB formed by boiling the homogenates.

PLB total protein abundance / GAPDH

PLB total protein abundance /| GAPDH

Conditions for left ventricular homogenate Conditions for right ventricular homogenate

Figure 5.2 Comparison of quantification of PLB in ventricular homogenates
subjected to boiling and non-boiling conditions. (a) Left ventricular homogenates
and (b) right ventricular homogenates were treated under boiled and non-boiled
conditions and taking into account both monomeric (6 kDa) and pentameric units (25
kDa). There was no significant difference in the amount of PLB protein recovered for

both sets of samples.
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5.5.3 Total PLB : WKY and SHR atrial and ventricular tissues

The total PLB abundance is elevated in hypertensive tissue (Figure 5.4)
compared to normotensive tissue. All PLB bands (25 kDa and if there were 6
kDa) were taken into account. PLB in SHR right atrial homogenate is
significantly higher than WKY right atrial homogenate (1.3 £ 0.11 and 0.6 £ 0.14
respectively ; n = 10 and n = 8 respectively ; p = 0.003). SHR left and right
ventricular tissue (1.7 £ 0.20 and 1.9 + 0.19 respectively) are significantly more
abundant with total PLB than WKY left and right ventricular tissue (1.0 £ 0.06
and 1.2 + 0.14 respectively ; n =12 for SHR left and right ventricular tissue and
n = 8 and n = 13 for WKY left and right ventricular tissue respectively ; p =
0.01). On the other hand, PLB abundances in WKY and SHR left atrial
homogenate were 0.8 + 0.10 and 1.2 £ 0.2 respectively but were not

significantly different.

115|Page



Chapter 5

(a) Ventricles Atria
PLB (T ™= W - - — 25 kDa
& @ o T x x
g Erfuguo annE Ko
2 & 3% S 238
GAPDH s s s e ———— 37 kDa
(b) (c)
y | e i Trends
1| e et Lt WKY SHR
% i YLV tLv
g 2] I YRV +Rrv
3 T YA fa
g i \ VRA RA
é | :aiég §
- LN
: i \
i .§\>
s

0 . :.:.::;:: ] - : :
< eg- Q- qg.
\:*"F & SF Q;&‘ at o

Cardiac tissue type

Figure 5.3 Protein expression of total PLB in WKY and SHR tissues from all four
chambers of the heart. (a) and (b) representative western blots and chart
respectively of PLB in WKY and SHR cardiac tissues. PLB is more abundant in SHR
tissues (n = 12 left and right ventricular homogenates and n = 10 left and right atrial
homogenates) compared to WKY tissues (n = 8 and 13 left and right ventricular
homogenates respectively and n = 8 left and right atrial homogenates) and in ventricles
more than the atria in both rat strains. (c) Arrows show trends in the data of protein
abundance between the two different strains of rats.
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5.5.4 Phospho-Ser16 : WKY and SHR atrial and ventricular tissues

Phospho-Ser16 content in WKY atrial homogenates tended to be higher than
for SHR atrial tissues. However, in WKY left and right ventricular tissue,
phospho-Ser16 was significantly more abundant (1.5 + 0.12 and 1.3 + 0.13
respectively) compared to SHR left and right ventricular homogenate (1.1 £ 0.12

and 0.9 £ 0.16 ; n = 6 and n = 4 respectively ; p = 0.03) (Figure 5.5).

WKY left ventricular tissue was significantly more abundant with phospho-Ser16
compared to WKY left atrial tissue (1.5 + 0.12 compared to 1.1 £ 0.11) however
there were no significant differences between WKY right ventricular and right
atrial tissue (1.3 £ 0.13 and 1.2 + 0.05 respectively). In terms of chamber
differences of PLB in SHR animals, left ventricular tissue was not significantly
different compared to right ventricular tissue (1.1 + 0.12 and 0.93 + 0.18
respectively) and neither was the left atrial tissue compared to the right atrial

tissue (0.8 £ 0.11 and 1.1 £ 0.08 respectively).
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Figure 5.4 Protein expression of phospho-Ser16 in WKY and SHR tissues from
all four chambers of the heart. (a) and (b) representative western blots and chart
respectively of phospho-Ser16 in WKY and SHR cardiac tissues. There is a reduction
in the expression of phospho-Ser16 in SHR tissues, especially for left ventricular
hopmogenate (*p < 0.1) because of the inhibition of the protein kinase pathway causing

extra tissue growth of the hypertrophied heart. (c) Arrows show trends in the data of

protein abundance between the two different strains of rats.
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5.5.5 Phospho-Thr17 : WKY and SHR atrial and ventricular tissues

There were no significant differences between the abundances of phospho-
Thr17 in different cardiac chambers of WKY rat (Figure 5.6). In SHR
homogenates, the left ventricular tissue (1.4 + 0.25) was significantly more
abundant in phospho-Thr17 compared to the left atrial tissue (0.76 £ 0.09 ;n=3
and n = 6 respectively ; p = 0.02). The right ventricular tissue of the SHR
animals had a phospho-Thr17 abundance of 1.4 + 0.08 compared to 0.8 + 0.01
in right atrial tissue (n = 3 ; p = 0.001). Left and right ventricular homogenates
of the WKY rat have a tendency to have a lower abundance of phospho-Thr17
compared to its SHR counterpart. Phospho-Thr17 abundance is higher in SHR
ventricular tissues due to the increased activity of calcium/CaM Kinase Il that
results in an increase in caicium re-uptake. This action contributes to the

pathological alterations that occur in the SHR tissue.
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Figure 5.5 Protein expression of phospho-Thr17 in WKY and SHR tissues from
all four chambers of the heart. (a) and (b) representative western blots and chart
respectively of phospho-Thr17 in WKY and SHR cardiac tissues. There were no
significant differences of phospho-Thr17 abundance in WKY cardiac chambers unlike
the SHR homogenates where the right and left ventricles had significantly higher
abundance of this protein compared to the right and left atria (**p = 0.001 and *p = 0.02
respectively). This suggests a faster calcium reuptake in SHR tissues. (c¢) Arrows
show trends in the data of protein abundance between the two different strains of rats.
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5.5.6 Total RyR2 : WKY and SHR atrial and ventricular tissues

Total RyR2 was significantly more abundant in left atrial homogenate of WKY
rat (1.4 + 0.11) compared to the left ventricular homogenate of the same rat
strain (0.9 £ 0.17) (p = 0.04). However, there were no significant differences
between the other chambers of the heart of both WKY and SHR with regards to
the abundance of total RyR2 protein (n = 6 except for SHR right ventricular
homogenate of n = 4) (Figure 5.7). Right atrial tissues of both WKY and SHR
samples (1.2 + 0.18 and 1.1 £+ 0.18 respectively) had a tendency to be more
abundant with RyR2 compared to the ventricular counterparts (1.1 + 0.17 and

1.0 £ 0.39 respectively).
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Figure 5.6 Protein expression of total RyR2 in WKY and SHR tissues from all
four chambers of the heart. (a) and (b) representative western blots and chart
respectively of RyR2 in WKY and SHR cardiac tissues. RyR2 protein expression
between the different heart chambers of WKY and SHR conditions did not differ
significantly from one another. (c) Arrows show trends in the data of protein
abundance between the two different strains of rats.
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5.5.7 RyR2 phospho-Ser2808 : WKY and SHR atrial and ventricular
tissues

Left and right ventricular WKY cardiac homogenates were significantly more
abundant in RyR2 phospho-Ser2808 compared to their left and right SHR
counterparts (2.3 £ 0.70 and 2.9 + 0.38 compared to 0.5 + 0.05 and 0.4 £ 0.06
respectively) (n = 6 except for right ventricular SHR homogenate samples of n =
4 ; p = 0.04, p = 0.0007 respectively) (Figure 5.8). However there were no
significant differences between the left and right atrial homogenates of WKY
and SHR tissues (0.7 + 0.14 and 1.2 + 0.22 compared to 0.9 + 0.36 and 0.6 +

0.12 respectively). RyR2 phospho-Ser2808 was normalised by a-actinin.
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Figure 5.7 Protein expression of RyR2 phospho-Ser2808 in WKY and SHR
tissues from all four chambers of the heart. (a) and (b) representative western blots
and chart respectively of RyR2 phospho-Ser2808 in WKY and SHR cardiac tissues.
Left and right ventricular WKY homogenates (n =6) contained of the highest amount of
RyR2 phospho-Ser2808 whilst the left and right ventricular SHR homogenates (n = 6
and n = 4 respectively) contained of the least amount. (c) Arrows show trends in the
data of protein abundance between the two different strains of rats.
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5.5.8 RyR2 phospho-Ser2030 : WKY and SHR atrial and ventricular

tissues

Only ventricular homogenates of WKY and SHR rats gave signals upon probing
with the antibody. It was not possible after several attempts to detect any
phosphorylation at this site for the atrial homogenates which is consistent with
reports from Huke and Bers (2008). The abundance of RyR2 phospho-Ser2030
in the right ventricular homogenate from SHR rats was significantly more than
that in WKY (1.1 £ 0.30 compared to 0.4 + 0.06 respectively) (p = 0.02) (Figure
5.9). This is a similar trend for SHR left ventricular tissue compared to WKY but
this did not reach statistical significance. Phospho-Ser2030 in all cardiac tissue

samples was normalised by a-actinin.
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Figure 5.8 Protein expression of RyR2 phospho-Ser2030 in WKY and SHR
tissues from all four chambers of the heart. (a) and (b) representative western blots
and chart respectively of RyR2 phospho-Ser2030 in WKY and SHR cardiac tissues.
Left ventricular cardiac homogenates (n = 6) tend to be more abundant with RyR2
phospho-Ser2030 compared to the right ventricular homogenates (n = 6). Also, the left
and right SHR cardiac tissue (n = 5 and n = 4 respectively) was more abundant with
this protein in relation to the WKY counterparts, especially in the case of the right
ventricular tissue (*p < 0.1). (c) Arrows show trends in the data of protein abundance
between the two different strains of rats.
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5.5.9 RyR2 phospho-Ser2814 : WKY and SHR atrial and ventricular

tissues

Several attempts of western blotting for RyR2 phospho-Ser2814 in WKY and
SHR rat atrial and ventricular myocytes did not produce viable signals.
Phosphorylation of this protein therefore was not sufficient to be detected. This
behaviour was also reported by Huke and Bers (2008) for rat ventricular
myocytes.  Personal communications with Professor Sarah Callaghan
(University of Leeds) also indicate that her group did not manage to pick up
signals for phospho-Ser2814 (or phospho-Ser2030) in rat atrial homogenates.
This may suggest some inconsistency in picking up signals for the abundance

of all phosphorylated forms of RyR2 in these rat strains.

