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Summary of thesis

Summary of thesis

Heart failure affects approximately 1-3% of Western society. There is currently no cure
and treatments largely delay disease progression. Consequently, there is great interest
in identifying strategies that can improve cardiac function and reverse some of the
negative consequences associated with heart failure. This thesis investigates the
cardioprotective properties of a gene activated in the athlete’s heart [phosphoinositide
3-kinase (P13K), p110a] in a setting of heart failure.

Two double-transgenic mouse models were generated to assess the role of
PI3K in a setting of cardiac stress (dilated cardiomyopathy, DCM). Mice either
expressing a constitutively active mutant of PI3K (p110a) (caPI3K) or a dominant
negative mutant of PI3K (p110a) (dnPI3K) were crossed with a transgenic mouse
model of DCM [due to over-expression of mammalian sterile 20-like kinase 1 (Mst1)].
Increasing PI3K activity in the DCM model (caPI3K-Mst1) improved lifespan and cardiac
function, whereas decreasing PI3K activity in the DCM model (dnPI3K-Mst1) had an
adverse effect. The cardioprotective properties of PI3K (p110a) were mediated, at
least in part, by the kinase Akt.

Using the dnPI3K-Mstl model, | was able to show that reduced PI3K
(p110a) activity increases the heart’s susceptibility to atrial fibrillation (AF, the most
common arrhythmia in cardiology departments worldwide). dnPI3K-Mstl mice
displayed overt atrial remodelling, varying degrees of conduction blockade and
developed spontaneous AF. To assess a possible link between PI3K activity and AF in
humans, PI3K (p110a) activity was measured in atrial appendages of patients with AF
(acute or chronic) and compared to patients without AF. PI3K (p110a) activity was
lower in patients with AF compared to patients in sinus rhythm. These results suggest
that reduced PI3K (p110a) makes the heart more susceptible to the development of
AF. Thus, strategies or agents that can activate PI3K (p110a) specifically in the heart
may represent a useful therapeutic approach for AF.

An unanticipated but novel finding was the observation that female dnPI3K-
Mst1 mice showed faster disease progression than males. Prior to menopause, females
are normally protected against cardiovascular disease compared with males. In
contrast, in settings of aging, diabetes or hypertension [associated with depressed or

defective PI3K (p110a) activity] females are more prone to cardiac disease than males.
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Summary of thesis

Taken together with my results, this suggests that there may be an interaction
between PI3K (p110a) and estrogen, and that this interaction is essential for the
cardioprotection seen in pre-menopausal women. Data obtained from dnPI3K-Mst1
mice suggests that PI3K (p110a) plays an important role in mediating cardioprotection
in females. Unexpectedly, ovariectomy had a beneficial effect on the cardiac
phenotype of Mstl mice, but no significant effect in caPI3K-Mst1 or dnPI3K-Mst1 mice.
The mechanisms responsible for these phenotypes will require further investigation.

In summary, this thesis presents compelling evidence to support
investigation into therapeutics that activate components of the PI3K (p110a) signalling

pathway in a setting of cardiac stress.
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Chapter 1 — General introduction

1.1. Heart failure

1.1.1. Impact of cardiovascular disease and heart failure

In Western societies, cardiovascular disease rates have reached epidemic proportions.
Cardiovascular disease affects more than 3.7 million Australians (1 in 5 Australians) and
kills one Australian nearly every 11 minutes (AIHW, 2008; NHF, 2005; NHF, 2007). In
the United States of America, nearly 1 in 3 people are affected by cardiovascular
disease (Lloyd-Jones et al., 2010). Nearly half of all deaths in the developed world are
attributed to cardiovascular disease and it is estimated that it will claim 25 million lives
annually by 2020 (Lloyd-Jones et al., 2010; Zipes et al., 2005). While the Centers for
Disease Control and Prevention (CDC) reported that rates of cardiovascular disease
mortality declined by 16% since 2000, it is still the leading cause of both morbidity and
mortality across all age groups (CDC, 2006). The decline in mortality rates has been
attributed to improved control of risk factors (including smoking, physical inactivity,
high cholesterol, and high blood pressure), improved early detection methods
(including non-invasive imaging and blood tests), better treatment (including lifestyle
changes and drug therapy), and more specialised care facilities (AIHW, 2004; Nissen et
al., 2004; Rose et al., 2001).

A major contributor to cardiovascular disease mortality is the development
of heart failure (HF), which affects approximately 1-3% of the Western population
(1.3% of Australians - approximately 263,000 people) (AIHW, 2008; Davies et al., 2001;
Lloyd-Jones et al., 2010; Mosterd and Hoes, 2007; Thom et al., 2006; Zannad et al.,
2009). The heart is responsible for the maintenance of blood pressure, the perfusion of
all organs in the body with oxygenated blood, as well as the removal of deoxygenated
blood through the cardio-pulmonary system (Kumar et al., 2005; Lilly, 2007). HF occurs
when the heart becomes unable to provide sufficient blood perfusion to meet the
metabolic demands of the body, or when it is only able to do so through elevation of
the filling pressure of the heart (Kumar et al., 2005). The progressive loss of cardiac
function seen in HF causes pulmonary congestion and peripheral oedema and can
induce a variety of symptoms including a lack of energy, breathlessness, drowsiness,

numbness or tingling of the hands and feet, insomnia, cough, anorexia, anxiety and
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depression (Blinderman et al., 2008). HF can result from a variety of diseases that
impair or overload the heart such as hypertension, myocardial infarction, coronary
artery disease, valvular diseases or a variety of cardiomyopathies, and is frequently
present as the most severe manifestation of end-stage cardiac diseases (Clark et al.,
2004; Lilly, 2007).

The incidence of HF increases with age, with approximately 15% of people
over the age of 80 affected (Lloyd-Jones et al., 2010). HF contributes significantly to
the worldwide economic disease burden of cardiovascular disease, currently estimated
to be as high as US $149 billion per year (Zannad et al., 2009). In Australia, the
economic cost of HF is $4 billion per year (AIHW, 2008). In contrast with other
cardiovascular diseases such as stroke and coronary heart disease, the incidence of HF
continues to increase (Lloyd-Jones et al., 2010; Roger et al., 2004; Zannad et al., 2009).
This has been attributed to an aging population, as well as the availability of
interventions that prolong survival following a cardiac insult such as myocardial
infarction (AIHW, 2004; Schocken et al., 2008; Stewart et al., 2003; Zannad et al.,
2009). Currently there is no satisfactory cure for HF, and long term survival following
HF remains poor with only one-third of patients surviving after 5 years (Bleumink et al.,

2004; Levy et al., 2002; Roger et al., 2004; Zannad et al., 2009).

1.1.2. Association between cardiac hypertrophy and heart failure

Growth of the adult heart is closely matched to the functional load placed upon it (Zak,
1984). In response to an increased workload (for example in a setting of hypertension),
the heart compensates for the increased haemodynamic burden placed upon it by
increasing cardiac cell size and mass (Cooper, 1987; Hunter and Chien, 1999; Sugden
and Clerk, 1998) through a process known as cardiac hypertrophy. Cardiac hypertrophy
can be defined as the increase of the cardiac muscle mass of the heart through either
increased wall thickness and/or dilation of cardiac chambers (McMullen and Jennings,
2007). Cardiac hypertrophy is a key event in the progression from a cardiac insult to
the development of HF (Figure 1). Initially hypertrophy of the heart following a cardiac
insult is considered a compensatory response. Enlargement of cardiac myocytes and

formation of additional sarcomeres is associated with an increase in wall thickness
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Figure 1. Cardiac hypertrophy can be associated with HF and arrhythmia.

Following a chronic pressure or volume overload stimulus, the heart hypertrophies as a
compensatory response. Sustained pressure or volume overload leads to decompensation of
the hypertrophied heart, inducing dilated cardiomyopathy and heart failure (HF). HF can

increase the risk of myocardial infarction (Ml), cardiac arrhythmia, or sudden death.
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that reduces wall tension associated with the insult (such as pressure or volume
overload), thereby improving muscle oxygen consumption and increasing contractile
force (Frey et al., 2004). Following a prolonged exposure to a pathological stimulus
however, the heart decompensates, increasing the risk of arrhythmia, myocardial

infarction or sudden death (Figure 1).

1.1.3. Complications associated with hypertrophy and heart failure

Cardiac hypertrophy is a well-established and independent risk factor for myocardial
infarction, arrhythmia or sudden death, and hypertrophy has been found in nearly all
forms of HF (Benjamin et al., 1994; de Simone et al., 2001; de Simone et al., 2008;
Dogan et al., 2007; Heist and Ruskin, 2006; Levy et al., 1990; Mureddu et al., 2001;
Osranek et al., 2005). Ventricular arrhythmias are more frequent in the presence of
cardiac hypertrophy (Adabag et al., 2008; Du et al., 2000b; Klein and Horowitz, 1988;
Maron et al., 2000; McKenna and Behr, 2002; Monserrat et al., 2003; Mulrow et al.,
1986; Saumarez et al., 1992; Saxon and De Marco, 2002; Spirito et al., 1987; Umana et
al., 2003), and atrial fibrillation (AF) is frequently associated with a variety of
cardiomyopathies (Ammash et al., 2000; Cecchi et al., 1995; Fananapazir et al., 1989;
Maron et al., 1999; Maron et al., 2002; Olivotto et al., 2001; Pretorius et al., 2009). AF
is also a significant risk factor for sudden death, as it is associated with stroke and
progressive congestive HF (Heist and Ruskin, 2006; Olivotto et al., 2001). Left
ventricular mass is also a predictor of myocardial infarction, even when no previous

coronary heart disease can be identified (de Simone et al., 2008).

1.2. Normal cardiac structure and function

1.2.1. Cellular structure of the cardiac myocyte

The pathophysiology of HF is complex, and consequently an understanding of normal
cardiac structure and function is essential. The heart is composed of cardiac muscle
cells (known as cardiac myocytes), fibroblasts, endothelial cells, mast cells, vascular
smooth muscle cells, neurons, as well as the surrounding extracellular matrix (ECM)
(Nag, 1980; Zak, 1984). Cardiac myocytes account for approximately 75% of the cell

volume of the myocardium, but only 25% of the cell number (Jugdutt, 2003; Miner and
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Miller, 2006; Nag, 1980; Popescu et al., 2006; Weber, 1989; Zak, 1984). Postnatal
cardiac growth occurs largely due to an increase in myocyte size as it is generally
believed that the majority of myocytes cannot re-enter the cell cycle after the
perinatal period (Soonpaa et al.,, 1996; Sugden and Clerk, 1998). It is generally
accepted that only a small proportion of cardiac myocytes can proliferate (cardiac
progenitor cells), as DNA labelling studies indicate that DNA synthesis only takes place
in a very small number of cardiac myocytes (MacLellan and Schneider, 2000; Nakagawa
et al., 1988; Pasumarthi and Field, 2002; Soonpaa et al., 1996).

Myocytes are composed of myofibril bundles consisting of sarcomeres
(Figure 2), the basic contractile unit of the heart (Kumar et al., 2005; Zipes et al., 2005).
The sarcomere of the cardiac myocyte is composed of two groups of overlapping
contractile filaments — actin and myosin (Figure 2). Myosin is tethered to the
sarcomere Z-line (Figure 2), which provides elasticity to the contractile process
(Lewinter et al., 2010; Trombitas et al., 2000; Watanabe et al., 2002). The Z-lines are
connected to the outside of the cell by specialised junctions known as costameres,
containing membrane-spanning receptors known as integrins that connect the ECM to
the intracellular contractile cytoskeleton (Figure 2) (Hannigan et al., 2007; Srivastava
and Yu, 2006). Actin filaments are arranged in an alpha-helix composed of two strands
that branch out to interdigitate between the myosin filaments [Figure 2, (Kumar et al.,
2005; Zipes et al., 2005)].