5.5.10 Limitations to the pathological rat model

Unfortunately, there was a limitation to the chosen pathological model of the
SHR rat since it did not produce the complete set of results for phosphorylated
RyR2 proteins (Ser-2030 and Ser-2814). Therefore the volume-overload model
of HF rat (shunt) and sham-operated controls (sham) were chosen to further
elucidate protein expression and protein phosphorylation differences that may
occur in each cardiac chamber in a cardiac disease state. The following results
were produced using the same method as for the previous experiments using

this experimental model.
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5.5.11 SERCAZ2a : HF atrial and ventricular tissues

The amount of SERCA2a expressed in shunt and sham cardiac tissue as well
as between the atria and ventricles did not differ significantly (Figure 5.10). The
left and right atria of the sham tissue had an abundance of 1.3 £ 0.18 and 1.1
0.16 respectively whereas the left and right atria of the shunt model had an
abundance of 0.7 £ 0.04 and 1.0 £ 0.09 respectively. Left and right atrial sham
ventricular tissues had abundances of 1.2 £ 0.02 and 1.0 + 0.10 respectively
compared to their left and right shunt counterparts of 1.1 + 0.08 and 0.9 + 0.08
respectively. The order of SERCA2a abundance in the sham tissue chambers
was : left atria > left ventricle > right atria > right ventricle whereas in the shunt
cardiac tissue it was: left ventricle > right atria > right ventricle > left atria.
Combining sham atrial samples and comparing them to pooled sham ventricular

samples would show more SERCAZ2a in atria.
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Figure 5.9 Protein expression of SERCA2a in shunt and sham tissues from all
four chambers of the heart. (a) and (b) representative western blots and chart
respectively of SERCA2a in shunt and sham cardiac tissues. Sham cardiac tissues
were not significantly different to the shunt counterparts (n = 3). (c) Arrows show

comparisons of protein abundance between tissues of interest.
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5.5.12 Total PLB : HF atrial and ventricular tissues

Shunt left ventricular homogenates were significantly more abundant in PLB
compared to the sham sample (1.7 + 0.06 and 1.1 + 0.15 respectively) (p <
0.01). On the other hand, other shunt homogenates only had a tendency to be
more abundant with PLB compared to the sham homogenates whereby shunt
left and right atria had an abundance of 1.5 + 0.04 and 1.2 + 0.23 and the sham
left and right atria had an abundance of 0.7 + 0.40 and 0.6 + 0.57 respectively

(not significant).

However in sham rats, ventricular tissues had a tendency to be more abundant
with PLB compared to the atrial tissues and this was comparable with WKY
normotensive controls seen previously. For example the abundances of PLB in
left and right sham ventricular tissues were 1.1 + 0.15 and 1.2 + 0.14
respectively, compared to left and right sham atrial tissues at 1.0 + 0.34 and 0.9
+ 0.48 respectively. Total PLB abundance in HF atrial tissues was lower in
general compared to HF ventricular tissues (Figure 5.11) except for right atrial

shunt tissue. PLB was normalised by GAPDH.
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Figure 5.10 Protein expression of total PLB in shunt and sham tissues from all

four chambers of the heart. (a) and (b) representative western blots and chart

respectively of PLB in shunt and sham cardiac tissues.

Right atrial homogenate

subjected to volume-overload HF was the most abundant with PLB whereas the least

abundant was right atrial sham tissue (n = 3). (c) Arrows show trends in the data of

protein abundance between the two different strains of rats.
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5.5.13 Phospho-Ser16 : HF atrial and ventricular tissues

There are no significant differences in the abundances of phospho-Ser16 in
shunt cardiac homogenates and sham cardiac homogenates or between atrial

and ventricular homogenates (Figure 5.12).

(a) Ventricles Atria
Phospho-Seric TN SN WSS o5kl
E E gE E EE E
c &8 5 2 @ © 5 3
5656 566 b
223w S23
GAPDH "= & & aaw s wewsee 37kDa
(b) (c)
. Trends
I Sham Shunt
3 tLv Y,
§ tRrv YRV
é —»LA — LA
8 —>RA —>RA
3
%

Cardiac tissue type

Figure 5.11 Protein expression of phospho-Ser16 in shunt and sham tissues
from all four chambers of the heart. (a) and (b) representative western blots and
chart respectively phospho-Ser16 in shunt and sham cardiac tissues. There are no
significant differences in phospho-Ser16 between HF and non-HF cardiac tissues (n =
3) (c) Arrows show trends in the data of protein abundance between the two different

strains of rats.
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5.5.14 Phospho-Thr17 : HF atrial and ventricular tissues

The highest abundance of phospho-Thr17 (1.0 + 0.07) was observed in sham
left ventricular tissue whereas the lowest abundance (0.5 + 0.12) was observed
in the shunt left atrial tissue though the difference was not significant (Figure
5.13). Shunt right ventricular tissue (0.6 + 0.11) had a tendency to be less
abundant in phospho-Thr17 compared to sham right ventricular tissue (1.0 &
0.13). The average abundance of phospho-Thr17 between shunt right atrial
tissue and sham right atrial tissue did not differ (0.6 + 0.28 compared to 0.6 +
0.21 respectively). Shunt left atrial tissue (0.5 + 0.12) was also significantly

more abundant than sham left atrial tissue of abundance (0.8 + 0.21).
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Figure 5.12 Protein expression of phospho-Thr17 in shunt and sham tissues
from all four chambers of the heart. (a) and (b) representative western blots and
chart respectively phospho-Thr17 in shunt and sham cardiac tissues. There were no
significant differences between the volume-overload tissues (n = 3 for left ventricular
and right atrial, n = 5 for right ventricular and n = 4 for left atrial tissues) and sham
tissues (n = 3 for left and right ventricular tissues and n = 4 for left and right atrial
tissues). (c) Arrows show trends in the data of protein abundance between the two

different strains of rats.
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5.5.15 Total RyR2 : HF atrial and ventricular tissues

The right ventricular and left atrial sham tissues possessed the most abundant
total RyR2 protein, 2.9 + 0.41 and 2.5 + 1.06 respectively (n = 3) (Figure 5.14).
Right ventricular sham tissue had significantly more total RyR2 than for the right

atrial tissue (2.9 + 0.41 compared to 0.6 + 0.05 respectively) (p = 0.02). Both

left atrial and ventricular shunt tissues showed the least amount of total RyR2

(0.5+0.06 and 0.7 + 0.28 respectively) (n = 3). Total RyR2 protein abundance

was normalised with a-actinin.
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Figure 5.13 Protein expression of total RyR2 in shunt and sham tissues from all
four chambers of the heart. (a) and (b) representative western blots and chart
respectively RyR2 in shunt and sham cardiac tissues. Sham right ventricular tissue
showed the highest abundance of total RyR2 whereas shunt left atrial tissue had the
lowest abundance (n = 3 ; *p < 0.1). (c) Arrows show trends in the data of protein

abundance between the two different strains of rats.
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5.5.16 RyR2 phospho-Ser2808 : HF atrial and ventricular tissues

The highest abundance of this phosphorylated protein was found in sham left
ventricular tissue (2.2 + 0.43) (n = 3) (Figure 5.15). On the other hand, sham
right atrial tissue (0.5 + 0.09) had the lowest abundance of phospho-Ser2808
which is also significantly less than shunt right atrial tissue (1.7 £ 0.14) (n=3 ; p
= 0.002). Both left and right shunt ventricular homogenates were significantly
less abundant (0.6 £ 0.04 and 0.7 £+ 0.11 respectively) in RyR2 phospho-2808
protein compared to their sham counterparts (2.2 + 0.43 and 1.5 + 0.02

respectively) (p = 0.02 and p = 0.003 respectively).
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Figure 5.14 Protein expression of RyR2 phospho-Ser2808 in shunt and sham
tissues from all four chambers of the heart. (a) and (b) representative western blots
and chart respectively RyR2 phospho-Ser2808 in shunt and sham cardiac tissues.
Sham left ventricular tissue was the most abundant with this protein whereas sham
right atrial was the least abundant (n =3 ; *p < 0.1). (c) Arrows show trends in the data
of protein abundance between the two different strains of rats.

136 |Page



Chapter 5

5.5.17 RyR2 phospho-Ser2030 : HF atrial and ventricular tissues

There were no statistically significant differences of RyR2 phospho-Ser2030
abundances between the different chambers of the heart and between the
volume overload induced HF and normal tissue conditions (Figure 5.16). Shunt
right ventricular tissue showed the highest abundance of phospho-Ser2030 (1.2

+ 0.19) and sham right ventricular tissues showed the lowest abundance (0.8 +

0.10) (n = 3).
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Figure 5.15 Protein expression of RyR2 phospho-Ser2030 in shunt and sham
tissues from all four chambers of the heart. (a) and (b) representative western blots
and chart respectively RyR2 phospho-Ser2030 in shunt and sham cardiac tissues. The
distribution of this protein was not significantly different in each cardiac chamber and
condition group. (c) Arrows show trends in the data of protein abundance between the

two different strains of rats.
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5.5.18 RyR2 phospho-Ser2814 : HF atrial and ventricular tissues

There were no significant differences between HF and normal left and right
atrial and ventricular tissues, except for the sham-operated right atria (0.8 +
0.05) which had significantly more RyR2 phospho-Ser2814 than the right

ventricle (0.5 +0.10) (n =3 ; p = 0.03) (Figure 5.17).
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Figure 5.16 Protein expression of RyR2 phospho-Ser2814 in shunt and sham
tissues from all four chambers of the heart. (a) and (b) representative western blots
and chart respectively RyR2 phospho-Ser2808 in shunt and sham cardiac tissues. Left
atrial homogenates of sham-operated tissue had a tendency to be more abundant with
this protein than the left atrial shunt-operated samples. Only the sham-operated right
atrial tissue was significantly more abundant with this protein than the right ventricular
tissue (n = 3 ; *p < 0.1) (c) Arrows show trends in the data of protein abundance

petween the two different strains of rats.
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5.6 Discussion

Initially, WKY and SHR rats were chosen as a means to demonstrate the
variability in cardiac protein expression in various heart chambers in health and
disease. However, the expression of RyR2 phospho-Ser2030 was detected
only for ventricular homogenates of WKY and SHR tissues and in none of the
samples for RyR2 phospho-Ser2814 despite several attempts. According to
personal communications with Professor Sarah Callaghan (University of Leeds),
her group has also not been successful in obtaining any signals for phospho-
Ser2814 (or phospho-Ser2030) in rat atrial homogenates. Therefore for this
study, another pathological condition of cardiac tissue was used instead, the
volume-overload HF induced rat model. The following discussion will discuss
the degree of protein expression and phosphorylation of the proteins of interest
as far as possible by reference to both the hypertensive and normotensive rats

and the shunt and sham rats.

5.6.1 Expression of SERCA2a in different chambers of the heart

SERCAZ2a is a cardiac pump situated on the SR membrane that mediates the
transfer of calcium from the cytosol of the cardiomyocytes to the SR and its
activity is inhibited by PLB. SERCA2a thus regulates the rate of calcium
removal from the SR and hence cardiac relaxation. The abundances of
SERCAZ2a in all four chambers of the heart may be different due to the various
functions or roles each chamber may perform. Research has so far not been
undertaken that describes the expression of SERCA2a in each and every

chamber of the rat heart of different disease states. Freestone and colleagues
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(2000) have shown in their study on WKY rats that SERCA2a abundance was
23% less in ventricular tissue than in atrial tissue. Similarly, in humans,
SERCAZ2a has been reported to be highly expressed in normal atria compared
to that in normal ventricles (Boknik et al., 1999 ; Liss et al., 1999). In mice,
SERCA2a abundance was found to be of similar amounts in both atria and

ventricles (Boknik et al., 1999).

This study is the only one currently to our knowledge where rat cardiac
homogenates (left and right ventricles and left and right atria) from animals with
different disease states, such as hypertensive rats and their normotensive
controls and volume-overload induced HF rats and their sham-operated controls
were used to determine SERCA2a abundances in each chamber of the heart.
There were no significant differences in the abundances of SERCA2a between
all cardiac chambers in WKY and SHR tissues (however there was a tendency
for a lower abundance of the protein in SHR tissues). The present findings of
this study are consistent with the work by MacDonnell et al., (2005) in rat
ventricular tissue, showing that the level of SERCA2a expression is similar in

both WKY and SHR.

SERCAZ2a is a crucial protein in the removal of calcium during the normal
function of the cardiac cycle and hence it may be down-regulated in disease
state when the cardiac function is impaired. This could explain the tendency for
a lower expression of SERCA2a in SHR homogenates of atria and ventricles.
However this might be of significance when left and right SHR atrial
homogenates are combined and compared with left and right ventricular

homogenates.
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In HF patients, SERCA2a in left ventricular tissues has been shown to have a
lower amount expressed than in non-failing hearts (Kubo ef al., 2001). This is
also reported by Meyer and colleagues (1995) in HF cardiac tissue compared to
the non-failing myocardium tissues. On the other hand, HF ventricles have
been reported to have no differences in the amount of SERCA2a in comparison
to patients without HF (Movsesian et al.,, 1994 ; Boknik et al., 1999). In this
study of SERCA2a abundances in all four chambers of the HF rats, the
expression of SERCA2a in volume overload rats had a tendency to be less than
for the sham-operated rats in the corresponding heart chambers and this may
correspond to a perturbation of the SERCA2a proteins in HF. In studies of
guinea pigs with induced HF, the dysfunction of the SR calcium re-uptake is
related to the decreased levels of SERCA2a protein (Kiss ef al, 1995).
However, the mechanism regulating the calcium ion movements in and out of

SR during HF is still not fully understood.

Boknik’s group have also reported higher expressions of SERCA2a protein in
normal human atrial tissue compared to ventricular tissues. However in another
species, such as mice it was reported that there are no differences in the
amount of SERCA2a (Boknik et al., 1999). In this study, for both WKY and
sham tissues, left and right atrial tissues have a tendency to be more abundant
with SERCA2a compared to the ventricles which corresponds to faster calcium
reuptake that is associated with the shorter contraction-relaxation cycle of the
atria. Pooling atrial homogenates together and comparing to polled ventricular

homogenates would reveal any differences more clearly.
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5.6.2 Boiling and not boiling cardiac homogenates when probing for PLB

In the current literature, there is no consistent method for the detection of PLB,
the phosphoprotein that regulates the activity of the SERCA2a pump. There
have been studies reporting the 25 kDa pentameric form of this protein (Boknik
et al., 1999 ; Luss et al, 1999) as well as the 6 kDa monomeric form
(MacDonnell et al., 2005 ; Walden et al., 2009). The 6 kDa form can be
obtained by ‘boiling’ (heating to 95°C) the cardiac homogenates (Fallavollita et
al., 1999). Wientzek and Katz (1991) have shown 3 bands (8, 25 and 27 kDa)
of the dissociated protein when the rat ventricular sample was not boiled. On
the other hand, when the ventricular homogenate was boiled, only a band at 8
kDa was noted. In the studies of PLB and its phosphorylated forms, other
bands were observed albeit lighter than the single band at the expected mass.
This may be explained by smaller undissociated proteins of PLB suggesting the
different phosphorylation sites of the protein, one for ;cAMP PKA activity and the

other CaM Kinase |l activity (Wegener and Jones, 1984).

It is worth noting that one of the suppliers of the anti-PLB antibody (Millipore,
UK) specifically states that the cardiac samples should not be boiled when
western immunoblotting for PLB protein (Most et al., 2003). Upon ‘boiling’ the
cardiac homogenates, the pentameric structure of PLB is denatured
(Simmerman and Jones, 1998). It is usually a general practice to ‘boil' fresh
cardiac preparations (first time use) (MacDonnell ot al., 2005 ; Walden et al.,
2009) before loading the homogenates into the wells of the gel for any protein
detection. The sample buffer contains SDS and B-mercaptoethanol which

breaks up the structure of the protein molecule and contributes to the complete
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denaturation of the proteins therefore the cardiac homogenates only require

warming up to 37°C and vortex agitation for subsequent experiments.

Despite several groups (MacDonnell et al., 2005 ; Connelly et al., 2007) opting
to ‘boil' their cardiac homogenates to obtain the monomeric form of PLB,
according to the results of this study, when the samples were ‘boiled’, there is a
slight tendency for a higher abundance of the monomeric band than pentameric
band of PLB compared to when the sample was warmed at 37°C. However, the
total quantification of PLB protein abundances normalised with GAPDH showed
no significant differences between the samples which were heated to 95°C and

those which were heated to 37°C.

5.6.3 Expression of PLB in different chambers of the heart

Up to 90% of the blood arriving at the heart (via the veins) enters the ventricles
without any contribution from atrial contraction. To ensure that the remaining
blood returning to the atria will enter the ventricles, the atria contract to “top up”
the ventricles prior to their contraction. Atrial contraction and relaxation is also
notably faster than for the ventricles (Goldman et al., 1984 ; Luss et al., 1999 ;
Freestone et al., 2000 ; Kaasik et al., 2001) which may explain why the PLB
expression in the atria is four times less than that in the ventricles (Koss et al.,
1996). Freestone et al., (2000) suggested that there was 76% more PLB in
ventricular tissues compared to the atrial tissue and additionally, Walden and
colleagues (2009) have agreed that PLB content in ventricles is significantly
higher than in atria. This pattern is also observed in human and mouse atrial

and ventricular tissues (Boknik et al., 1999).
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In the present study, there was 50% more PLB in WKY right ventricular tissues
compared to the right atria (p = 0.02), whereas in the left ventricular tissue, the
abundance of PLB had a tendency to be more than in the left atrial tissue.
However, when left and right ventricular and atrial tissues were combined
together, there was 64% more PLB in WKY ventricular tissues than atrial
tissues. This may result in the faster relaxation of the atria compared to the
ventricles as reported elsewhere in the literature (Braunwald, 1997 ; Koss et al.,

1996).

When comparing total PLB protein abundances in normotensive and
hypertensive rat hearts it was observed that there was a higher abundance of
PLB in SHR compared with WKY cardiac tissues. PLB was most abundant in
the SHR right ventricular homogenate and was significantly more abundant than
in the WKY right ventricular homogenate (p = 0.01). The pattern was also
observed for the left ventricular homogenate where PLB was more abundant in
SHR tissue compared to WKY tissue (p = 0.01). When comparing right and left
atria of SHR and WKY rats, the following PLB expression was noted: SHR right
atria > SHR left atria > WKY left atria > WKY right atria. In a study by Li and
colleagues (2005), PLB was also shown to be more abundant in whole heart
homogenates of the SHR than WKY rats. Raised levels of total PLB in SHR
cardiac homogenates may result in decreased calcium re-uptake into the SR of
hypertensive cardiac tissues (Boknik et al., 2001). This may cause slower
relaxation and less SR calcium loading. To compensate for the increased
cardiac inotropy, the ventricles adapt themselves for this task by increasing the

thickness of the cardiac muscle.
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In terms of HF homogenates, there was no significant difference in PLB in the
ventricles except where shunt left homogenate was more abundant with this
protein than the sham left homogenate (p = 0.02). Kubo and colleagues (2001)
studied the abundances of cardiac PLB in patients diagnosed with HF and
reported that there was no significant difference between the abundances of

PLB in non-failing compared to failing left ventricular tissues.

In this study, there was a noticeable increase of PLB in the shunt atria,
especially in the right tissue. The right atrium is the first point of blood return
when the volume overload (a mix of arterial oxygenated blood with venous
deoxygenated blood due to the aorto-caval shunt) returns to the heart. This
suggests that the right atria has an increased amount of PLB to manage the
increased SR calcium load and pump the large amount of returning blood into

the ventricles.

A similar trend of PLB abundances in each cardiac chamber was noticed
between WKY and sham homogenates whereby both strains showed that the
right ventricular tissue had the highest abundance of PLB and the right atrial
tissue had the lowest amount. This seems feasible since both the “normal” sets
of tissues are not experiencing stress as observed in diseased cardiac tissue

samples.
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5.6.4 Expression of phosphorylated PLB in different chambers of the

heart

At least one third of the total PLB found in the ventricles has been reported to
exist in the phosphorylated PLB form, phospho-Ser16 and phospho-Thr17
(Kaasik et al., 2001). The phospho-Ser16 site is phosphorylated by PKA
whereas the phospho-Thr17 site is phosphorylated by calcium/CaM Kinase Il
(MacLennan and Kranias, 2003). Phospho-Thr17 has been reported to be
more abundant in SHR ventricular tissue than WKY (Boknik et al., 2001
MacDonnell et al., 2005 ; Mills et al., 2006 ; Kolwicz et al., 2007). In addition, a
lower abundance of phosphorylated Ser16 has been suggested in SHR left
ventricular tissue compared to WKY left ventricular tissue (MacDonnell et al.,
2005 ; Renna et al., 2006). This is similar to the findings of this study, whereby
both WKY left and right ventricular tissue were more abundant in phospho-
Ser16 than their SHR counterparts (significantly so for WKY and SHR left
ventricular tissue, p = 0.03). Phospho-Thr17 is increased in SHR ventricles

compared to WKY similar to the findings of Mills et al., (2006).