Cardiac myocytes are able to transmit contractile force through intercalated
discs that are present at the ends of the cardiac myocytes (Bourne, 1953; Noorman et
al., 2009). Intercalated discs consist of three types of protein complexes known as the
adherens junctions, desmosomes, and gap junctions (Figure 2). Adherens junctions
mechanically connect myocytes by linking them to the actin cytoskeleton (Niessen,
2007; Tepass et al., 2000), providing an anchor-point for the myofibrils and enabling
cell to cell transmission of contractile force (Ferreira-Cornwell et al., 2002).
Desmosomes provide structural support between myocytes through interaction with
intermediate filaments (Gutstein et al., 2003; Noorman et al., 2009). Gap junctions

allow passive diffusion of metabolites, water and ions in order to mediate direct
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Figure 2. Cellular organisation of cardiac myocytes.

A cardiac myocyte is composed of sarcomeres (the area between two Z-lines), consisting of
actin and myosin filaments. Contraction of sarcomeres is triggered by increases in free calcium
(Ca®*) via (1) influx and (2) release from the sarcoplasmic reticulum through the action of the L-
type Ca’* channels (LTCC), the ryanodine receptors (RyR) and phospholamban (PLB). Free Ca’” is
then sequestered back into the sarcoplasmic reticulum through sarcoplasmic reticulum Ca**
ATPase 2a (SERCA-2a). Cytosolic Ca’* can also be removed by ion exchange with sodium (Na”)
using the sodium-calcium exchanger (NCX) [Na® can also enter the cell through the sodium-
potassium ATPase pump (NK). Potassium ions (K*) enter and leave the cardiac myocyte through
a variety of potassium channels on the cardiac myocyte cell membrane]. Communication
between cardiac myocytes is accomplished through the intercalated disc, consisting of gap
junctions, desmosomes, and adherens junctions. The extracellular matrix (ECM) proteins are
synthesised in the fibroblasts and provide structural scaffolding within the heart. Structural
proteins such as integrins play a role in linking the ECM and sarcomeres in the heart. Cardiac
function is highly dependent on oxidative energy (ATP) which is generated in the mitochondria.
Molecular signalling pathways, including G protein-coupled receptor (GPCR) pathways and
growth factor receptor pathways, as well as changes in gene expression mediate protein
synthesis. Figure adapted from Bernardo, B.C., Weeks, K.L., Pretorius, L., and McMullen, J.R.
(2010). Molecular distinction between physiological and pathological cardiac hypertrophy:
experimental findings and therapeutic strategies. Pharmacology & Therapeutics 128, 191-227,
and Olson, E.N. (2004). A decade of discoveries in cardiac biology. Nature Medicine 10, 467-
474,

Used with permission of Elsevier. Adapted by permission from Springer Nature Customer Service Centre GmbH:
Springer Nature, Nature Medicine, A decade of discoveries in cardiac biology, Olson, E.N., COPYRIGHT 2004
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electrical and metabolic communication between adjacent myocytes (Elfgang et al.,
1995; Kumar and Gilula, 1996; Noorman et al., 2009), and ensure sequential and
coordinated cardiac myocyte contraction (Bernstein and Morley, 2006; Gutstein et al.,

2003; Rohr, 2004).

1.2.2. Energy metabolism in the normal heart

The heart utilises more energy than any other organ, with approximately 30% of
energy used for basic cellular metabolism and 70% for contraction [particularly the
action of the sarcoplasmic reticulum Ca®* ATPase 2a (SERCA-2a) and other ion pumps]
(Stanley et al., 2005). It acquires energy by converting chemical energy stored in fatty
acids and glucose into mechanical energy necessary for the actin-myosin interaction of
myofibrils (Neubauer, 2007). In the embryonic heart oxygen supply is limited and fatty
acid transport and metabolism are still not fully matured, and consequently glucose is
the primary substrate for ATP generation (Girard et al., 1992; Lopaschuk et al., 1992;
Ostadal et al., 1999; Stanley et al., 2005). Soon after birth however, there is a 10-fold
increase in fatty acid uptake and oxidation together with a marked decrease in
glycolysis (Itoi and Lopaschuk, 1993; Lopaschuk et al., 1991; Stanley et al., 2005). Adult
cardiac myocytes contain a large proportion of mitochondria that are almost
exclusively dependent on fatty acid oxidation (Kumar et al., 2005; Neubauer, 2007;
Stanley et al., 2005; van der Vusse et al., 1992). The healthy adult myocardium utilises
fatty acid oxidation as the main substrate for energy metabolism, accounting for up to
70% of ATP production (Stanley et al., 2005; van der Vusse et al., 1992). In contrast,
glucose and lactate metabolism only account for approximately 30% of ATP synthesis
(approximately 15% each) (Stanley et al., 2005). The adult heart is able to alter its
dependence on a particular energy substrate in order to adapt to altering workloads
particularly under diseased conditions (Stanley et al., 2005; van der Vusse et al., 1992).

This will be discussed in further detail in Section 1.3.4.

1.2.3. Structural scaffolding of the cardiac myocyte

Cardiac myocytes are enveloped in a dense matrix of collagen fibrils, elastin, cells and

macrophages, macromolecules (such as glycoproteins) and other molecules (such as

S S



Chapter 1 - General introduction

growth factors, cytokines, and proteases) (Brown, 2005; Miner and Miller, 2006)
collectively known as the ECM (Figure 2) which forms the structural scaffolding of the
heart. As part of the ECM, the fibrillar collagen network (composed mainly of type |
and type Il collagen) maintains the structural integrity of cardiac myocytes, enabling
myofibrillar alignment and the transmission of contractile force during contraction
(Gunasinghe and Spinale, 2004; Janicki and Brower, 2002). The quantity of collagen in
the ECM is determined by a balance between synthesis and degradation through the
opposing actions of matrix metalloproteinases (MMPs) and tissue inhibitors of
metalloproteinases (TIMPs) (Levick and Brower, 2008; Spinale, 2007; Wilson and
Spinale, 2001).

1.2.4. Cardiac contractile function

1.2.4.1. The Frank-Starling mechanism

The ability of the heart to adapt to different rates of blood flow is referred to as the
Frank-Starling mechanism. This mechanism is critical for linking changes in venous
return (the rate at which blood flows back to the heart) with changes in stroke volume
(the volume of blood pumped by the ventricles in a heartbeat) (Guyton and Hall, 2000;
Shiels and White, 2008; Zipes et al., 2005). Utilising the Frank-Starling mechanism, the
heart is able to induce greater stroke volume through increased stretch on the
myofibers of the heart within a certain range, thereby increasing the contractile force
of the heart (Guyton and Hall, 2000; Lilly, 2007; Lorell and Carabello, 2000; Shiels and
White, 2008).

1.2.4.2. Excitation-contraction coupling

Cardiac contraction occurs due to a process of electrical excitation of the myocytes,
referred to as excitation-contraction coupling (Bers, 2002). Activation of the
myofilaments to initiate contraction is regulated by Ca*. In the inactive state of the
sarcomere, tropomyosin molecules are attached to the active site between actin thin
filaments and myosin thick filaments thus inhibiting contraction. Along the actin
molecule, troponin subunits are arranged — troponin T (TnT) subunits link troponin to

the actin-tropomyosin complex, troponin | (Tnl) subunits inhibit myosin ATPase activity
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and stabilises the activated state of the actin-tropomyosin complex, and troponin C
(TnC) subunits bind calcium ions (Ca®*) which are required for contraction (Galinska et
al., 2010; Lilly, 2007).

During the cardiac action potential, the L-type Ca®" channels are
depolarised, leading to the activation of the calcium release channels (collectively
known as the ryanodine receptors) to induce Ca’* release from the sarcoplasmic
reticulum (SR) [Figure 2, (Bers, 2002; Olson, 2004)]. While this initial influx of Ca** is
not sufficient to induce contraction, it is able to trigger a significantly greater amount
of Ca’* release from the SR calcium stores (Olson, 2004), a mechanism referred to as
calcium-induced calcium release. Combined, the release and influx of Ca®' provides
sufficient Ca%* to bind to TnC, resulting in the exposure of the active site between actin
and myosin, enabling contraction (Bers, 2002). Contraction proceeds as the myosin
heads bind to the actin filaments, causing the filaments to move past each other in an
ATP-dependent reaction (Lilly, 2007).

Following contraction, free Ca®* concentration declines, allowing
disassociation of the Ca®*-troponin complex leading to relaxation, as the active site
between the actin-myosin filaments is no longer exposed (Bers, 2002; Lilly, 2007).
Inactivation of the L-type Ca?* channels (and resultant inactivation of the ryanodine
receptors) abolishes the influx of Ca?* into the cells, thereby inhibiting calcium-induced
calcium release. Cytosolic Ca’'is sequestered back into the SR primarily by the activity

of SERCA-2a (Figure 2), which is regulated by phospholamban (Asahi et al., 2003).

1.2.5. Electrophysiology

The heart conducts electrical signals through specialized cells to initiate the heart beat
and electrically co-ordinate contraction (Guyton and Hall, 2000; Zipes et al., 2005). The
electrical signal (referred to as the action potential) is initiated by the sino-atrial (SA)
node, and then is conducted throughout the heart through a conduction system of
specialized cells including the atrioventricular (AV) node, the Bundle of His, and the

Purkinje fibers (Figure 3). As the impulse is conducted, the atria depolarise and
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Figure 3. Electrical conduction of impulses through the heart.

The heart beat is initiated at the SA node, after which it is conducted throughout the heart via
the intermodal pathways, AV node, the bundle of His and bundle branches, towards the
Purkinje fibers. RA: right atrium, LA: left atrium, RV: right ventricle, and LV: left ventricle. Figure
adapted from Harris, P., Nagy, S., and Vardaxi, N. (2006). Mosby's Dictionary of Medicine,

Nursing & Health Professions. (Sydney, Elesevier Australia).

Used with permission of Elsevier Science & Technology Journals, from Mosby's Dictionary of Medicine,
Harris P., Nagy S., and Verdaxi, N., 3rd edition, 2006; permission conveyed through Copyright Clearance
Center, Inc.
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contract, pumping the blood into the ventricles (Guyton and Hall, 2000; Zipes et al.,
2005). Consequently, the ventricles depolarise and contract to pump the blood
through the body. The relaxation period during which the heart fills with blood is
referred to as the diastole phase, while the period of contraction is referred to as the
systole phase. The period of diastole and systole is referred to as the cardiac cycle. The
events during the cardiac cycle are easily identifiable using electrocardiography (ECG)

[(Zipes et al., 2005), Figure 4].

1.3. Cardiac remodelling

Ventricular remodelling refers to changes in cardiac mass (hypertrophy), volume and
shape that occur to compensate for an increased load placed upon the heart (Cohn et
al., 2000). The process of cardiac remodelling can include molecular changes,
alterations in collagen deposition (e.g. fibrosis), cell death, energy metabolism and
calcium homeostasis. Of note, remodelling can be physiological or pathological in
nature. Physiological remodelling can occur in response to chronic aerobic exercise and
is associated with compensatory changes in heart dimensions and function (Atchley
and Douglas, 2007). In contrast, pathological remodelling may occur in response to

disease and ultimately leads to depressed cardiac function (Zipes et al., 2005).

1.3.1. Cardiac hypertrophy

1.3.1.1. Physiological and pathological cardiac hypertrophy

Cardiac hypertrophy can broadly be classified as either physiological or pathological.
Physiological cardiac hypertrophy includes normal postnatal growth, pregnancy-
induced growth and exercise-induced growth and is considered beneficial, as it is
associated with preserved or enhanced cardiac function (Atchley and Douglas, 2007;
Fagard, 1997; Ferrans, 1984; Pluim et al., 2000; Scheuer and Buttrick, 1987).
Pathological hypertrophy occurs in response to chronic pressure or volume overload
and is detrimental to patient health as it is associated with increased fibrosis and
apoptosis, as well as depressed cardiac function and increased mortality (Cohn et al.,

1997; Levy et al., 1990; Weber et al., 1993).
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Figure 4. The mechanical events of the cardiac cycle.

A: A diagrammatic representation of the ventricular action potential. Sodium ions (Na®) enter
the cell through ion exchange with potassium ions (K*). This allows calcium ion (Ca®*) influx
inducing the calcium release channels to depolarise, leading to sustained Ca** ion release from
intracellular calcium stores through a process known as calcium-induced calcium release
(CICR). Inactivation of the calcium channels reduces Ca’* ion concentration, returning the action
potential to rest. B: A diagrammatic representation of an electrocardiography trace showing
atrial depolarisation followed by atrial contraction, as well as ventricular depolarisation
followed by ventricular contraction and repolarisation. The p wave represents atrial
depolarisation followed by atrial contraction (Rhoades and Bell, 2009). The QRS complex
represents ventricular depolarisation followed by ventricular contraction, while the T wave
represents ventricular repolarisation (Rhoades and Bell, 2009). Figure adapted from Rhoades,
R.A., and Bell, D.R. (2009). Medical physiology: principles for clinical medicine 3rd edition.
(Philadelphia, Lippincott Williams & Wilkins) and Borlak, J., and Thum, T. (2003). Hallmarks of
ion channel gene expression in end-stage heart failure. FASEB Journal 17, 1592-1608.

Used with permission of Wolters Kluwer Health, Inc. and John Wiley and Sons. Figure B Copyright © FASEB
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1.3.1.2. Concentric and eccentric cardiac hypertrophy

Physiological cardiac hypertrophy can be either concentric or eccentric depending on
the type of exercise undertaken. Isotonic exercise (such as running or swimming)
produces eccentric cardiac hypertrophy characterised by a series pattern of sarcomere
addition, leading to an increase in myocyte cell length (Ferrans, 1984; Hunter and
Chien, 1999; Schaible and Scheuer, 1984). Isometric exercise (such as weight lifting)
leads to concentric cardiac hypertrophy, which is characterised by a parallel pattern of
sarcomere addition and an increase in myocyte cell width (Ferrans, 1984; Hunter and
Chien, 1999; Schaible and Scheuer, 1984). Similarly, pathological hypertrophy can also
be either concentric or eccentric, depending on aetiology. Chronic pressure overload
(for example in hypertension) leads to concentric ventricular hypertrophy,
phenotypically evident as an increase in wall thickness (Ferrans, 1984). In contrast,
chronic volume overload (for example aortic regurgitation) results in eccentric
ventricular hypertrophy visible as an increase in ventricular cavity size and thinning of
ventricular walls (Ferrans, 1984). Hypertrophy following myocardial infarction bears
characteristics of both concentric and eccentric hypertrophy. Usually the increase in
myocyte size accompanying pathological hypertrophy is also accompanied by a
decrease in capillary density per cross-sectional area, and an increase in the deposition
of fibrous tissue (Kumar et al.,, 2005). The differences between concentric and

eccentric cardiac hypertrophy are illustrated in Figure 5.

1.3.1.3. Distinct features of physiological and pathological cardiac
hypertrophy

Even though physiological and pathological hypertrophy can be associated with similar
increases in heart size, they are associated with distinct structural, functional, and
metabolic characteristics (Table 1), as well as distinct molecular signalling pathways (as
described in Section 1.5.). An understanding of the underlying mechanisms involved in
these different forms of hypertrophy may provide an experimental basis for
therapeutic strategies which can block pathological hypertrophy while stimulating

physiological hypertrophy.
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Concentric Normal Eccentric
hypertrophy heart hypertrophy

Figure 5. Differences between concentric and eccentric hypertrophy.
Concentric hypertrophy (left) and eccentric hypertrophy (right) compared to the normal human
heart (centre). Figure adapted from Kumar, V., Abbas, A.K., and Fausto, N. (2005). Robbins and

Cotran's Pathologic Basis of Disease (Philadelphia, Elsevier/Saunders).

Used with permission of Elsevier Science & Technology Journals, from Robbins & Cotran's Pathologic Basis
of Disease, Kumar V., Abbas A.K., and Fausto, N., 2005; permission conveyed through Copyright Clearance
Center, Inc.
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Table 1. Distinct structural and functional features of physiological and pathological

cardiac hypertrophy.

Stimuli

Cardiac
morphology

Cardiac function

Cardiac fibrosis

Cell death

Embryonic gene
expression

Metabolism

Angiogenesis

Reversible

Association with
heart failure

Physiological Hypertrophy

Pathological Hypertrophy

- Exercise - Pressure or volume overload
- Postnatal growth - Various cardiomyopathies

- Pregnancy - Genetic mutations

M heart size M heart size

N myocyte volume
Formation of new sarcomeres

M myocyte volume
Formation of new sarcomeres

Cardiac function normal or
enhanced

Depressed cardiac function
during the later phase

No fibrosis

Increased fibrosis

No apoptosis

Increased apoptosis

Relatively normal pattern of
gene expression

Activated pattern of embryonic
gene expression

/M fatty acid oxidation
™ glucose metabolism

J fatty acid oxidation
M glucose metabolism

Normal or increased capillary
density

Reduced capillary density

Yes

Not usually

Yes
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The association between pathological cardiac hypertrophy and HF is linked
to alterations in myocardial structure including increased fibrosis, apoptosis, and
myocardial stiffness, with progressive loss of cardiac function (de Simone et al., 2004;
de Simone et al., 2008; Di Napoli et al., 2003; Maceira et al., 2002; Namba et al., 1997;
Weber et al., 1988; Weber et al., 1993; Zile et al., 2001). In contrast, physiological
cardiac hypertrophy represents a physiological adaptation to chronic exercise without
pathology. Media reports of sudden death in young athletes have led to questions
regarding whether highly trained athletes develop pathological conditions (Maron and
Pelliccia, 2006). The risk of sudden death in athletes has not been comprehensively
assessed but appears relatively low (1: 200,000 per year in a US state) and is usually
linked to mutations of cardiac genes (Maron et al., 1998; Semsarian and Maron, 2002).
Therefore it is generally accepted that exercise-induced physiological cardiac

hypertrophy in the healthy population does not have adverse consequences.

1.3.2. Fibrosis

Physiological cardiac hypertrophy is associated with a normal fibrillar collagen
network, which facilitates efficient cardiac contraction (Gunasinghe and Spinale, 2004).
In contrast, pathological hypertrophy is often associated with increased synthesis and
deposition of collagen in the heart (known as cardiac fibrosis) which leads to
mechanical stiffness, impairment of excitation-contraction coupling, and is associated
with the progression to heart failure (Daniels et al., 2009; Gunasinghe and Spinale,
2004; Jalil et al., 1989; Janicki and Brower, 2002; Khan and Sheppard, 2006; Manabe et
al., 2002; Rossi, 1998; Wynn, 2008). Fibrosis can be classified as either reparative
(replacement of degenerating myocardial cells with collagen leading to scar formation)
or reactive (expanded ECM proteins in the interstitial space between cardiac myocytes
without myocyte degeneration) (Burstein and Nattel, 2008).

Evidence suggests that increased fibrosis is a key substrate for the
development of cardiac arrhythmias such as AF (Falk, 1998; Frustaci et al., 1997;
Mathew et al., 2009; Pretorius et al.,, 2009; Roberts, 2006), as it disrupts electrical
conduction between cardiac myocytes (Daniels et al., 2009). Fibrosis also increases the
barrier for diffusion of gases and nutrients (Corradi et al., 2004; Corradi et al., 2005).

This negatively influences myocardial energy balance and likely contributes to the
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transition from hypertrophy to HF (Brown et al., 2005; Daniels et al., 2009; Gunasinghe
and Spinale, 2004; Manabe et al., 2002).

1.3.3. Cell death

Myocyte cell death due to apoptosis is considered as a key feature of HF (Di Napoli et
al., 2003; Hayakawa et al., 2003; Narula et al., 1996; Olivetti et al., 1997; Sharov et al.,
1996; Wencker et al., 2003). Cardiac myocyte apoptosis reduces the number of
myocytes available for contraction, and as such contributes to the progressive loss of
contractile function in the failing heart (Kang and lzumo, 2000; Teiger et al., 1996;
Wencker et al., 2003). Pathological cardiac hypertrophy is usually associated with
increased apoptosis, whereas physiological hypertrophy is not. Therefore it is likely
that differential activation of pro-apoptotic and pro-survival signals in these two forms
of hypertrophy may be an important factor contributing to the distinct phenotypes

observed in pathological and physiological cardiac hypertrophy.

1.3.4. Alterations in myocardial energy metabolism

To adapt to an increased workload, the adult heart is capable of switching energy
metabolism in order to produce a continuous supply of ATP (van Bilsen et al., 2009;
van der Vusse et al., 1992). Early pathological hypertrophy is typically characterised by
decreased fatty acid uptake and oxidation and increased glucose metabolism (Akki et
al., 2008; Allard et al., 1994; Christe and Rodgers, 1994; Davila-Roman et al., 2002; el
Alaoui-Talibi et al., 1992; Osorio et al., 2002; Recchia et al., 1998). This change in
substrate metabolism may initially be beneficial because it allows for faster production
of ATP (van Bilsen et al, 2009). However, as cardiac disease progresses
(decompensated hypertrophy and failure) the heart becomes insulin resistant and
hypoxic, which reduce the efficacy of glucose metabolism (Neubauer, 2007), and this is
considered detrimental to cardiac function. It is thought that impaired glucose uptake
may contribute to cardiac dysfunction through its effects on excitation-contraction
coupling (Ritchie and Delbridge, 2006). A reduction in ATP synthesis through creatine

kinase in human heart failure has also been reported, demonstrating a deficit in energy
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supply (Weiss et al.,, 2005). However, whether these changes are a cause or a
consequence of HF is yet to be determined.

Unlike pathological cardiac hypertrophy, physiological hypertrophy is not
associated with a switch to glucose metabolism. Exercise training increases the
oxidative capacity of the heart, which is considered cardioprotective (Burelle et al.,
2004; Rimbaud et al., 2009). The expression of genes important for fatty acid oxidation
was significantly increased in the hearts of trained rats, but tended to decrease in

hypertensive rat hearts (Rimbaud et al., 2009).

1.3.5. Alterations in cardiac myocyte calcium homeostasis

Several abnormalities involving excitation-contraction coupling and the contractile
proteins have been identified in the hypertrophied and failing heart. As previously
noted, Ca?* plays an essential role in the regulation of myocardial contraction [see
Section 1.2.4.2.]. Mishandling of Ca?' transients is a major cause of contractile
dysfunction and arrhythmias in pathophysiological conditions (Bers, 2002; Olson,
2004). Patients with end-stage heart failure display prolonged action potentials with
impaired relaxation, which is associated with prolonged elevation of the intracellular
Ca’' transient during relaxation (Piacentino et al., 2003). Abnormal Ca®* transients can
also lead to delayed after-depolarisation of the cardiac action potential leading to the
formation of re-entry circuits and predisposing the heart to arrhythmias (discussed
further in Section 1.5.8) (Nishida et al., 2010). Additionally, leakage of Ca®" from the
ryanodine receptor further contributes to the development of cardiac arrhythmias and
contractile dysfunction as it results in increased Ca” during diastole (Chelu and
Wehrens, 2007).