The findings suggest that the PKA phosphorylation site of PLB is more
abundant in WKY compared to SHR tissues which means there is a reduced
relaxation rate of the heart in hypertension under conditions of pB-adrenergic
stimulation. The reduction in the density of 8-ARs during hypertension also
means there are less receptor sites being stimulated in the heart (Wang et al.,

2004).
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The increase of phospho-Thr17 but decrease in phospho-Ser16 in SHR and
WKY tissues that occurred in this study is reflective of functional data derived by
Freestone et al., (2000) and Mills et al., (2006) which suggests that the two
different phosphorylation effects cancel themselves out to result in no change in
cardiac relaxation kinetics between WKY and SHR. A decrease in phospho-
Ser16 in SHR accounts for this. Furthermore, it seems that in hypertensive
tissues, phosphorylation of PLB occurs mainly via calcium/CaM Kinase |l and

presumably less so by PKA. i

in terms of HF cardiac homogenates of different heart chambers, there were no
significant differences in the abundances of phospho-Ser16 though there is a
tendency for the shunt tissues to have a lower amount of this protein. There is
also a tendency for the shunt tissues to have less phospho-Thr17 compared to
the sham samples. The results of the present study confirms the findings of
Netticadan’'s (2000) and Mishra’'s group (2002) whereby left ventricular tissues
of HF rats and dogs respectively were found to have reduced amounts of
phospho-Thr17. This may be due an increase in phosphatase activity that
triggers the dephosphorylation of PLB at CaM Kinase |l sites and causes a
reduction in calcium uptake and calcium release in HF (Netticadan et al., 2000).
Therefore the increase in total PLB and decreased amount of phospho-Thr17 is
mainly responsible for the reduction of SR calcium reuptake commonly

observed in HF.
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5.6.5 Expression of RyR2 and phosphorylated RyR2 in different cardiac

chambers

RyR2 is an intracellular calcium channel located on the SR membrane through
which calcium flows out of the SR in a process known as CICR (Fabiato and
Fabiato, 1978). There are three phosphorylation sites of RyR2, RyR2 phospho-
Ser2808 which is phosphorylated by PKA and calcium/CaM Kinase I, RyR2
phospho-Ser2814 which is phosphorylated by CaM Kinase Il and RyR2
phospho-Ser2030 which is phosphorylated by PKA. During hypertension, RyR2
phospho-Ser2808 has been reported to be similar in WKY and SHR left
ventricular tissues, however the abundance of this protein is increased in SHR
right ventricular tissues (Chen-lzu et al., 2007). During HF, RyR2 phospho-
Ser2808 becomes hyperphosphorylated and calcium is continuously and
uncontrollably being leaked from the SR (Marx et al., 2000). The contraction of
the failing heart is subsequently less forceful due to a lower amount of calcium
left in the SR as a result of this slow calcium removal (Belevych et al., 2013 ;
Meyer et al., 1995 ; Eschenhagen, 2010). Eventually this may result in

arrhythmias (Laitinen et al., 2001 ; Eschenhagen, 2010).

In this study, unlike many reports in the current literature, rat cardiac tissues
have been deliberately separated out into the four separate chambers. Total
RyR2 abundance showed no significant differences between the different heart
chambers of WKY and SHR rats or between the cardiac chambers of shunt and

sham tissues.
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According to Huke and Bers (2008), RyR2808 antibody purchased from Badrilla
Ltd was the most reliable for use in western blotting hence it was chosen to be
used in this study. With regards to the abundance of RyR2 phospho-Ser2808
between the different heart chambers of the SHR rats, there were no significant
differences arising. However, for WKY, the abundance increased for the left
ventricular homogenate compared to this tissue in SHR samples. On the other
hand, for the shunt rat cardiac samples, there was less of the phosphorylated
RyR2 at the Ser-2808 site in left and right ventricular homogenates but more in
the left and right atrial tissue. Shunt tissue of the right atria was also more
abundant with RyR2 phospho-Ser2808 compared to the sham version of the

right atria.

In WKY and SHR cardiac homogenates, the expression of RyR2
phosphorylation at Ser-2030 and Ser-2814 was barely detectable and
quantifiable by antibody detection in western blotting. After several attempts,
only the WKY and SHR ventricular homogenate probed for RyR2 phospho-
Ser2030 managed to be detected by western blot. There were also no
significant differences in the abundance of RyR2 phospho-Ser2814 in HF
cardiac homogenates compared to sham homogenates. These challenges
echoed the views of Huke and Bers (2008) who studied the phosphorylation of
RyR2 in rat cardiomyocytes. They reported on the difficulty of detecting
phosphorylation of RyR2 at Ser-2814 and also Ser-2030 (Huke and Bers, 2008)
compared to Ser-2808. RyR2 phospho-Ser2814 is phosphorylated by
calcium/CaM Kinase |l and dephosphorylated by PP1 and presumably also by
PP2 (Huke and Bers, 2008). This protein might not be easy to detect or be of

much significance since RyR2 is mainly phosphorylated by PKA and not CaM
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Kinase |l (Huke and Bers, 2008). Furthermore, it has been suggested that
phosphorylation at Ser2030 has a relatively slow time course (Marx et al., 2000)
hence it does not seem to be of functional importance and may explain why the

detection of RyR2030 is not always successful.

Surprisingly, signals were detected for shunt and sham homogenates even
though there were no detectable signals for the WKY homogenates for RyR2
phospho-Ser2814. There are a few reasons why there might be discrepancies
in the detection of this protein considering that the sham homogenates
originated from SD rats of normotensive strain and not WKY and this may
account for the variable detection of proteins expressed in the different cardiac
tissues. Normotensive SD rats have similar blood pressure to SHR rats but not
WKY rats, even though WKY rats are genetically more similar to SHR (Mills and
Bruckert, 1988). Furthermore, other discrepancies may be the extent of
severity of the heart disease and differences in the etiology of rat models. Thus
it is possible that some cardiac chambers in some rat strains do not express all

versions of the phosphorylated RyR2 protein.
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5.7 Conclusion

The study of boiled and non-boiled WKY ventricular samples probed for PLB
showed that both conditions did not affect the amount of protein recovered. The
results from this study suggests that diseased tissues tend to show lower
expression of SERCA2a suggesting a prolonged SR calcium re-uptake hence a
longer cardiac cycle. Correspondingly, the high abundance of PLB in these
tissues slowed down calcium removal and also slowed the relaxation rate.
There is more calcium/CaM Kinase |lI-mediated phosphorylation in SHR tissues
than WKY which explains the higher abundance of phospho-Thr17 and no
alteration in phospho-Ser16. However, the increase of phosphatase activity in
HF results in decreased calcium uptake and calcium release by increasing the

inhibitory activity of PLB on SERCAZ2a function.

Enhanced PKA phosphorylation of RyR2 is observed in HF tissues which may
result in hypersensitivity of the RyR2 channel and a reduction in calcium load. It
may be reasonable to suggest as a therapy for HF to counteract the propensity
for RyR2 to allow calcium leak causing a reduction of SR calcium load which
reduces the efficiency of EC coupling and which may also contribute to

arrhythmogenesis.
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6.0 The role of the novel B4 -AR in spontaneous calcium release
in rat atrial myocytes.

6.1 Introduction

In healthy hearts, cardiac cell contractions are the result of co-ordinated calcium
release from the SR. These contractions are initiated at the sarcolemmal
membrane by the arrival of an action potential arising from the SA node.
Calcium entry via sarcolemmal voltage-dependent LTCCs initiates calcium
release via calcium release channels (RyR2) on the SR during CICR resulting in
cardiomyocyte contraction. Arrhythmias, on the other hand, are spontaneous
cardiac contractions that may be triggered by excess adrenaline and
noradrenaline in the heart and are separate to the normal co-ordinated
contractions of the cardiac cells. Both atrial and ventricular arrhythmias are
quite common in patients diagnosed with CHF (Hynes et al., 2002). A common
feature of arrhythmias is spontaneous calcium release from the SR which may
cause a calcium wave to propagate from one end of the cell to the other,
independent of any electrical stimulation or which may also generate an
additional action potential through activation of arrhythmogenic inward current

via the sodium/calcium exchanger.

Spontaneous calcium release events come in various forms. Calcium sparks
are the fundamental caicium events and they accumulate in time and space to
eventually build up to form a propagating whole cell calcium wave or trigger the
arrhythmogenic inward current. Intermediate calcium events also occur which

are relatively large localised non-propagating calcium release events bigger
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than calcium sparks but smaller than calcium waves. They may not necessarily
result in cellular contraction and are known as calcium wavelets, or

“macrosparks” (Cheng et al., 1993).

6.1.1 Arrhythmogenic events mediated via the novel f1.-AR

Sir James Black, a 1988 Nobel Prize laureate pioneered the development of -
blockers (more specifically propranolol) which showed anti-arrhythmic effects
(Baker et al., 2011). B-blockers are a class of drugs which serve as one of the
most important treatments for arrhythmias and HF. Whilst B-blocking drugs are
also favoured in treating hypertension (Pritchard and Gillam, 1969) and angina
pectoris (Bianchi et al., 1969), it was suggested that they might also be

beneficial in treating ventricular arrhythmias (Podrid and Lown, 1982).

B-blockers function by blocking the ability of catecholamines such as adrenaline
and noradrenaline to bind to their receptors and cause cardiostimulation.
Paradoxically, in the early 1980s, a specific sub-class of these B-blocking drugs
was found not to only inhibit cardiac activity but instead to also cause additional
stimulation in particular when at high concentrations. This class of drugs is
known as the non-conventional partial agonists and they have subsequently
been discovered to work upon a specific B receptor variant, now known as the
B1L-AR, previously known as the putative f4-AR (Kaumann et al., 1998 ;

Kaumann and Molenaar, 2008).

Past evidence showed that the presumed putative 4-AR had strikingly similar

pharmacological characteristics to the B3-AR however, stimulatory effects of
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CGP12177 were still apparent in B3-AR knockout mice experiments (Kaumann
et al., 1998). The same putative B4-AR site also failed to demonstrate the
ability to accommodate a selective B3-AR agonist (Kaumann and Molenaar,
1996 ; Malinowska and Schlicker, 1996 ; Sarsero ef al, 1999). In B2-AR
knockout mice atria, CGP12177 still caused cardiostimulation, however upon
deleting the genes for both B1- and B2-AR, cardiostimulation was diminished
(Kaumann et al., 2001). This was the first evidence that the putative B4 was

actually a variant of the B1-AR.

Drugs such as bucindolol, cyanopindolol and pindolol used in the treatment of
HF were found to be clinically ineffective due to their sympathomimetic
behaviour presumably mediated by the B1.-ARs (Kaumann and Molenaar,
2008). Furthermore, other B-blockers such as atenolol have been shown to
shorten survival rates in patients who survive myocardial infarction (Soriano et
al., 1997). Pindolol was studied in a clinical investigation of 43 patients with
ischaemic HF and was shown to have sympathomimetic activity. Pindolol was
reported to lower the heart rate of healthy volunteers during exercise, however
in patients with existing heart disease, increasing the concentration of pindolol
seemed to encourage further cardiostimulation (Podrid and Lown, 1982). This
shows the typical characteristic of a non-conventional partial agonist whereby
cardiostimulation occurs at a high concentration however at low concentrations,
the characteristics of a B-blocker are observed. Another non-conventional
partial agonist and B-AR antagonist is CGP12177, which is similar in structure
to pindolol. CGP12177 is a benzimidazolone compound first mentioned in 1983
by Staehelin and colleagues and used as a tool to pharmacologically

characterise the B1.-AR.
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In electrically paced mouse ventricular myocytes, CGP12177 has been shown
to be 40 times more potent in causing arrhythmias compared to ISO, a highly
potent synthetic analogue of adrenaline and noradrenaline (Freestone et al.,
1999). CGP12177 is much more arrhythmogenic than ISO despite it only
increasing the intracellular caicium levels by 30% of the amount resulting from
administration of ISO (Freestone ot al., 1999). CGP12177 was added in the
presence of IBMX and propranolol to the mouse ventricular cells. IBMX blocks
the phosphodiesterases (PDEs) which normally function to trigger an increase
in cAMP levels and PKA activity leading to cardiostimulation via the Gs coupled
pathway (Freestone et al., 1999). However, IBMX is not required to show the
cardiostimulatory effects in atrial myocytes unlike for the ventricular myocytes
(Sarsero et al., 1999) since there presumably is sufficient cCAMP to enable
cardiostimulation. SO on the other hand, also causes cardiostimulation in
mouse ventricular myocytes but does not cause as many arrhythmogenic

events as CGP12177 (Kaumann et al., 1997).