HF has also been associated with a decrease in calcium uptake by the SR,
which consequently depletes SR calcium and decreases the amount of SERCA-2a and
phospholamban (Flesch et al., 1996; Frank et al., 1998; Hobai and O'Rourke, 2001;
Munch et al., 2000). Abnormalities of the sodium-calcium exchanger in the cell
membrane have also been demonstrated in HF, and may be a compensatory response
to the reduction of Ca** uptake by SERCA-2a as augmentation of the sodium-calcium
exchanger improves the removal of Ca** from the cytoplasm (Hasenfuss and Pieske,

2002; Studer et al., 1994). There is also abnormal function of the ryanodine receptor,
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which has been shown to decrease the rate of contraction and increase diastolic

tension (Marks et al., 2002; Shannon et al., 2002).

1.3.6. Expression of embryonic genes and genes encoding contractile

proteins in cardiac hypertrophy

Pathological hypertrophy and HF in humans and animal models have been associated
with the re-expression of embryonic genes including atrial natriuretic peptide (ANP), B-
type natriuretic peptide (BNP), B-myosin heavy chain (MHC), and a-skeletal actin, as
well as down-regulation of a—MHC and SERCA-2a expression [Table 2, (Arai et al.,
1992; Arai et al., 1993; Arai et al., 1996; Chien et al., 1993; Hasenfuss et al., 1994;
Izumo et al., 1988; Matsui et al., 1995; McMullen et al., 2003; Mercadier et al., 1990;
Schiaffino et al., 1989a)]. In contrast, mice that undergo exercise training generally
show mild or no changes in their embryonic gene expression profile [Table 2, (Allen et

al., 2001; lemitsu et al., 2001; Kong et al., 2005; McMullen et al., 2003)].

Table 2. Differential expression of genes in pathological and physiological cardiac

hypertrophy.
Pathological Cardiac Physiological Cardiac
Hypertrophy Hypertrophy

Atrial Natriuretic Peptide 4
B-type Natriuretic Peptide ™ &
a-Myosin Heavy Chain J &
B-Myosin Heavy Chain ™ &
a-skeletal actin ™ &
SERCA-2a N% &

* Data obtained from animal models of cardiac hypertrophy.

The functional consequences of re-expression of embryonic genes in the

adult heart are not completely understood. Studies in genetic mouse models suggest
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that ANP and BNP have anti-hypertrophic and anti-fibrotic properties (Ogawa et al.,
2001; Oliver et al., 1997; Patel et al., 2005). Mice with global deletion of the natriuretic
peptide receptor A (NPRA) for ANP and BNP develop marked pathological hypertrophy
with significant interstitial fibrosis under basal conditions (Oliver et al., 1997).
However, interpretation of this data is confounded by the development of
hypertension in these mice (Oliver et al., 1997). Cardiac-specific dominant negative
NPRA mice displayed exacerbated cardiac hypertrophy and fibrosis following pressure
overload, but did not develop increased blood pressure under basal conditions (Patel
et al., 2005). Targeted disruption of cardiac BNP resulted in increased fibrotic lesions
without an increase in blood pressure under basal conditions, as well as markedly
greater fibrotic lesions and increases in ECM proteins following pressure overload
(Ogawa et al., 2001).

The genes that encode o-MHC and B-MHC (Hoh et al.,, 1978) are
developmentally and hormonally regulated (Lompre et al., 1984). B-MHC is
predominant in the mouse embryonic heart, but becomes down-regulated soon after
birth where a-MHC is predominantly expressed (Chien et al., 1993; Lyons et al., 1990;
Morkin, 2000; Siedner et al., 2003; Tardiff et al., 2000). This is mainly attributable to
the fact that that B-MHC has reduced adenosine triphosphatase (ATPase) catalytic
activity compared with a-MHC, which results in decreased levels of contraction, but
improved cardiac energy efficiency (Alpert and Mulieri, 1982; Barany, 1967; Dorn et
al., 1994; Holubarsch et al., 1985; Lyons et al., 1990; Schwartz et al., 1981). In disease
settings however, B-MHC is re-expressed while a-MHC is reduced (Chien et al., 1993;
Izumo et al., 1987). It has been clearly demonstrated that the MHC isoforms switch in
models of pathological cardiac hypertrophy. Following pressure overload-induced
pathological cardiac hypertrophy, rat ventricles show marked mRNA accumulation of
B-MHC within two days of the onset of hypertrophy (lzumo et al., 1987; Schiaffino et
al., 1989b). Pathological stress (due to aortic banding) lead to a 15-fold increase in -
MHC expression, with a concomitant down-regulation of a-MHC (McMullen et al.,
2003). By contrast, B-MHC was not different in swim trained mice compared with non-
trained mice (McMullen et al., 2003).

Two isoforms of actin have been identified in the heart — a-cardiac actin

and a-skeletal actin (Bertola et al., 2008; Mayer et al., 1984; Vandekerckhove and

w220 -



Chapter 1 - General introduction

Weber, 1979; Vandekerckhove et al., 1986), and these actin isoforms are
developmentally regulated (Hewett et al., 1994; Swynghedauw, 1986). During early
development a-cardiac actin and a-skeletal actin are co-expressed (Bertola et al.,
2008; Gunning et al., 1983). In the adult heart, a-cardiac actin becomes the main actin
isoform (Bertola et al., 2008; Boheler et al., 1991; Carrier et al., 1992; llkovski et al.,
2005; Mayer et al., 1984; Schwartz et al., 1986). Several studies have shown increased
a-skeletal actin expression during pathological cardiac hypertrophy (McMullen et al.,
2003; Schwartz et al., 1986; Suurmeijer et al., 2003; Winegrad et al., 1990). Chronic
pressure overload induced rapid accumulation of a-skeletal actin mRNA in rat
ventricles (lzumo et al., 1988; Schiaffino et al., 1989a; Schwartz et al., 1986) and aortic
banding of mice induced a 9-fold increase in a-skeletal actin expression (McMullen et
al., 2003).

SERCA-2a is the most important Ca®* handling pump in the SR of cardiac
muscle (Wuytack et al., 2002), and is essential for normal contractile function of the
heart (Hasenfuss, 1998; Periasamy and Huke, 2001; Periasamy and Kalyanasundaram,
2007). Studies have shown that reductions in SERCA-2a are associated with cardiac
disease (Aoyagi et al., 1999; Periasamy and Kalyanasundaram, 2007; Prasad et al.,
2004; Wankerl and Schwartz, 1995). Double-knockout of the SERCA-2a gene was
embryonically lethal, while heterozygous gene expression induced a reduction in
contractility, cardiac function, and Ca®* homeostasis during excitation-contraction
coupling (Ji et al., 2000; Periasamy et al., 1999; Prasad et al., 2004). Reduced SERCA-2a
levels also resulted in marked cardiac hypertrophy and chamber dilation with
increased prevalence and faster progression to HF (Schultz et al., 2004). SERCA-2a
expression has also been shown to decrease in hearts from patients with end-stage HF
(Arai et al., 1993; Hasenfuss et al., 1994; Hasenfuss, 1998; Mercadier et al., 1990) .
Serca-2a gene therapy has been tested experimentally to restore myocyte contractile
function or cardiac function in animal models of cardiac disease (Byrne et al., 2008; del

Monte et al., 1999; Hajjar et al., 1998; Kawase et al., 2008; Miyamoto et al., 2000).

1.3.7. Gender differences in cardiac hypertrophy and remodelling

It has become increasingly apparent that gender has a role in regulating heart size and

remodelling in a setting of disease [extensively reviewed by (Du et al., 2006) and

. T [



Chapter 1 - General introduction

(Luczak and Leinwand, 2009)]. Prior to adolescence, there are no significant
differences in heart size between males and females, suggesting a similar number of
cardiac myocytes at birth, as myocytes are terminally differentiated (de Simone et al.,
1995; Sugden and Clerk, 1998; Zak, 1974). Following puberty however, males have
approximately 30% larger hearts than females (associated with a greater increase in
body size), suggesting a significantly larger level of physiological hypertrophy in males
(de Simone et al., 1995). Men lose approximately 1 gram of cardiac mass per year
following puberty, which leads to compensatory hypertrophy to maintain adequate
cardiac mass. Females, however, maintain their myocyte number and size with aging
(Grandi et al., 1992; Olivetti et al., 1995).

In general, pre-menopausal women tend to be protected against
cardiovascular disease compared with age-matched men, but this protection is
abolished following menopause (Lloyd-Jones et al., 2010; Mikkola and Clarkson, 2002;
Sullivan, 2003). Of note, recent Australian figures indicate the prevalence of
cardiovascular disease and HF is higher in females than in males but this is associated
with females living longer (AIHW, 2008). In studies of either human cardiovascular
disease or animal models of pathological hypertrophy females generally fare better
than their male counterparts (see Table 3). Female patients with aortic valve stenosis
showed smaller left ventricular chamber sizes, whereas the men developed left
ventricular chamber dilation (Aurigemma and Gaasch, 1995; Du et al., 2006). Pressure
overload due to aortic constriction in animals induced a worse phenotype in the males,
with marked diastolic dysfunction, chamber dilation and transition to HF (Douglas et
al., 1998; Skavdahl et al., 2005). Similarly, in humans or rats following myocardial
infarction, progression to HF was worse in males than females (Giuberti et al., 2007;
Smith et al., 2000; Vaccarino et al.,, 2001). Male mice subjected to myocardial
infarction displayed increased cardiac rupture and hypertrophy with poorer ventricular
function compared with females (Cavasin et al., 2004). Studies on the spontaneously
hypertensive rat model also show cardioprotection in females compared with males,
as HF occurred earlier in males than females in response to chronic hypertension

(Gerdes et al., 1996; Tamura et al., 1999) and males developed more cardiac
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Table 3. Differential responses to physiological and pathological hypertrophic stimuli

in females and males.

Physiological/
Pathological

Physiological

Voluntary Cage

Wheel Running

(Mice) (Konhilas
et al., 2004)

N Hypertrophy
N Exercise capacity

N Hypertrophy

Swim Training
(Rats) (Schaible
and Scheuer,
1979; Schaible
and Scheuer,
1981)

M Hypertrophy

N Hypertrophy

Pathological

Transverse
Aortic
Constriction
(Mice) (Skavdahl
etal., 2005)

M Hypertrophy

M Hypertrophy

Ascending
Aortic
Constriction
(Rats) (Douglas
etal., 1998)

N Hypertrophy

M Hypertrophy

M Progression to Heart
Failure

‘I Chamber Dilation

Ascending
Aortic Stenosis
(Rats)
(Weinberg et
al., 1999)

N Hypertrophy
M Fetal gene expression
<> Contractile reserve

N Hypertrophy
M Fetal gene expression
J Contractile reserve

Dahl Salt-
Sensitive
Hypertensive
Rats (Podesser
et al., 2007)

N Hypertrophy
(concentric)
N Septal thickness

N Hypertrophy
(eccentric)
N Posterior wall thickness

Spontaneously
Hypertensive
Heart Failure
Rats (Tamura et
al., 1999)

N Myocyte Cross-
Sectional Area
&> Cardiac Function

™ Myocyte Cross-
Sectional Area

{ Cardiac Function

N Progression to Heart
Failure

N Mortality

* Table adapted from Bernardo, B.C., Weeks, K.L., Pretorius, L., and McMullen, J.R. (2010).

Molecular distinction between physiological and pathological cardiac hypertrophy:

experimental findings and therapeutic strategies. Pharmacology & Therapeutics 128, 191-227.

Used with permission of Elsevier.
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hypertrophy (Tamura et al.,, 1999). Salt-sensitive Dahl rats on a high-salt diet
developed significant hypertrophy, but only males developed significant chamber
dilation, while females showed improved contractile function (Jain et al., 2002;
Podesser et al., 2007).

The prevalence of cardiac disease is declining in men, but not women
(Lloyd-Jones et al., 2010; Zipes et al.,, 2005), suggesting a need for a more
comprehensive understanding of the impact gender-related differences have on the
development and severity of cardiac disease. Interestingly, however, in settings of
diabetes or hypertension women have a greater risk than men to develop
cardiovascular disease (Regitz-Zagrosek, 2006), though the reasons for this remain
unclear. Clinical trials are often biased towards the male gender (Heiat et al., 2002; Kim
et al., 2010; Lee et al., 2001; Melloni et al., 2010), but gender-related differences in
drug effects have previously been established. For example, in women ACE inhibitors
and B-blockers are less effective and show more side effects compared with male
counterparts (Regitz-Zagrosek, 2006; Wing et al., 2003). It has also been shown that
digitalis — a common treatment for heart disease — causes more deaths in women
(Regitz-Zagrosek, 2006).

Differences in physiological cardiac hypertrophy between genders have not
been examined widely. It is however clear that there is differential cardiac remodelling
following aerobic exercise between the genders (Table 3) (Higginbotham et al., 1984;
Sullivan et al., 1991). Treadmill training in rats induced cardiac hypertrophy in both
males and females but only males showed enhanced cardiac performance (Schaible
and Scheuer, 1979; Schaible et al., 1981). In contrast, female rats that underwent
chronic swim training showed an increased hypertrophic response compared with
their male counterparts (Luczak and Leinwand, 2009; Schaible and Scheuer, 1979;
Schaible and Scheuer, 1981). Female mice have increased exercise capacity for both
voluntary wheel or treadmill running, with females running more on a cage wheel than
males independent of the strain or age (Luczak and Leinwand, 2009). Moreover,
female mice perform better in endurance tests, indicative of increased cardiovascular
performance (Luczak and Leinwand, 2009). While cage wheel running induces
significant cardiac hypertrophy in both genders, females show greater cardiac

hypertrophy (Konhilas et al., 2004).
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1.4. Heart failure therapy

1.4.1. Current therapeutics

Current treatments for HF focus on disease management, and include drug therapy,
implantable devices, as well as surgery (including cardiac transplantation) (Krum and
Abraham, 2009). Pharmacologic approaches to treat HF largely focus on improving
systolic dysfunction, in order to enhance survival, delay disease progression, minimize
the symptoms and disability associated with HF, restore organ perfusion, and return
cardiac filling pressure to optimal levels (Krum and Abraham, 2009; Zipes et al., 2005).
Despite the vast array of pharmacological treatments for HF that are available,
approximately 20% of patients still progress to more severe cases of HF that ultimately
end in the implantation of devices that can assist the mechanical efficiency of the

heart, or surgery (Dec, 2004; Hunt et al., 2009).

1.4.1.1. Drug therapy for heart failure and arrhythmia

First-line treatment of HF includes angiotensin-converting enzyme (ACE) inhibitors and
angiotensin receptor blockers (ARBs), which are able to improve survival and reduce
blood pressure and left-ventricular remodelling associated with HF (ACE-Inhibitor-
Mpyocardial-Infarction-Collaborative-Group, 1998; Adorisio et al., 2006; Cohn and
Tognoni, 2001; Hunt et al., 2009; McMurray and Pfeffer, 2002; Packer and Cohn, 1999;
Packer et al., 1999). These drugs act by reducing the remodelling mediated by renin-
angiotensin system signalling through the Angiotensin Il (Ang Il) - angiotensin type-1
(AT;) receptor signalling pathway (Burnier, 2001; Greenberg et al., 1995; Mehta and
Griendling, 2007; Pfeffer et al., 1982; Pfeffer et al., 1988). ACE inhibitors have also
been shown to reduce the risk of developing AF (Ducharme et al., 2006; Healey et al.,
2005; Maggioni et al., 2005; Pedersen et al., 1999; Vermes et al., 2003).

B-Adrenergic receptor blockers (commonly referred to as B-blockers) are
often used in conjunction with ACE inhibitors or ARBs (Dec, 2004; Zipes et al., 2005). B-
blockers blunt peripheral vasoconstriction, abnormal renal sodium excretion, cardiac
hypertrophy, arrhythmias, and apoptosis through reduced signal transduction via B-
adrenergic receptors (Bristow, 2000a; Bristow, 2000b; CIBISII-Investigators, 1999; Dec,
2004; Packer et al., 2001; Willenheimer et al., 2005). Additionally, long-term B-blocker
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treatment has been shown to reduce HF symptoms, improve cardiac function, improve
survival, and reduce hospitalisation (Bristow, 2000a; CIBISII-Investigators, 1999;
McNamara et al., 2001; Packer et al., 1996; Packer et al., 2001; Willenheimer et al.,
2005).

Diuretic treatment is used to improve the congestive symptoms associated
with HF (Hunt et al., 2009). Acutely, diuretic treatment is able to decrease the left
ventricular filling pressure of the heart (Zipes et al., 2005). Chronic treatment enhances
the delivery of sodium chloride, small ions, and water into urine, promoting increased
urinary production and decreased water and solute reabsorption by the kidneys (Zipes
et al., 2005). Anti-coagulation therapy can be provided to HF patients that are at risk of
the development of arrhythmia, thromboembolism, or stroke (Baker and Wright, 1994;
De Caterina, 2009; Hunt et al., 2009; Lip and Gibbs, 1999; Mathew et al., 2009; Zipes et
al., 2005). Additionally, anti-arrhythmic agents (for example Amiodarone) are used to
treat HF patients that have already developed arrhythmic complications (Amiodarone-
Investigators, 1997; Deedwania et al., 1998; Doval et al., 1994; Heist and Ruskin, 2006;
Hunt et al., 2009; Nanas et al., 2001; Poole-Wilson et al., 2003; Singh et al., 1995).

1.4.1.2. Non-drug therapy

Implantable devices significantly improve lifespan, but are expensive, and as such are
only used in patients with end-stage HF (Boehmer, 2003; Cleland et al., 2005; Eapen
and Rogers, 2009; John et al., 2008; Starling et al., 2007). Surgical interventions for
severe end-stage HF include coronary revascularisation (such as CABG surgery),
cardiomyoplasty to assist myocardial contraction (Furnary et al., 1996), partial
resection of the left ventricle (the “Batista” procedure) (Batista et al., 1997), circular
patch plasty (the “Dor” procedure) (Dor et al., 1998), mitral valve repair or
replacement (Bolling et al., 1998), external ventricular constraint devices [such as the
Acorn CorCap device (Eapen and Rogers, 2009; Konertz et al., 2001; Starling et al.,
2007)], mechanical circulatory support (Hunt and Frazier, 1998) and cardiac

transplantation (Dec, 2004; Hunt et al., 2009).
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1.4.2. Limitations of current treatments and the need for new and

effective medications

While the above-mentioned strategies have some benefits in HF, these treatments
largely delay disease progression. There is currently no cure for HF and mortality in
these patients remains high with one-third dying within a year of diagnosis (Bleumink
et al., 2004; Cowie et al., 2000; Zannad et al., 1999). Therefore there is need for novel
therapies to treat HF and improve function of the failing heart. Several strategies have
been considered, including stem cell therapy, cardiac regeneration, and the induction
of physiological hypertrophy (Owen et al., 2009; Pretorius et al., 2008; Schachinger et
al., 2004; Stamm et al., 2003; Strauer et al., 2002; Taylor et al., 1998).

As previously noted, exercise is a potent stimulus for the development of
physiological hypertrophy (McMullen et al., 2003), and it has been shown that regular
physical activity protects against a range of cardiovascular diseases. Exercise can also
reverse some of the molecular and functional abnormalities found in patients and
animal models of cardiac disease (Coats, 2000; Jennings et al., 1986; Konhilas et al.,
2006; McMullen et al., 2003; McMullen et al., 2007; Nelson et al., 1986; Scheuer et al.,
1982). In animal studies it has been demonstrated that exercise induces physiological
hypertrophy, and inhibits pathological hypertrophy (Konhilas et al., 2006; McMullen et
al., 2003; McMullen et al., 2007). Exercise training regimes are used as a non-
pharmacological approach to alleviate symptoms and improve quality of life in patients
with HF (Flynn et al., 2009; Hunt et al., 2009). However, HF patients may have limited
exercise capacity, particularly due to pulmonary congestion that induces dyspnea due
to lack of oxygen to the muscles (Pina et al., 2003; Zipes et al., 2005). Whether it would
be possible to selectively activate signalling pathways responsible for physiological
cardiac hypertrophy in order to improve outcomes of patients with HF is currently

unknown.

1.5. Triggers and signalling pathways that induce cardiac hypertrophy

and remodelling

An understanding of signalling cascades that mediate distinct forms of hypertrophy

and remodelling may provide new opportunities to treat HF. Hypertrophy of cardiac
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myocytes is associated with an increase in protein synthesis and organisation of
contractile proteins into sarcomeric units, as well as stimulation of the hypertrophic
gene expression program (Aoki and Izumo, 2001; Chien et al., 1993; lzumo et al., 1988;
Sugden and Clerk, 1998). There are various stimuli that activate signal transduction
pathways mediating cardiac hypertrophy, including mechanical stimuli, humoral
factors (e.g. Ang ll), growth factors, cytokines, hormones and changes in energy
metabolism (Bernardo et al., 2010; Hunter and Chien, 1999; McMullen et al., 2005).
These hypertrophic signals are transduced via signalling pathways which in turn
activate transcription factors and transcriptional co-factors to promote or suppress
transcription of a specific gene promoter (Akazawa and Komuro, 2003).

Signalling cascades responsible for the induction of hypertrophy are
complex and there is extensive crosstalk (Figure 6). However, studies utilising genetic
mouse models suggest that physiological and pathological cardiac hypertrophy can be
induced by distinct stimuli/triggers and signalling pathways. Pathological cardiac
hypertrophy is mediated, at least in part, via the Go/G1; protein-coupled receptor
(GPCR) pathways [Figure 7, (Akhter et al., 1998; Sakata et al., 1998; Wettschureck et
al., 2001)], while physiological cardiac hypertrophy appears to be mediated largely via
the insulin-like growth factor 1 (IGF-1)-phosphoinositide 3-kinase (PI3K, p110a)-Akt
pathway [Figure 7, (DeBosch et al., 2006b; Luo et al., 2005; McMullen et al., 2003;
McMullen et al., 2004; Shioi et al., 2000)]. In support of this hypothesis, human studies
have shown that hypertension induced increased cardiac release of GPCR agonists [e.g.
Ang Il and endothelin-1 (ET-1)], while the cardiac formation of IGF1, but not Ang Il and
ET-1, was increased in the athlete’s heart (Neri Serneri et al., 2001a; Neri Serneri et al.,
2001b). Other signalling pathways involved in cardiac remodelling include the
glycoprotein 130 (gp-130)-Janus Kinase (JAK)-Signal Transducer and Activator of
Transcription (STAT) pathway, mitogen- activated protein kinases [MAPKs, including
the extracellularly responsive kinases (ERK 1/2/5/7), the c-Jun N-terminal kinases (JNK
1/2/3), and the p38 MAPKs], protein kinase A, B and C (PKA, PKB and PKC,
respectively), calcium signalling proteins [calcineurin and calcium/ calmodulin-
dependent protein kinase 1l (CaMKIl)], and stress-activated signalling pathways [such
as mammalian sterile 20-like kinase 1 (Mstl)] (see Figure 6). Signalling cascades

relevant to this thesis are discussed in detail below.
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Figure 6. Signalling pathways associated with cardiac hypertrophy and remodelling.