CGP12177 at a low concentration suppresses the stimulatory effects of the
catecholamines on the human heart, however when the concentration is
increased up to 100 times, the cardiostimulatory effects become apparent
(Kaumann, 1989 ; Kaumann and Molenaar, 1997). Lowe and colleagues (1998)
have shown in whole ferret hearts perfused with CGP12177 in Langendorff-
mode an increase in plateau phase duration of the action potential with
shortening of the overall action potential duration more than that observed with
noradrenaline acting on conventional B1-ARs. This provides a possible

explanation to the arrhythmic responses mediated by the novel B1-AR in the
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ferret hearts since the longer action potential plateau suggests there is more

calcium entering the cell.

In a study in 2002 by Lowe and colleagues, propranolol did not manage to
suppress the pro-arrhythmic effect of CGP12177 in ferret ventricle (Lowe et al.,
2002). The cardiostimulatory activity of CGP12177 is therefore propranolol-
insensitive (Kaumann, 1989 ; Kaumann et al., 1998 ; Lewis et al., 2004).
Furthermore, an investigation in quiescent rat atrial myocytes also supported
the propranolol-insensitivity of CGP12177 (Sam et al., 2012). It has been
suggested that the active site where propranolol is able to block stimulation of
the B1+-AR variant is different and separate to the lower affinity B-receptor
variant (Walter et al., 1984 ; Sarsero et al, 1998 ; Kaumann et al., 2001).
Furthermore, it has been demonstrated in rat atrial myocytes that CGP12177 in
the presence of propranolol causes an increase in cCAMP levels though less
than for ISO (Sarsero et al., 1999). This could possibly lead to a rise in L-type

calcium current which may result in arrhythmogenic activity.

6.2 Aim of stud

This study aims to investigate spontaneous calcium release from the SR upon
the perfusion of a series of cardiostimulatory and cardioinhibitory drugs in
quiescent rat atrial cells. 1SO and CGP12177 (in the presence of propranolol)
were perfused in atrial cells and calcium events compared to their basal
conditions. 2-APB, a blocker of IP3R-mediated calcium release was perfused in
the presence of CGP12177 to investigate its effect on arrhythmogenic calcium

release. Nifedipine, the LTCC receptor blocker (Figure 6.1) was used to
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observe its effect on CGP-induced SR calcium release events as well as the
RyR2 inhibitor ruthenium red. The agonist BRL37344 was also studied for its
effects upon spontaneous SR calcium release to show that a cardioinhibitory
effect is possible via B3-AR when other cardiac B-ARs were cardiostimulatory in
this model. The frequency of the intracellular spontaneous calcium release
events in the form of calcium sparks, wavelets and whole cell calcium waves
was obtained by the confocal microscope using whole cell imaging as well as

line scanning of the atrial cells.

Plasma membrane LTCC I

calcium

SR

Figure 6.1 Major calcium release channels of the SR in cardiomyocytes. There
are two calcium release channels located on the SR, RyR2 and IP3R. Calcium entry
into the atrial cell is via the LTCC which is responsible for calcium entry into the

cardiomyocyte.

6.3 Materials
All materials used are as previously described in Chapter 2 with the addition of

microscope chambers which were made at Kingston University and round glass

cover slides (22 mm) which were purchased from VWR International.
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6.4 Methods

6.4.1 Animals

Rats used in this study are as described in Chapter 2.

6.4.2 Langendorff method - Perfusing whole rat heart

Male WKY rats were sacrificed and the procedure for whole heart perfusion
using the Langendorff method was as previously discussed in the methods

section of Chapter 4.

6.4.3 Atrial cell isolation

The atrial cell isolation procedure is as described in Chapter 2 with a slight
modification to the method. Minced tissues were manually agitated in
collagenase enzyme solution and then Tyrode's solution (0.2 mM calcium) in
sessions lasting 5 mins each in the water bath (37°C). After each session, the
supernatant was collected and fresh warm enzyme was added to the remaining
atrial tissue in the boiling tubes for the last session of manual agitation at 37°C
for 15 mins. Any remaining tissue was gently triturated using a Pasteur pipette

to aid tissue digestion.

6.4.4 Confocal calcium imaging

Fluo-4AM (4 pM final) solution was made up as previously described in

Chapter 2 and added to the cells.
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6.4.5 Concentrations of cardiostimulatory and cardioinhibitory drugs

The following were perfused onto the atrial cells in the cell chambers on the
confocal microscope using an Eyelar perfusion pump. Cells were exposed to
each drug for 6 - 7 mins which enabled equilibrium effects of the drugs to be

achieved.

Table 6.1 Experimental procedures for cardiostimulatory and cardioinhibitory
drugs perfused in isolated atrial cells for calcium imaging procedures. The
above cardiostimulatory and cardioinhibitory experiments were carried out on the
confocal microscope by perfusing the described drugs. Calcium imaging videos and
line scans were obtained for records of calcium events. Calcium events were obtained
in the forms of calcium sparks, wavelets and waves.

ISO CGP12177 2-APB Nifedipine Bupranolol | BRL37344
Basal Tyrode’s | Prop (200nM) Prop (200nM) + | Prop (200nM) + Bupranolol | Tyrode's
conditions | solution 2-APB (2uM) Nifedipine (10uM) | (1uM) Solution
Cardio- ISO CGP12177(1yM) | Prop (200nM) + | Prop (200nM) + Bupranolol BRL37344
active (100nM) | + Prop (200nM) 2-APB (2uM) + | Nifedipine (10uM) | (1uM) + (300nM)
conditions CGP12177 +CGP12177 CGP12177
(1uM) (1um) (1uM)

*(0.5 mM calcium Tyrode’s physiological solution = Basal condition)
**All drugs were added to the Tyrode's physiological solution to make up the final
perfusate.

6.5 Statistical analysis

Experimental data are presented as mean + S.E.M. The differences in calcium
event frequencies upon administration of cardiostimulatory or cardioinhibitory
drugs compared to basal were assessed by means of a paired t-test. Values of

p < 0.05 were considered as being statistically significant.
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6.6 Results

6.6.1 Intracellular calcium release events in atrial myocytes

Upon the perfusion of a cardiostimulatory drug such as CGP12177 in an
isolated rat atrial myocyte (Figure 6.2 a) various forms of intracellular calcium
events such as calcium sparks (Figure 6.2 b), calcium wavelets (Figure 6.2 c)

and calcium waves (Figure 6.2 d) were captured by a confocal microscope.

Figure 6.2 Whole cell calcium images of events in a WKY right atrial cell
responding to the administration of a cardiostimulatory drug (in this case
CGP12177). (a) photomicrograph of an isolated rat atrial myocyte (b) calcium spark
(circled) in a whole cell image (c) calcium wavelet (circled) (d) whole cell calcium
wave. All of the above images of calcium events were taken from the same atrial cell
being perfused with CGP12177 in the presence of propranolol.

161 |Page



Chapter 6
Calcium events from the perfusion of CGP12177 in a quiescent rat atrial
myocyte were also captured in the form of line scans from the confocal

microscope (Figure 6.3).

Figure 6.3 Line scan images showing examples of calcium sparks, calcium
wavelets and calcium waves. (a) calcium sparks (b) calcium wavelets (c) whole cell

calcium wave are all different forms of calcium release activity in a cardiomyocyte.

In this study, frequency analyses of calcium events from the selection of

cardioactive drugs involve line scans and whole cell images.

6.6.2 The effect ISO on spontaneous calcium release

During the basal perfusion (Tyrode’s physiological solution), the spark
frequency in quiescent rat atrial cells was 26.7 + 45 s (n = 8). 18O
administration (100 nM) resulted in a significant increase (p = 0.04) in spark
frequency to 38.7 + 7.9 s, but did not increase the frequency of whole cell

calcium waves or wavelets (Figure 6.4 and 6.5).
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Figure 6.4 Line scan images of quiescent rat atrial cells perfused with ISO. (a)
photomicrograph image of a quiescent rat atrial cell. A green line has been selected
along the periphery of the cell for the line scan (bi) line scan image of the same rat
atrial cell being perfused with physiological salt solution (bii) line scan image of the
calcium events in rat atrial myocytes following perfusion of ISO. Calcium sparks are
observed, in yellow/green starting from the left side of the captured line scan image.
Calcium wavelets are formed towards the right of the image and are bigger than sparks

but are non-propagating.
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Figure 6.5 Frequency of calcium events upon perfusion of ISO in quiescent rat
atrial cells. Bar charts for (a) calcium sparks, (b) wavelets and (c) wave frequency of
atrial cells being perfused with 1ISO (100 nM). Administration of ISO resulted in a
significant increase in the frequency of calcium sparks (*p = 0.04). However, there
were no significant differences in the number of calcium wavelets or waves in the
presence of ISO compared to basal. At basal condition and upon the addition of ISO, 8
cells showed calcium sparks and calcium wavelets, but only one cell showed calcium

waves.
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6.6.3 The effect of CGP12177 in the presence of propranolol on
spontaneous calcium release

When perfused with the B-blocker propranolol (200 nM), there were some
calcium events observed such as calcium sparks and the occasional calcium
wavelet, but no waves were noted. However, the addition of CGP12177 in the
presence of propranolol resulted in frequent spontaneous calcium release
events (Figure 6.6). When propranolol was being perfused, there were 0.04 +
0.03 s whole cell calcium waves, 0.4 £ 0.1 s” wavelets and 41.0 + 6.7 s
calcium sparks observed (n = 12) (Figure 6.7). Administration of CGP12177 (1
uM) in the presence of propranolol significantly increased the incidence of
wavelets to 0.86 + 0.17 s (n=12 ; p = 0.005). The incidence of calcium waves

increased significantly to 0.3 £ 0.1 s (p = 0.03).