A schematic representation of some key signalling pathways involved in cardiac hypertrophy.
For simplification, not all signalling cascades and crosstalk are shown. IGF1: insulin-like growth
factor 1; IGF1R: IGF1 receptor; PI3K: phosphoinositide 3-kinase; PDK1: phosphoinositide-
dependent kinase 1, Akt: protein kinase B; mTOR: mammalian target of rapamycin; GSK3:
glycogen synthase kinase 3; Ang II: angiotensin I, ET-1: endothelin 1, NE: norepinephrine; PDE:
phosphodiesterase; cAMP: cyclic AMP; GPCR: G protein coupled receptor; DAG: diacylglycerol;
PKA, PKC, PKD: protein kinase A, C, D; MEKK: mitogen/ extracellular-signal-regulated kinase
kinase; MEK: mitogen/extracellular-signal-regulated kinase; MAPKKK: mitogen-activated
protein kinase kinase kinase; Mst1: mammalian sterile 20-like kinase 1, SERCA: sarcoplasmic
reticulum Ca®* ATPase 2a,: ERK: extracellular regulated kinase; EGFR: epidermal growth factor
receptor; JNK: c-Jun N-terminal kinase; TRP: transient receptor potential; gp130/LIF-R:
glycoprotein 130 receptor-low affinity leukaemia factor; caM: calmodulin;, CaMK:
caz+/calmodulin—dependent protein kinase; JAK/STAT: Janus Kinase/Signal transducers and
activators of transcription; HDAC: histone deacetylase; and NFAT: Nuclear factor of activated T-
cells. Figure adapted from Bernardo, B.C., Weeks, K.L., Pretorius, L., and McMullen, J.R. (2010).
Molecular distinction between physiological and pathological cardiac hypertrophy:
experimental findings and therapeutic strategies. Pharmacology & Therapeutics 128, 191-227.

Used with permission of Elsevier.
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Figure 7. Physiological and pathological cardiac hypertrophy.

Pathological hypertrophy is mediated by the G protein-coupled receptor (GPCR) pathway and is
detrimental. In contrast physiological hypertrophy is mediated via the Insulin-like growth factor
1 (IGF1) — phosphoinositide 3-kinase [PI3K] (p110a) — Akt pathway and is considered beneficial.
Angll: Angiotensin Il; ET-1: endothelin 1; and MAPKs: mitogen activated protein kinases. Figure
adapted from Owen, K.L., Pretorius, L., and McMullen, J.R. (2009). The protective effects of
exercise and phosphoinositide 3-kinase (p110alpha) in the failing heart. Clinical Science 116,
365-375.

Used with permission of Portland Press.
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1.5.1. The IGF1-PI3K-Akt pathway

Studies from genetic mouse models suggest that the IGF1-PI3K (p110a)-Akt pathway is
a critical mediator of physiological hypertrophy and is protective in settings of cardiac

stress.

1.5.1.1. IGF1

IGF1 is produced mainly by the liver in response to growth hormone stimulation, and
has a critical role in normal growth and development (Adams et al., 2000). IGF1 acts
via the insulin-like growth factor 1 receptor [IGF-1R, (Adams et al., 2000)], a receptor
tyrosine kinase that in turn activates downstream signalling proteins such as PI3K
(p110a). Several studies have examined the importance of IGF1 and IGF-1R in the
heart. Transgenic mice with over-expression of IGF1 in both skeletal and cardiac
muscle displayed cardiac hypertrophy with enhanced systolic function up to 10 weeks
of age, but progressed to pathological cardiac hypertrophy by 12 months of age
(Delaughter et al., 1999). However, this study was confounded by increased gut, liver
and spleen weights as a result of persistent transgene expression (Fiorotto et al.,
2003), even though there was no reported increase in serum IGF1 levels (Delaughter et
al., 1999). In another transgenic mouse model, cardiac-specific over-expression of IGF1
resulted in cardiac hypertrophy characterised by normal cardiac function (Reiss et al.,
1996). However, interpretation of this study was confounded by increased IGF1
secretion from cardiac myocytes of transgenic mice, resulting in increased plasma IGF1
levels and increased organ weights.

To examine IGF1 signalling without the effects of secreted IGF1 on other
tissues, transgenic mice over-expressing the insulin-like growth factor 1 receptor (IGF-
1R) were generated (McMullen et al., 2004). Cardiac-specific over-expression of IGF-1R
induced cardiac hypertrophy without evident histopathology and enhanced systolic
function at 3 months of age as well as 12-16 months of age (McMullen et al., 2004). In
support of the hypothesis that IGF1 signalling is critical for physiological cardiac
hypertrophy, cardiac-specific ablation of the IGF-1R gene in mice reduced the
hypertrophic response to swim training compared with Ntg mice (Kim et al., 2008).

Over-expression of IGF1 or IGF1-R has been shown to be beneficial in settings of
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dilated cardiomyopathy, myocardial infarction and pressure overload (Huynh et al.,

2010; Kajstura et al., 2001; Li et al., 1997b; McMullen et al., 2004; Welch et al., 2002).

1.5.1.2. PI3Ks

PI3Ks act downstream of IGF1 (see Figure 6) and are able to induce signals by phospho-
rylating the hydroxyl group at position 3 of the phosphoinositides (Toker and Cantley,
1997; Vanhaesebroeck et al., 1997, Whitman et al., 1988). They are involved in
membrane trafficking, adhesion, actin re-arrangement, cell growth and cell survival
(Toker and Cantley, 1997). PI3Ks are divided into three major classes (Class |, Il, and Ill),
defined based on their structure, regulation and their specificity for binding to
substrates (Fruman et al., 1998; Vanhaesebroeck et al.,, 1997). These classes are
further divided into the various isoforms of PI3K, of which p110oa (Class IA) is of
particular significance in regulating physiological heart growth (Luo et al., 2005;
McMullen et al., 2003; Shioi et al., 2000). Activation of the p110a isoform is coupled to
receptor tyrosine kinases (such as IGF-1R).

Cardiac-specific transgenic mice expressing a constitutively active PI3K
(p110a) mutant (caPI3K) have increased PI3K (p110a) activity and larger hearts, while
cardiac-specific transgenic mice with a truncated mutant (lacking the kinase domain)
of p110a. have depressed PI3K (p110a) activity [also known as dominant negative PI3K
(p110a) mice (dnPI13K)] have smaller hearts (Figure 8) compared with non-transgenic
(Ntg) mice (Shioi et al., 2000). These mice show no signs of cardiomyopathy (such as
apoptosis, necrosis, or interstitial fibrosis; Figure 8) and under basal conditions have
normal cardiac function and life span compared with Ntg (Shioi et al., 2000).

To assess whether PI3K (p110a) was critical for the development of
physiological or pathological cardiac growth in the adult heart, dnPI3K and Ntg mice
were subjected to pressure overload and chronic exercise training (McMullen et al.,
2003). dnPI3K transgenic mice displayed a blunted hypertrophic response to exercise
(swimming) but not to pressure overload (ascending aortic banding) [Figure 9,
(McMullen et al., 2003)]. The contribution of PI3K in regulating an IGF-1R-induced

increase in heart size was determined by genetically crossing dnPI3K with IGF-1R
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Ntg caPI3K dnPI3K Ntg caPI3K dnPI3K

PI3K Activity: I 6.5 fold 4 77% Top Panel: Haematoxylin-Eosin

HW/BW: ™ 20% J 20% Bottom Panel: Masson’s Trichrome

Figure 8. PI3K (p110a) is necessary and sufficient for physiological postnatal heart
growth.

A: Differences in heart size and PI3K activity of constitutively active PI3K (p110a) (caPI3K) and
dominant negative PI3K (p110a) (dnPI3K) mice, compared with Ntg mice. Increased PI3K
(p110a) activity increases heart size by 20% (caPI3K), while depressed PI3K (p110a) activity
decreases heart size by 20% (dnPI3K). HW/BW indicates heart weight to body weight ratio.
Bars represent 1Imm. B: No sign of histopathology (myocyte disarray or fibrosis) in either caPI3K
or dnPI3K mice compared with Ntg mice, as shown by both haematoxylin-eosin staining and
Masson’s Trichrome staining. Bars represent 10um. Figure adapted from Shioi, T., et al., (2000).
The conserved phosphoinositide 3-kinase pathway determines heart size in mice. EMBO Journal

19, 2537-2548.

Used with permission of John Wiley and Sons. Copyright © 2000 European Molecular Biology Organization
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transgenic mice. The dnPI3K mutant was able to completely inhibit the IGF-1R-induced
growth, suggesting that IGF-1R promoted physiological cardiac hypertrophy in a PI3K
(p1100)-dependent manner (McMullen et al., 2004).

PI3K is also important for maintaining cardiac function in response to a
pathological stimulus. In response to aortic banding for 1 week, dnPI3K mice displayed
depressed systolic function, whereas the Ntg mice did not (McMullen et al., 2003).
More recent studies have utilised knockout mice to investigate the role of class IA PI3K
in regulating hypertrophy. Mice lacking the regulatory subunits of class IA PI3K or
cardiac-specific knockout of p110a displayed a phenotype of decreased heart size
under basal conditions (Lu et al., 2009; Luo et al., 2005). Mice lacking the PI3K
regulatory subunits also displayed blunted hypertrophic growth in response to exercise
(Luo et al., 2005). Taken together, the above studies support the hypothesis that PI3K
(p110aq) is critical for inducing physiological cardiac hypertrophy (Table 4). In settings
of pressure overload and dilated cardiomyopathy, increased PI3K (p110a) activity
(using the caPI3K mice) attenuated cardiac dysfunction, blunted pathological cardiac
hypertrophy and reduced fibrosis (McMullen et al., 2007). Similarly, caPI3K mice had
improved cardiac function and lifespan following myocardial infarction (Lin et al.,

2010).

1.5.1.3. Akt

PI3K (p110a) mediates physiological cardiac hypertrophy, at least in part, through the
downstream-activated protein serine/threonine kinase Akt (see Figure 6) (Burgering
and Coffer, 1995; Cantley, 2002; Klippel et al., 1997). Akt consists of three isoforms —
Aktl, Akt2 and Akt3, but only Aktl and Akt2 are highly expressed in the heart (Matsui
and Rosenzweig, 2005). Initial studies of Akt transgenic mice led to confounding
results, as phenotypes ranged from abscence of hypertrophy with protection following
ischaemia/reperfusion to significant pathological phenotypes and premature death
(Condorelli et al., 2002; Matsui et al., 2002; Shioi et al., 2002; Shiraishi et al., 2004).

These varying phenotypes may be due to the degree of Akt activation and intracellular
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Figure 9. PI3K (p110a) is critical for physiological exercise-induced cardiac hypertrophy.
Reduction of PI3K (p110a) activity blunted the cardiac hypertrophic response following swim
training, but had no effect on heart size following aortic banding (ascending aortic
constriction). Top panel: Hearts from Ntg and dnPI3K mice that were subjected to aortic
banding (band) for 1 week compared with hearts from mice that underwent a sham operation.
Hearts from Ntg and dnPI3K mice that underwent swim-training (4 weeks) compared with
sedentary littermates (non-swim). Bars represent 1Imm. Bottom panel: Quantitative analysis of
heart weight/body weight ratio (HW/BW) showing that banded (B, white bars) Ntg and dnPI3K
mice have similar increases in HW/BW compared with sham mice (S, black bars). Ntg mice that
underwent swim training (sw, dashed bars) have increased HW/BW compared with non-swim
littermates (ns, grey bars). In contrast, dnPI3K mice that underwent swim training have a
blunted cardiac hypertrophic response. * p<0.05. Figure adapted from McMullen, J.R., et al.,
(2003). Phosphoinositide 3-kinase(p110alpha) plays a critical role for the induction of
physiological, but not pathological, cardiac hypertrophy. PNAS 100, 12355-12360.