This shows that CGP12177 is associated with pro-arrhythmic activity even in
the presence of a B-blocker. Moreover, in cells which did not show wavelets or
waves, CGP12177 increased the incidence of calcium sparks from 45.1 + 6.69
s'1058.6+6.90s” (n=6;p<0.01). Calcium spark activity due to CGP12177
was only increased in the cells showing no wavelets or waves (and not in those
showing wavelets or waves) as these events would discharge the SR calcium

load resulting in the occurrence of fewer calcium sparks.
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Figure 6.6 Line scan images of quiescent rat atrial cells perfused with CGP12177
in the presence of propranolol. (a) photomicrograph image of quiescent rat atrial
cell. An orange line has been selected along the periphery of the cell for the line scan
(bi) line scan image of the same rat atrial cell being perfused with propranolol (200 nM)
and only a few calcium sparks are observed (bii) line scan image of the calcium
events in rat atrial myocytes following perfusion of CGP12177 (1 uM) in the presence
of propranolol. The line scan image shows that CGP12177 is highly pro-arrhythmic as
observed by the intense calcium activity shown in red. These are calcium waves.
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Figure 6.7 Frequency of calcium events upon perfusion of CGP12177 in the
presence of propranolol in quiescent rat atrial cells. Bar charts of (a) calcium
sparks which increased in the presence of CGP12177 and propranolol (b) wavelets
frequency increased significantly (**p = 0.005) and (c) wave frequency of atrial cells in
the presence of CGP12177 also increased significantly (*p = 0.03) (1 pM) and
propranolol (200 nM) compared to the events under basal conditions (d) significant
increase in spark frequency in atrial cells which did not produce wavelets or waves
when perfused with CGP12177 and propranolol (*p = 0.02). The results suggest the
administration of CGP12177 in the presence of a p-blocker still triggered
cardiostimulatory activity, hence CGP12177 may be associated with pro-
arrhythmogenic effects.
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6.6.4 The effect of CGP12177 in the presence of 2-APB and propranolol

on spontaneous calcium release

Cells were perfused with an IP3R blocker, 2-APB (5 uM) in the presence of
propranolol (200 nM) followed by 2-APB and propranolol in the presence of
CGP12177 (1 uM). The photomicrograph of a left atrial cell and line scan image
(Figure 6.8) shows the resulting calcium activity in the presence of 2-APB and
propranolol alone as well as 2-APB in the presence of CGP12177 and
propranolol. 2-APB and propranolol perfusion caused 0.4 + 0.2 large but
spatially restricted calcium wavelets s and 30.4 + 4.3 calcium sparks s™ (n=7
cells) (Figure 6.9). CGP12177 with 2-APB and propranolol increased the
incidence of wavelets to 1.9 + 0.4 s (p = 0.03) but did not alter the frequency of
calcium sparks. CGP12177 with 2-APB and propranolol caused significantly
more wavelets than CGP12177 with propranolol (1.9 + 0.4 s compared to 0.86

+0.17 s™") (n = 12 and n = 7 respectively ; p = 0.04).
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Figure 6.8 Line scan images of quiescent rat atrial cells perfused with CGP12177
in the presence of 2-APB. (a) photomicrograph image of quiescent rat atrial cell. A
blue line has been selected along the periphery of the cell for the line scan (bi) line
scan image of the same rat atrial cell being perfused with 2-APB (5 pM) and
propranolol (200 nM) and calcium sparks are observed (bii) line scan image of the
calcium wavelets in rat atrial myocytes following perfusion of 2-APB (5 uM) in the
presence of CGP12177 (1pM) and propranolol (200 nM). 2-APB is an IP3R receptor
blocker but as seen in the line scan above, it does not inhibit the calcium efflux from the
SR caused by CGP12177 which means that the SR calcium release is likely to be via
RyR2.
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Figure 6.9 Frequency of calcium activity upon perfusion of CGP12177 in the
presence of 2-APB in quiescent rat atrial cells. Bar charts for (a) calcium sparks
and (b) significant increase of wavelet frequency of the atrial cells in the presence of
CGP12177 (1 uM), 2-APB (5 uM) and propranolol (200 nM) compared to the events
under basal conditions. Although larger number of wavelets were observed (*p =
0.03), no waves were recorded. Upon comparison of (c) wavelet frequency elicited by
2.APB with CGP12177 with propranolol and CGP12177 (in the presence of
propranolol) showed that the latter caused significantly less wavelets than 2-APB with
CGP12177 and propranolol (*p = 0.04). The addition of 2-APB does not have any
inhibitory effect on CGP12177 mediated SR calcium release in the presence of
propranolol but in fact it seems to augment it.
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6.6.5 The effect of CGP12177 in the presence of nifedipine and

propranolol on spontaneous calcium release

When nifedipine (10 uM), an LTCC blocker was perfused in the presence of
CGP12177 (1 uM) and propranolol (200 nM) in rat atrial cells (Figure 6.10), the
calcium spark frequency increased significantly from the perfusion of nifedipine
(10 M) and propranolol (200 nM) alone. Nifedipine and propranolol caused 3.0
+ 0.97 sparks s' and 0.6 + 0.18 wavelets s (Figure 6.11). The addition of
CGP12177 with nifedipine and propranolol increased calcium sparks to 5.5 +
0.84 s (n = 6 ; p = 0.04). There was no significant increase in calcium wavelet
frequency of 1.1 + 0.44 s (n = 9) and no calcium waves were observed.
Therefore nifedipine whilst reducing the overall spontaneous calcium release in

all conditions did not block the stimulatory effect of CGP12177.
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Figure 6.10 Line scan image of quiescent rat atrial cells perfused with CGP12177
in the presence of nifedipine and propranolol. (a) photomicrograph image of
quiescent rat atrial cell. A purple line has been selected along the periphery of the cell
for the line scan (bi) line scan image of the same rat atrial cell being perfused with
nifedipine (10 uM) and propranolol (200 nM) showing little calcium activity (bii) line
scan image of an increased frequency of calcium sparks in rat atrial myocytes following
perfusion of nifedipine together with CGP12177 and propranolol suggesting that
nifedipine might not be completely abolishing the effects of CGP12177 in the presence
of propranolol.
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Figure 6.11 Frequency of calcium events upon perfusion of CGP12177 in the
presence of nifedipine and propranolol in quiescent rat atrial cells. (a) significant
increase in calcium spark frequency during the perfusion of nifedipine (10 pM) with
CGP12177 (1 uM) and propranolol (200 nM) compared to nifedipine and propranolol
alone (n = 6 ; *p = 0.04). (b) wavelet frequency with the perfusion of nifedipine and
propranolol (n = 9). The arrhythmogenic effect of CGP12177 is not blocked by
inhibition of LTCC. However, there are many fewer calcium events in the presence of

nifedipine which indicates that extracellular calcium is the trigger for causing much of

the spontaneous SR calcium release.
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6.6.6 The effect of CGP12177 in the presence of bupranolol on the

spontaneous release of calcium

Bupranolol (1 pM) was perfused onto quiescent isolated atrial cells and in the
line scan (Figure 6.12) of the section selected, only a few calcium sparks were
observed but no wavelets or waves were noted (n = 5). Following this,
bupranolol (1 pM) in the presence of CGP12177 (1 uM) was added to the atrial

cells. Calcium sparks were observed but calcium wavelets and waves were

non-existent.

Figure 6.12 Line scan images of quiescent rat atrial cells perfused with
CGP12177 in the presence of bupranolol. (a) photomicrograph image of quiescent
rat atrial cell. A pink line has been selected along the periphery of the cell for the line
scan (bi) line scan image of the same rat atrial cell being perfused with bupranolol (1
pM) and a few calcium sparks were observed (bii) line scan image of calcium sparks
in rat atrial myocytes following perfusion of bupranolol together with CGP12177.
Bupranolol antagonises the pro-arrhythmic effect of CGP12177 since the line scan
shows no calcium waves, wavelets or as many sparks as observed when CGP12177
was perfused in the presence of propranolol alone.
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Bupranolol produced an average of 8.8 + 2.8 sparks s™ and bupranolol with
CGP12177 caused 16.8 + 5.2 sparks s™' (n = 7) (Figure 6.13). In comparison,
for cells not showing wavelets or waves, CGP12177 (with propranolol) caused a

significant increase in calcium spark frequency from the perfusion of propranolol

alone.
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Figure 6.13 Frequency of calcium events upon perfusion of bupranolol in the
presence of CGP12177 in quiescent rat atrial cells. (a) Bupranolol in the presence
of CGP12177 did not significantly increase the calcium spark frequency compared to
bupranolol on its own. On the other hand, (b) CGP12177 in the presence of
propranolol caused a significant increase in spark frequency from its basal conditions
(*p =0.02).
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When propranolol (200 nM) alone was perfused in quiescent atrial cells there
were 37.2 + 5.01 calcium sparks s (n = 18) (Figure 6.14). However in
comparison to the perfusion of bupranolol (1 uM) alone, the frequency of sparks

was significantly less at 8.8 £ 2.79 s'(n=7;p=0.002).

Spark frequency (s™)

Figure 6.14 Calcium spark frequency upon perfusion of propranolol compared to
bupranolol alone. Perfusion of bupranolol produced significantly less calcium sparks
compared to propranolol suggesting an inverse agonism revealed by bupranolol
blockage of B1.-AR (**p = 0.002).
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For cells not exhibiting waves or wavelets, CGP12177 in the presence of
propranolol produced 58.6 + 6.90 calcium sparks s’ (p = 0.02) which was
significantly more than those produced during the perfusion of bupranolol and
CGP12177 which caused only 16.8 + 5.2 sparks s” (n = 6 and 7 respectively ; p

= 0.0004) (Figure 6.15) but produced no waves or wavelets.
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Figure 6.15 Comparing calcium spark frequency upon perfusion of CGP12177
and bupranolol with CGP12177 and propranolol. In cells (which showed no waves
or wavelets) perfused with CGP12177 in the presence of propranolol there were
significantly more calcium sparks than when CGP12177 is being perfused in the
presence of bupranolol (****p = 0.0004). This experiment proves that CGP12177’s
effects are mediated by a B-AR different to the classical B1-AR.

6.6.7 The effect of BRL37344 on spontaneous calcium release

Upon addition of the B3-AR agonist - BRL37344 (300 nM) no calcium waves or
wavelets were observed from the calcium imaging videos. The line scan image
taken from the blue line drawn upon the micrograph of the left atrial cell (Figure
6.16) shows BRL37344 causing no calcium events whether it is being perfused

alone or with propranolol. The mean frequency of calcium sparks at basal
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conditions decreased significantly upon the perfusion of BRL37344 on its own
from 22.0 + 272 s to 145 £ 219 s’ (n =5 ; p = 0.04) (Figure 6.17).
BRL37344 in the presence of propranolol yielded an average frequency of
calcium sparks of 15.4 + 3.25 s™ which was significantly lower than during the

perfusion of propranolol alone at 29.3 + 3.25 s” (n =6 respectively ; p = 0.04).