Copyright (2003) National Academy of Sciences, U.S.A.
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Table 4. Animal studies showing that the IGF1R-PI3K (p110a)-Akt pathway is critical

for physiological cardiac hypertrophy.

Mouse model

Basal phenotype (compared

with non-transgenic

Response to physiological
hypertrophic stimuli

Cardiac-specific insulin-like
growth factor 1 receptor
knockout mice

(Kim et al., 2008)

or wild-type)

- Normal cardiac

development

- No change in heart size

(Kim et al., 2008)

Blunted physiological
hypertrophy following
swim training

Normal cardiac function

(Kim et al., 2008)

Cardiac-specific dominant
negative PI3K (p110a)
transgenic mice

(Shioi et al., 2000)

- 20% decrease in heart size
- Normal cardiac function

- Normal lifespan

- No histopathology

(Shioi et al., 2000)

Blunted physiological
hypertrophy following
swim training

Normal cardiac function
No histopathology

(McMullen et al., 2003)

Class IA P13K knockout mice
(knockout of p85a, p55a,
p50a and p85p)

(Luo et al., 2005)

- 20% decrease in heart size

(Luo et al., 2005)

Blunted physiological
hypertrophy following
swim training

Normal cardiac function
No histopathology

(Luo et al., 2005)

Cardiac-specific knockout of
pl10a

(Lu et al., 2009)

- 15% decrease in heart size
- Normal cardiac function
- No difference in apoptosis

(Lu et al., 2009)

Not examined

Aktl knockout mice

(Choetal., 2001)

- Normal lifespan
- Normal heart size and

cardiac function

(DeBosch et al., 2006b)

Blunted physiological
hypertrophy following
swim training

Slight decrease in cardiac
function following swim
training

(DeBosch et al., 2006b)
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localisation. It is now generally accepted that Aktl mediates cardiac growth (DeBosch
et al.,, 2006b), while Akt2 is important for cardiac metabolism and cell survival
(DeBosch et al., 2006a).

It is also important to note, as shown in Figure 6, that Akt can be activated
by both receptor tyrosine kinases (such as IGF-1R) and GPCRs, though studies from
Aktl knockout mice suggest that Aktl is activated in response to physiological stimuli
whereas Akt2 is activated in response to pathological stimuli (e.g. ET-1) (DeBosch et al.,
2006a; DeBosch et al., 2006b). Akt1l knockout mice had normal cardiac function and
lifespan under basal conditions and showed a blunted response to exercise (DeBosch
et al., 2006b). In contrast, Aktl knockout mice developed an exaggerated pathological
hypertrophic response to pressure overload (DeBosch et al., 2006b). These studies
indicate that Akt1 is critical for the development of physiological cardiac hypertrophy.

Akt is capable of promoting cell growth through regulation of glycogen
synthase kinase 3 (GSK-3) and the mammalian target of rapamycin (mTOR) (Figure 6).
To date, neither GSK-3 nor mTOR have specifically been shown to regulate
physiological cardiac hypertrophy. Akt mediates cell survival through direct regulation
and transcription control of several downstream apoptotic effectors including Bad,
Bax, Bcl-2, caspase-9, NFkB, p53, and JNK (Bertrand et al., 2008; Song et al., 2005;
Yaoita and Maruyama, 2008). In support of this, transgenic expression of nuclear Akt

was beneficial in a setting of pressure overload (Shiraishi et al., 2004).

1.5.1.4. Benefits of IGF1-PI3K (p110a)-Akt signalling in cardiac disease

Several studies suggest that activation of the IGF1-PI3K-Akt signalling pathway or
exercise are beneficial in a setting of cardiac disease (summarised in Table 5). In
contrast, decreasing PI3K (p110a) activity or Aktl had an adverse effect in a setting of

cardiac stress (Table 5).

1.5.2. G-protein coupled receptor pathways

In response to a pathological insult such as pressure overload, hypertrophic agonists,

such as Ang Il, are released from myocytes and bind to transmembrane GPCRs, causing
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Table 5. Mouse models that highlight the protective effects of the IGF1-PI3K (p110a)-
Akt signalling cascade or exercise in settings of heart disease.

Protective

mechanism

Mouse model

IGF1 transgenic
(Reiss et al.,
1996)

Gene expression or

activity

Cardiac-specific
over-expression of
IGF1 was
associated with
increased
circulating IGF1
from cardiac

Evidence of protective effect in
a disease setting

Decreased left ventricular remodelling and
cardiac dysfunction in dilated
cardiomyopathy (Welch et al., 2002)
Reduced cardiac dysfunction and cell death
in diabetic cardiomyopathy (Kajstura et al.,
2001)

Attenuated cardiac myocyte necrosis in

Increased myocytes eccentric cardiac hypertrophy (Li et al.,
IGF1 1997b)
signalling Reduced ventricular dilation and cell death in
myocardial infarction (Li et al., 1997b)
IGF-1R Cardiac myocyte Blunted pathological hypertrophy and
transgenic specific over- fibrosis following pressure overload
(McMullen et expression of IGF- (McMullen et al., 2004)
al., 2004) 1R Reduced diastolic dysfunction and fibrosis in
a mouse model of diabetic cardiomyopathy
(Huynh et al., 2010)
caPI3K Cardiac myocyte Prevented cardiac dysfunction and blunted
transgenic specific expression pathological hypertrophy and fibrosis
Increased (Shioi et al., of caPI3K (p110a) following pressure overload (McMullen et
PI3K 2000) (increased PI3K al., 2007)
(p110a) activity 6.5 fold) Prolonged lifespan in a setting of dilated
activity cardiomyopathy (McMullen et al., 2007)
Blunted cardiac dysfunction in a setting of
myocardial infarction (Lin et al., 2010)
dnPI3K Cardiac myocyte Exacerbated fibrosis and cardiac dysfunction
transgenic specific reduction following pressure overload (McMullen et
Decreased | (shioi et al., (77%) in P13K al., 2003; McMullen et al., 2007)
PI3K 2000) (p110a) activity Reduced lifespan in a setting of dilated
(p1.1(.)a) cardiomyopathy (McMullen et al., 2007)
activity Accelerated heart failure progression after
myocardial infarction (Lin et al., 2010)
Akt-nuclear Increased content Reduced left ventricular remodelling and
Increased (Shiraishi et al., | and activity of Akt cardiac dysfunction, and improved survival
Akt activity | 2004) in the nuclei of following pressure overload (Shiraishi et al.,
cardiac myocytes 2004)
Aktl null mice | Whole body Exacerbated hypertrophy and cardiac
(Aktl'/') disruption of Aktl dysfunction following pressure overload
Decreased
Akt activity (Choetal., gene — leads to loss (DeBosch et al., 2006b)
2001) of Aktl mRNA and
protein expression
Voluntary cage | Not applicable Reduced fibrosis, prevented apoptosis and
wheel running reversed the expression of hypertrophic
. (2-6 months) markers in hypertrophic cardiomyopathy
Exercise

(Konbhilas et al., 2006)

Swim training
(10-11 weeks)

Not applicable

Prolonged lifespan by 15-20% in dilated
cardiomyopathy (McMullen et al., 2007)

* Table adapted from Bernardo, B.C., Weeks, K.L., Pretorius, L., and McMullen, J.R. (2010).

Molecular distinction between physiological

and pathological

cardiac hypertrophy:

experimental findings and therapeutic strategies. Pharmacology & Therapeutics 128, 191-227.

Used with permission of Elsevier.
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the associated trimeric G4/G11 proteins to dissociate into subunits (e.g. Goq, see Figure
6) that stimulate the hydrolysis of the membrane phospholipids to generate two
second messengers — diacylglycerol (DAG) and inositol-1,4,5-triphosphate (Ins(1,4,5)Ps)
(Exton, 1996; Neer, 1995; Sugden and Clerk, 1998). Cardiac-specific over-expression of
Guq induced pathological hypertrophy and cardiac failure, but did not affect
physiological postnatal growth (D'Angelo et al., 1997). Cardiac-specific transgenic mice
expressing a Gg inhibitory peptide that specifically inhibits Gg-coupled receptor
signalling, and mice lacking the trimeric G proteins G,q and Gyi11 did not develop
cardiac hypertrophy in response to pressure overload (Akhter et al., 1998;
Wettschureck et al., 2001). These studies suggest that the G,/G1; pathway mediates
pathological cardiac hypertrophy.

DAG production activates PKC and transient receptor potential channels
(TRPC, see Figure 6) (Hofmann et al., 1999). The exact role of PKC remains unclear, as
some isoforms appear to play a role in adaptive responses, but others appear to have
negative consequences. Cardiac-specific over-expression of PKCB resulted in
pathological hypertrophy and premature cardiac death (Bowman et al., 1997), while
constitutively activated PKCe induced no pathological consequences with normal

cardiac function (Takeishi et al., 2000).

1.5.3. MAPK and downstream pathways

MAPKs are divided into three subfamilies — ERKs, JNKs, and p38 MAPKs (Johnson et al.,
2005; Sugden and Clerk, 1998). It is known that pathological stimuli activate MAPKs
and in vitro studies suggest that MAPKs play a regulatory role in pathological cardiac
hypertrophy (Choukroun et al., 1998; Clerk et al., 1994; Clerk et al., 1998; Komuro et
al., 1996; Pearson et al., 2001; Sugden and Clerk, 1998; Takeishi et al., 2001; Wang et
al., 1998a). The exact role of MAPKs in cardiac hypertrophy in vivo remains unclear, as
studies using animal models show conflicting results (Braz et al., 2003; Bueno et al.,

2000; Bueno and Molkentin, 2002; Nicol et al., 2001; Zhang et al., 2000).
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1.5.3.1. ERK 1/2 pathway

ERK1/2 has been shown to be activated in numerous settings of cardiac hypertrophy
and failure downstream of GPCR (Bueno and Molkentin, 2002; Muslin, 2008), including
transactivation of EGFR [Figure 6, (Thomas et al., 2002)]. Dominant negative
expression of a MAPK kinase (MAPKK) upstream of ERK1/2 blunted pressure overload-
induced cardiac hypertrophy (Harris et al., 2004), suggesting ERK1/2 is important for
the development of pathological hypertrophy. However, transgenic mice over-
expressing MEK1 (directly upstream of ERK1/2 that does not activate other MAPKs) in
the heart developed cardiac hypertrophy associated with enhanced cardiac function
and no signs of histopathology (Bueno et al., 2000). Using ERK1/2 knockout mice,
Purcell and colleagues suggested that ERK1/2 signalling is not required for mediating
either physiological or pathological hypertrophy (Purcell et al., 2007).

The molecular mechanism responsible for the hypertrophic effects of
ERK1/2 is yet to be resolved, but appears to involve 2 different mechanisms. Activation
of the Raf/MEK/ERK pathway has been linked with protein synthesis and a
compensatory phenotype as reported in MEK1 transgenic mice (Bueno et al., 2000;
Bueno and Molkentin, 2002; Wang et al., 2001). In contrast, autophosphorylation of
ERK2 at residue Thr188 promoted nuclear translocation and subsequent
phosphorylation of hypertrophic factors (such as c-Myc) that have been linked to

pathological hypertrophy (Lorenz et al., 2009).