Figure 6.16 Line scan image of quiescent rat atrial cells perfused with
BRL37344. (a) and (b) photomicrograph images of quiescent rat atrial cells. A line
has been selected along the periphery of the cell for line scan (ai) line scan image of
the rat atrial cell under basal conditions (aii) line scan image of a lack of calcium
activity in rat atrial cell in the presence of BRL37344 (300 nM) (bi) line scan image of
rat atrial cell under the conditions of propranolol perfusion (bii) line scan image of rat
atrial cell when BRL37344 is perfused with propranolol.
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Figure 6.17 Frequency of calcium sparks upon perfusion of BRL37344 in
quiescent rat atrial cells (a) perfusion of BRL37344 (300 nM) compared to the basal
conditions (*p = 0.04) (b) BRL37344 (300 nM) in the presence of propranolol (200 nM)
compared to when propranolol was perfused on its own (*p = 0.04). Furthermore, at
basal conditions calcium wavelets were occasionally observed though none were
reported when the quiescent atrial cells were perfused with BRL37344.
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6.7 Discussion

Several B-AR blocking drugs at high concentrations cause cardiostimulation.
Such non-conventional partial agonists (eg. pindolol) have been contra-
indicated in the treatment of ischaemic heart disease (Podrid and Lown, 1982).
Freestone and colleagues (1999) have shown in mouse ventricular myocytes
that CGP12177, which is structurally similar to pindolol, causes smaller
increases in intracellular calcium concentration, but is 40-fold more pro-
arrhythmic than 1ISO which is the most potent sympathomimetic agonist. The
aim of this study was to study the behaviour of various cardioactive drugs on
the spontaneous calcium release in quiescent rat atrial myocytes thus providing

a clearer understanding of the reported arrhythmogenic effects that occur.

This study has demonstrated that CGP12177 administration in isolated
quiescent adult rat atrial myocytes caused many more spontaneous calcium
release events than ISO. This agrees with previous findings that have
described pro-arrhythmic effects of CGP12177 in electrically stimulated rat atrial
and ventricular myocytes (Sarsero et al, 1999) as well as mouse ventricular
myocytes (Freestone et al., 1999). Live videos of whole cell calcium activities
and line-scan images from confocal microscopy confirmed that
cardiostimulation caused by CGP12177 was insensitive to the presence of
propranolol by exhibiting high calcium activity in the form of calcium sparks,
wavelets and waves in both left and right atrial cells. Calcium activity analyses

however have been carried out in whole cell calcium imaging mode.
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6.7.1 Cardiostimulatory activity by ISO

ISO administration in isolated rat atrial myocytes caused an increase in calcium
spark frequency compared to basal, however there was no significant increase
in the frequency of whole cell calcium waves or wavelets. This may be due to
the SR being depleted of its calcium store resulting from the initial increase in

calcium release in the form of sparks (Cheng et al., 1993).

6.7.2 Pro-arrhythmogenic activity of CGP12177

Administration of CGP12177 in the presence of propranolol significantly
increased the incidence of wavelets and waves compared to the perfusion of
propranolol alone. The increase of caicium activity in terms of calcium wavelets
and waves signify and confirm the pro-arrhythmogenicity of CGP12177, even in
the presence of propranolol. CGP12177 also increased the incidence of
calcium sparks in those cells not exhibiting wavelets or waves (p < 0.01) and

therefore not subject to a decreased calcium load.

Interestingly, CGP12177 at lower concentrations (100 nM and 10 nM) also
caused increases in spontaneous SR calcium release (data not shown). This
study outcome agrees with previous findings whereby it has been shown in
electrically stimulated mouse ventricular myocytes and rat ventricular and atrial
cells respectively that while CGP12177 causes much smaller increases in
intracellular calcium levels than ISQO, it is also much more pro-arrhythmic than
ISO (Freestone ot al., 1999 ; Sarsero et al., 1999). CGP12177 was more potent

than noradrenaline, acting on conventional B1-ARs in ferret heart at eliciting
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action potential shortening but plateau prolongation (Lowe et al., 1998). It is
therefore possible that arrhythmias caused by stimulation of the novel Bi.-AR
are disconnected from the global intracellular calcium levels (Sam et al., 2012).

The mechanism for this effect remains to be elucidated.

In 2001, Kaumann and colleagues stated that the arrhythmogenic effect of
CGP12177 is supposedly mediated via the high affinity state of the f1-AR
(Kaumann et al., 2001). However, considering that CGP12177 is added with
propranolol at a concentration that completely blocks the stimulatory effect of
ISO, this assertion seems to be incorrect. Unfortunately, this misinterpretation
is also evident in the work of Lewis et al., 2004. Perfusion of ruthenium red (10
puM) and CGP12177 produced no cardiostimulatory events suggesting that
ruthenium red has inhibited the spontaneous calcium release caused by
CGP12177 confirming that CGP12177 exhibits its pro-arrhythmogenic effects

via the RyR2 (data not shown).

6.7.3 Stimulatory effect of CGP12177 in the presence of 2-APB and

propranolol on spontaneous calcium release

Previously, arrhythmias in rat atrial cells have been observed in the presence of
endothelin due to calcium efflux via the IP3R (Li ef al., 2005). In this study, 2-
APB (a membrane permeable antagonist of the IP3R) was perfused in
quiescent single isolated rat atrial cells to investigate the effect of this IP3R
blocker on arrhythmogenic SR calcium release caused by CGP12177. As
shown previously for mouse ventricular myocytes, (Freestone et al., 1999)

CGP12177 is associated with potent arrhythmogenic effects in rat atrial cells.

182 |Page



Chapter 6
This effect of CGP12177 on rat atrial myocytes is not affected by the addition of
2-APB. This has previously been suggested to be effective in controlling the
spontaneous calcium release which might contribute to the development of
calcium-mediated atrial arrhythmias (Zima and Blatter, 2004). However, results
obtained from this study contradict those of Zima and Blatter (2004) since 2-
APB did not block CGP-induced spontaneous calcium release. There were
more calcium events with 2-APB and CGP12177 with propranolol compared to
CGP12177 with propranolol. This might be due to the fact that blocking the
IP3R loads up the SR with more calcium increasing the frequency of SR
calcium release via RyR2. Therefore it seems likely that the arrhythmic events

mediated by the B1.-AR are not the result of calcium release via IP3R.

6.7.4 Nifedipine reduces overall spontaneous calcium release but does

not block the stimulatory effect of CGP12177

LTCCs are located on the plasma membrane of the cardiac myocyte and can
be blocked by nifedipine. Upon the opening of these channels, the RyR2
calcium channel readily allows the release of calcium ions from the SR
(Polakova ef al., 2008). The addition of CGP12177 with nifedipine in the
presence of propranolol (200 nM) did not result in an increase in calcium
wavelet frequency from nifedipine and propranolol alone. No calcium waves
were observed. In terms of calcium sparks, there was a significant increase in
frequency compared to its basal conditions. The results suggest that nifedipine
has drastically though not completely abolished the cardiostimulatory effect
produced by CGP12177 in the presence of propranolol and calcium sparks are

dependent largely on calcium current through LTCC. The findings of this study
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agree with the work of Santana’s group (1996) in rat ventricular myocytes,
whereby nifedipine inhibited calcium release activity by delaying the re-opening
of the LTCCs. Additionally, Zhang and colleagues (2013) reported that cardiac
stem cell spontaneous beating rate was reduced by 61% due to nifedipine

administration.

6.7.5 Inhibition of the effect of CGP12177 by bupranololi

Perfusion of the non-selective B-blocker, bupranolol in the presence of
CGP12177 blocked the stimulatory effect of CGP12177 on spontaneous
calcium release from the SR. There were no calcium waves or wavelets
occurring and the frequency of calcium sparks was lower compared to

CGP12177 in the presence of propranolol.

Therefore, the B1.-ARs through which the cardiostimulatory effects of
CGP12177 are mediated in rat atrial cells, are insensitive to propranolol but are
completely blocked by bupranolol. It has been also postulated that the
chronotropic effect of CGP12177 on the right atria of the mouse was insensitive
to propranolol, however upon the addition of bupranolol the effect of CGP12177
was moderately blocked (Kaumann et al., 1998). This supports the data
presented here. Furthermore bupranolol has been shown to cause more of an
inverse agonistic effect in quiescent atrial cells via B1.-ARs compared to
propranolol which only blocks B14-AR and B2-ARs. Hence bupranolol reveals a

significant amount of intrinsic activity being mediated via the B1,-AR.
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6.7.6 Decrease in the occurrence of spontaneous SR calcium release

events due to addition of BRL37344

BRL37344 was used in this study as a tool to show that negative effects can
also be observed in the isolated atrial cells and not only positive stimulatory
activities as with ISO and CGP12177. The B3-AR of human ventricular
myocytes mediates negative inotropic effects (Gauthier ot al., 1998 ; Michel et
al, 2011) and has been shown to be upregulated during HF as a cardio-
protective measure (Moniotte et al., 2001). A B3 agonist such as BRL37344
couples with Gi proteins of the cardiomyocytes and activates the Gi intracellular
signalling pathway. This results in an increase in cGMP levels and a decrease
in the force and rate of contraction of the cardiac cells of the heart (Rozec et al.,

2000).

This study performed on quiescent rat atrial cells is consistent with the negative
inotropism suggested by Gauthier ef al, 1998 in their work on the B3-AR
agonist on the human heart. BRL37344 in the presence of propranolol caused
a statistically significant decrease in the average spark frequency compared to
when propranolol was perfused on its own. BRL37344 on its own perfused in
rat atrial cells caused a decrease in the average frequency of calcium sparks
from basal conditions. Basal conditions showed other calcium events such as
wavelets, but no calcium waves were observed. However, perfusion of
BRL37344, only caused calcium sparks and no wavelets or waves were seen.
This is due to the stimulation of B3-AR inhibiting cardiac contractility via the
release of NO in the Gi protein pathway. The reduction in calcium activity

observed with the addition of BRL37344 therefore was due to B3-ARs
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stimulation, mediated by a PKG-dependent pathway. This present work

confirms the negative inotropic effect of BRL37344 mediated by B3-ARs in rat

atrial myocytes.

6.8 Conclusion

Isoprenaline showed cardiostimulatory activity however it was not as

arrhythmogenic as CGP12177 in the presence of propranolol.

2-APB showed no effect on reducing the frequency of calcium events

despite being an IP3R blocker.

The addition of nifedipine alone significantly reduced spontaneous
calcium release from the SR though CGP 12177 was able to still cause a
significant increase in SR calcium release even in the presence of

nifedipine.

The pro-arrhythmogenic activity of CGP12177 was completely blocked

by bupranolol.

Arrhythmogenic effects caused by CGP12177 are mediated by B1-AR
and unusually this occurs in an environment where there is low calcium
mobilisation and low levels of cAMP and PKA than the usual classical

B1-AR.
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CHAPTER 7

Final Discussion
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Atrial and ventricular arrhythmias are commonly observed in people with HF. A
large number of experimental studies have focussed mainly upon ventricular
arrhythmias possibly due to the relatively difficult task of obtaining viable single
isolated rat atrial myocytes compared to ventricular myocytes. More recently, a
surge of interest has been initiated in the study of atrial arrhythmias in single
quiescent atrial myocytes. The research incorporated into this thesis has been
based largely on the specific morphology of left and right rat atrial myocytes and
how their features correlate with calcium spark initiation sites during EC
coupling, the pathophysiology of calcium handling proteins that interrupts the
normal EC-coupling process, and the role of the low affinity B1-AR in

spontaneous arrhythmogenic calcium release in rat atrial myocytes.

A pilot study was carried out on cultured chick embryonic ventricular myocytes
to determine and classify the pharmacology of the four cardiac B-ARs and to
confirm the actions of the various cardiostimulatory and cardioinhibitory drugs
that act upon the different receptors. Cardiostimulatory effects triggered by ISO
(100 nM) via the Gs protein signalling pathway at the B1,4/82-ARs increased the
mean spontaneous cardiac contraction rate from the basal contraction rate.
This observation is supported by Lands et al., (1969) Sperelakis, (1978),
Marvin et al., (1979). Propranolol (at 200 nM; a concentration shown to block
the stimulatory effects of 100 nM 1SO), a B1n/B2 antagonist, was introduced to
chick embryonic ventricular cells where it caused a significant decrease in the
mean spontaneous contraction rate from basal rate. This demonstrates the
phenomenon of inverse agonism. The concomitant addition of the non-
conventional partial agonist CGP12177 (1 uM; a concentration previously

shown to exert maximal cardiostimulatory effects in a variety of cardiac tissues)
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increased the contraction rate. The cardiostimulatory effect of CGP12177
confirms the presence of B1.-AR in chick ventricular myocytes. On the other
hand, BRL37344 (600 nM) confirmed the presence of B3-AR in chick ventricular
cells by stimulating the Gi pathway of the cardiomyocytes resulting in a negative
chronotropic effect. It would have been logical to retrieve chick embryonic atrial
cells for this study since the work of this thesis focuses mainly on atrial cells.
However, the initial interest here remains to only confirm the pharmacology of
the different B-ARs in cardiac cells. The specific contributions of all B-ARs have
been confirmed in this preliminary pilot study by the pharmacological responses
of the cardio-active drugs (negatively chronotropic by B3-AR stimulation and
positively chronotropic with the other remaining B-ARs) in chick embryonic

ventricular cells.

it is of importance to study the specific morphology of left and right atrial cells
since there seems to be a relationship regarding this and the caicium release
sites that contribute to the initiation of cell contraction in normal EC coupling.
The left and right mammalian atrial cell dimensions differ slightly from each
other and there appears to be a relationship between cell width and the
presence (or absence) of the t-tubules in each atrial chamber (reported by a
number of groups such as Smymias et al., 2010 ; Dibb et al., 2009). During
CICR, the small initial extracellular calcium influx eventually results in large
intracellular calcium release from the SR. Atrial cell widths seem to determine
the sites of origin of calcium sparks which contribute to the generation of whole
cell calcium transients and cell contraction. This study showed evidence of
some t- tubules (or TATS) in the left atrial cells but none for the right atrial cells.

it has also been confirmed that the wider atrial cells on average were left atrial
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cells and this is probably due to the fact that the left atrium generates more

pressure during contraction than the right.

The wider left atrial cells had more calcium sparks originating from the centre of
the cell and this supports the fact that more TATs exist in left atrial cells rather
than right atrial cells. In the narrower right atrial cells there were no TATS found
and calcium sparks were largely restricted to the sub-sarcolemmal space at the
periphery of the cell. The atrial cell widths from this study were consistent with
the average width measurements of atrial cells from work done by others (Kirk
et al., 2003 ; Dibb et al., 2009 ; Smyrnias et al., 2010) however these groups did
not separate out the left and right rat atrial cells. Impaired t-tubular structures
(either due to pathophysiology or experimental disruption) in atrial cells
promotes dysregulation of normal calcium propagation in EC-coupling and

CICR which may contribute to poor contractility, leading to AF, often observed

in HF.

Cardiac contractility is modulated by intracellular signalling pathways triggered
by a ligand binding to B-ARs. These include mobilization of cAMP and
activation of cAMP-dependent protein kinase. This kinase phosphorylates
important calcium handling proteins such as PLB, SERCA2a and the cardiac
RyR2. The calcium handling protein expression has been found to vary in the
different chambers of the mammalian heart and in different cardiac disease
states. PLB and SERCAZ2a are proteins that control calcium uptake into the SR
and therefore regulate cell relaxation. Western blotting of rat tissue

homogenates enabled the protein expression in these tissues to be studied.
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It was observed that there was a higher abundance of total PLB at 25kDa in
SHR cardiac homogenates (more specifically in left ventricular homogenate)
compared to WKY cardiac tissues. This is consistent with the study by Li and
colleagues (2005) whereby PLB was shown to be more abundant in whole heart
homogenates of the SHR than WKY rats. SERCA2a removes calcium during
the normal cardiac cycle, but it is less abundant in the impaired cardiac
homogenates of the SHR. This results in a prolonged intracellular calcium
release period from the SR and a decrease in systolic contraction (in a setting
of higher systolic blood pressure). Furthermore, this study reveals that
SERCAZ2a is less abundant in HF cardiac homogenates compared to normal
cardiac homogenates and this may result in impaired SERCA2a pump function

in the failing heart.

In WKY cardiac tissue, PLB was most abundant in the (right) ventricular
homogenate and was the least abundant in atrial tissue homogenates. This
result in the shorter contraction period of the atria compared to the ventricles.
PLB phosphorylation occurs at two sites, Ser16 and Thr17 and both are
triggered by B-adrenergic stimulation (Wegener et al., 1989). In normal rats, the
abundance of phospho-Thr17 is higher in ventricular homogenates compared to
atrial homogenates whereas there is no alteration between these chambers for
phospho-Ser16. Thr17 phosphorylated by calcium/CaM kinase Il is increased
in SHR ventricles since the phosphorylation of PLB occurs mainly via mediation
by calcium/CaM Kinase Il and less so by PKA in hypertension (Mills et al.,
2006). Furthermore, the PKA phosphorylation site is more phosphorylated in
WKY due to a reduction in B-ARs in the SHR strain which results in less

stimulation (ie phosphorylation events) in the heart.
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An impairment of the cardiac SR calcium release channel, RyR2, that regulates
the calcium release from the SR may be responsible for the uncontrolled
leakage of calcium that is a common feature in HF. This is due to dysfunction
of the phosphorylated cardiac RyR2 protein that contributes to less efficient

cardiac contraction and susceptibility to arrhythmias.

In this study, the shunt and sham rat models were considered as a pathological
models since the SHR homogenates did not yield quantifiable results for the
phosphorylated versions of the RyR2 protein. HF cardiac homogenates (except
right atrial sample) had lower abundances of total RyR2 compared to non-HF.
It has been established that RyR2 is phosphorylated mainly via the PKA
pathway and phospho-RyR2808 has been reported to cause abnormal calcium
release from the SR during HF (Marx et al, 2000). Shunt right atrial
homogenates showed a higher abundance of phospho-RyR2808 compared to
the ventricles possibly due to the right atria being the first recipient of blood
before the ventricles. Also, it may be fair to suggest that some discrepancies
may be unavoidable in this study since there might be genetic differences in the
origin of animal models used (eg. WKY and normal SD rats) as well as extent of

the disease of the rats used.

Having seen that the expression of calcium handling proteins differs in atrial and
ventricular tissue and normal and diseased hearts, an investigation into a
specific situation where arrhythmias have been reported to occur in isolated

single cells was undertaken.
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Chapter 7
This involved the pharmacology of the propranolol-insensitive novel 81,-AR and
atrial arrhythmias in quiescent atrial cells. It was investigated whether the
addition of the non-conventional partial agonist, CGP12177 to quiescent rat
atrial myocytes in the presence of propranolol resulted in an increase in
spontaneous calcium release events which may cause cardiac contractions
independent of SA node activity. This study has shown that the administration
of CGP12177 in isolated quiescent adult rat atrial myocytes caused a significant
increase in arrhythmic events compared to ISO even though the latter causes a
larger increase in intracellular calcium than CGP12177. This agrees with
previous findings which have described the pro-arrhythmic effect of CGP12177
in rat atrial and ventricular myocytes (Sarsero et al., 1999) and mouse
ventricular myocytes (Freestone et al., 1999). It is possible therefore that
arrhythmias caused by the stimulation of the novel B1.-AR are disconnected

from the global intracellular calcium levels.

On the other hand, the administration of 2-APB which is an antagonist of IP3R,
in the presence of CGP12177 was studied in quiescent rat atrial cells to see
whether it reduces the frequency of spontaneous SR calcium release as
suggested previously by Zima and Blatter (2004). These authors suggested
that 2-APB was successful in controlling the spontaneous calcium release
which would otherwise lead to atrial arrhythmias. Furthermore, Proven and
colleagues (2006) have also shown similar results to Zima and Blatter (2004)
whereby spontaneous calicium release in rat ventricular myocytes caused by
endothelin-1 were completely terminated by the introduction of 2-APB. In this
study however, the pro-arrhythmogenic effect of CGP12177 was still observed

with 2-APB through the observation of calcium activity in the forms of calcium

193 |Page



Chapter 7
sparks, wavelets and waves in rat atrial myocytes. |t is clear therefore that the
arrhythmic events triggered by B1.-AR are not due to caicium efflux via IP3R

but via RyR2 instead.

Previously it has been suggested that bupranolol, a non-selective B-blocker,
hinders the B1.-AR with moderate potency in mice (Kaumann et al., 1998) and
hence inhibits the pro-arrhythmic effects caused by CGP12177. This study has
shown that B1.-AR is propranolol-insensitive however the cardiostimulatory
effect of CGP12177 was blocked by bupranolol. Bupranolol in the presence of
CGP12177 in quiescent rat atrial myocytes did not cause a significant increase
in calcium spark frequency compared to bupranolol on its own. Furthermore, no
calcium wavelets or waves were produced upon the perfusion of bupranolol
alone or bupranolol in the presence of CGP12177. On the other hand, in rat
atrial cells which did not exhibit waves or wavelets (in which the SR calcium
store was therefore not depleted), CGP12177 (in the presence of propranolol)
increased the incidence significantly of calcium sparks. The calcium spark
frequency of bupranolol with CGP12177 was thus lower than the calcium spark
frequency of CGP12177 in the presence of propranolol. Also B1.-AR seems to
possess significant intrinsic activity because when bupranolol binds, it causes
more inverse agonism in quiescent atrial cells than propranolol that blocks B1-

AR and B2-AR.

The mechanistic pathway of how the pro-arrhythmogenic effects caused by
CGP12177 binding to the B1.-AR occur and how the highly arrhythmogenic
effects can be controlled if not blocked is still yet to be understood. However

the novel finding of arrhythmogenic effects being preferentially mediated by
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activation of a specific sub-type of the B1-AR (81.-AR) has been confirmed
here. The fact that this occurs in an intracellular environment in which there is
less calcium, cAMP and PKA being mobilised compared to classical B1-AR

binding events only adds to the noteworthiness of this data.
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