1.5.3.2. JNKs

Three JNK genes have been identified (JNK 1/2/3), with JNK1 and JNK2 expressed in
the heart (Molkentin and Dorn, 2001). JNK isoforms are phosphorylated in response to
stress or GPCR activation (Figure 6) (Molkentin and Dorn, 2001), and several studies
have shown that JNK1 and JNK2 were elevated in pathological cardiac hypertrophy and
myocardial infarction in rats, as well as human heart failure (Choukroun et al., 1999;
Cook et al., 1999; Li et al., 1998). INKs have previously been identified as important in
relation to stress responses such as apoptosis (Johnson et al., 1996; Ramirez et al.,
1997; Verheij et al., 1996; Xia et al., 1995). Pressure overload in mice has been shown

to induce JNK activation at 7 days post-banding (Thorburn et al., 1993). Additionally,
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JNK was activated in hearts from HF patients (Cook et al.,, 1999), and in the
myocardium of infarcted rat hearts (Li et al., 1998). In vitro studies have shown that
JNKs may be important regulators of pathological hypertrophy (Bogoyevitch et al.,
1996; Choukroun et al., 1998; Choukroun et al., 1999; Ramirez et al., 1997, Wang et
al., 1998b), but in vivo data have been more difficult to interpret.

Cardiac-specific JNK activation did not result in hypertrophy but induced
premature death associated with congestive HF (Petrich et al., 2003). Dominant
negative MEK4 (upstream of JNK, see Figure 6) transgenic mice were able to attenuate
pathological cardiac hypertrophy (Choukroun et al., 1999), and knockout of MEKK1
(upstream of MEK4/7, see Figure 6) was essential for Gqq-induced pathological cardiac
hypertrophy (Minamino et al., 2002), suggesting that JNKs may be important
regulators of pathological cardiac hypertrophy. However subsequent studies seem to
suggest that individual JNK members are not required for cardiac growth, or that the
JNK isoforms are functionally redundant. Transgenic mice expressing a dominant
negative mutant of JNK 1/2 in the heart had increased cardiac hypertrophy following
pressure overload (Liang et al., 2003), and cardiac-specific deletion of MEK4 did not
affect cardiac growth under basal conditions or in response to pressure overload (Liu
etal., 2009).

Null MEKK1 mice had similar heart weights compared with wildtype mice
but had an enhanced hypertrophic response to pressure overload (Sadoshima et al.,
2002). This study suggests that pressure-overload induced hypertrophy occurs in the
absence of JNK activation. In support of this, selective deletion of the three JNK
isoforms (JNK1/2/3) did not alter the hypertrophic phenotype of mice in response to

transverse aortic constriction (Tachibana et al., 2006).

1.5.3.3. p38-MAPKs

The p38 MAPKs (a, B, &6 and y) are important mediators of numerous biological
functions, including cell growth, proliferation, cell cycle and cell death, and are
considered critical downstream of stress response pathways (Bassi et al., 2008; Wilson
et al., 1996). It appears that only the a and 8 isoforms are expressed in the heart (Clark

et al., 2007; Jiang et al., 1997), and p38a is the predominant isoform in both human
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and rodent myocardium (Braz et al., 2003; Lemke et al., 2001). Patients with ischemic
heart disease had increased myocardial p38 MAPK activity (Cook et al., 1999), and p38
MAPKs are reported to be involved in the regulation of cardiac gene expression,
apoptosis, hypertrophy, remodelling and contractility (Baines and Molkentin, 2005;
Liao et al., 2001; Petrich and Wang, 2004; Wang, 2007). The role of p38a and p38p has
been extensively examined in a variety of animal models. Many studies appear
contradictory, and as such the exact role of p38 MAPKs in the heart remains unclear.
The discrepancies between the studies described below could be explained by
different genetic backgrounds, gender differences (as described earlier, see Section
1.3.7.), as well as distinct roles of p38a and p38B that may be differentially regulated
by MEK3 and MEK6 (Bernardo et al., 2010; Braz et al., 2003; Liu et al., 2006; Muslin,
2008).

As shown in Figure 6, MEK3 and MEK6 are regulators of p38 MAPK.
Dominant negative mutants of both MEK3 and MEK6 developed pathological cardiac
hypertrophy with cardiac dysfunction under basal conditions (Braz et al., 2003). In
response to pressure overload these transgenic mice displayed an exaggerated
hypertrophic response, increased fibrosis and depressed cardiac function (Braz et al.,
2003). Activation of p38 MAPKs by MEK3 and MEK6 induced increased expression of
the embryonic gene expression profile, loss of contractility and extensive fibrosis
under basal conditions (Liao et al., 2001). Results from cardiac-specific dominant
negative p38a mutant mice studies have been contradictory (Braz et al., 2003; Liu et
al., 2006; Zhang et al., 2003a). One study reported no basal phenotype with no
difference in cardiac hypertrophy following pressure overload and less cardiac fibrosis
(Zhang et al., 2003a), while others showed extensive pathological cardiac hypertrophy
at baseline (Braz et al., 2003) and exaggerated hypertrophy following pressure
overload (Liu et al., 2006).

Additionally, cardiac-specific knockout of p38a did not alter cardiac
structure and function under basal conditions (Nishida et al., 2004). Pressure overload
in these mice induced a greater pathological hypertrophic response characterised by
significant cardiac dysfunction, fibrosis and apoptosis (Nishida et al., 2004), suggesting
that p38a is critical for cardiac protection in a setting of pressure overload. Cardiac-

specific transgenic mice with a dominant negative mutant of p38B developed no
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hypertrophy under basal conditions but had reduced systolic function (Zhang et al.,
2003a). These mice displayed a similar degree of cardiac hypertrophy following
pressure overload compared with Ntg mice, but developed less fibrosis (Zhang et al.,
2003a). Together these studies suggest that p38 MAPKs do not promote hypertrophy

but contribute to fibrosis, loss of contractility and promote dilated cardiomyopathy.

1.5.4. Calcium signalling pathway

As previously described, calcium is essential for cardiac contraction (see Section
1.2.4.2.). Calcineurin is one of the best characterised calcium-dependent signalling
proteins in the heart and has been implicated in the regulation of cardiac hypertrophy
in conjunction with the NFAT family of transcription factors, as shown in Figure 6
(Olson and Williams, 2000). Transgenic mice with cardiac-specific expression of
activated forms of calcineurin or NFAT3 developed cardiac hypertrophy and failure,
while calcineurin-deficient mice displayed an impaired hypertrophic response to
pressure overload (Bueno et al., 2002; Molkentin et al., 1998). Mice expressing a
dominant negative mutant of the catalytic subunit of calcineurin (CnA) displayed a
blunted hypertrophic response to pressure overload (Zou et al., 2001), and inactivation
of the regulatory subunit of calcineurin (CnB) also attenuated the response to
pathological stimuli (Bueno et al., 2002).

It has also been shown that calcineurin-NFAT coupling is involved in
pathological, but not physiological, cardiac hypertrophy (Wilkins et al., 2004). Pressure
overload as well as myocardial infarction induced marked increases in calcineurin-
NFAT signalling in NFAT-luciferase reporter transgenic mice, while exercise training
failed to upregulate calcineurin-NFAT signalling (Wilkins et al., 2004). Additionally,
CnAP null mice have a normal cardiac hypertrophic response to IGF1 infusion (Wilkins
et al., 2004). Taken together, these results suggest that calcineurin is important for
mediating pathological cardiac hypertrophy.

CAMKIIl has also been implicated in cardiac hypertrophy and failure. HF
patients and animal models of HF showed cardiac up-regulation of CaMKII (Bossuyt et
al., 2008; Hoch et al., 1999; Kirchhefer et al., 1999). In the heart, CaMKII& is the
predominant isoform (Tobimatsu and Fujisawa, 1989). Over-expression of the nuclear

isoform of CaMKII§ induced dilated cardiomyopathy (Zhang et al., 2002). Similarly,
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over-expression of the cytoplasmic isoform of CaMKII® induced dilated cardio-
myopathy and HF associated with mild fibrosis, atrial dilation, lung congestion and
oedema (Zhang et al., 2003b). Inhibition of CaMKIl prevented pathological cardiac
hypertrophy and dysfunction following myocardial infarction (Zhang et al., 2005a).
Additionally, CaMKII&-null mice were protected against pathological hypertrophy and
fibrosis in response to pressure overload (Backs et al., 2009; Ling et al., 2009). Recently
it was also shown that inhibition of CaMKII§ in patients with HF improved contractility

(Sossalla et al., 2010).

1.5.5. Mammalian sterile 20-like kinase 1

Mst1 is a ubiquitously expressed serine/threonine kinase that has been implicated in
playing an essential role in mediating cardiac myocyte apoptosis, fibrosis, cardiac
dilation and dysfunction (Dan et al., 2001; Odashima et al., 2007; Ura et al., 2001).
Numerous studies have shown that ischaemia/reperfusion injury causes apoptosis of
cardiac myocytes (Freude et al., 2000; Kang et al., 2000; Saraste et al., 1997) and this
has been linked to the activation of Mst1, which can activate p38 MAPK (Figure 10)
(Yamamoto et al., 2003). Cardiac-specific transgenic mice that over-express Mstl
developed a dilated cardiomyopathy phenotype (Figure 10), associated with apoptosis,

fibrosis and pulmonary congestion (Yamamoto et al., 2003).

1.5.6. Crosstalk between PI3K and GPCR requlated signalling pathways

in the heart

It is now recognised that there is significant crosstalk between the IGF1-PI3K (p110a)-
Akt signalling pathway and other signalling cascades, including GPCR signalling
pathways (see Figure 6). Such crosstalk may explain some of the benefits of activating
this pathway in a setting of disease. Increased PI3K (p110a) activity in the caPI3K mice
inhibited ERK1/2 activation, while decreased PI3K (p110a) activity in the dnPI3K mice
showed up-regulation of ERK1/2 activation and an exaggerated pathological
hypertrophic response to pressure overload (McMullen et al., 2004; McMullen et al.,
2007). Similarly, Akt1” mice displayed an exaggerated response to pressure overload,
and the authors suggested that this may be due to hyperactivation of the MAPKs

(DeBosch et al., 2006b). It has also been proposed that PI3K (p110a) signalling acts as
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Figure 10. Transgenic mice with cardiac-specific over-expression of Mstl develop
dilated cardiomyopathy characterised by chamber dilation, wall thinning, fibrosis

and apoptosis.

A: Gross appearance and transverse section of cardiac-specific mice over-expressing
mammalian sterile 20-like kinase 1 (Mst1), showing dilated cardiomyopathy at three months of
age compared with non-transgenic (Ntg) mice. Systolic function was 42% lower in the
transgenic Mstl mice compared to Ntg mice. B: Mst1 transgenic mice show marked fibrosis
(shown in red using Sirius Red stain). C: Quantitative analysis of apoptosis [using terminal
deoxynucleotidyl transferase nick end labelling (TUNEL) staining] showing increased apoptosis
in Mst1 transgenic mice. D: Ischaemia/reperfusion activates Mstl and p38 mitogen-activated
protein kinases (MAPK) leading to apoptosis of cardiac myocytes. Figure adapted from
Yamamoto, S., et al., (2003). Activation of Mst1 causes dilated cardiomyopathy by stimulating
apoptosis without compensatory ventricular myocyte hypertrophy. Journal of Clinical

Investigation 111, 1463-1474.

Used with permission of American Society for Clinical Investigation, from Activation of Mst1 causes
dilated cardiomyopathy by stimulating apoptosis without compensatory ventricular myocyte hypertrophy,
Yamamoto S., et al., 2003; permission conveyed through Copyright Clearance Center, Inc.
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an upstream modulator of PKCB. Transgenic expression of caPI3K improved cardiac
function in a mouse model of pathological hypertrophy and heart failure due to
transgenic expression of PKCB (Rigor et al., 2009). Increased PI3K (p110a) activity in
caPI3K hearts also downregulated expression of PKCB (Rigor et al., 2009). In summary,
a beneficial effect of activating PI3K (p110a) in the heart is the ability to inhibit

signalling proteins downstream of GPCR.

1.5.7. Signalling mechanisms that mediate gender differences

The underlying signalling cascades responsible for gender differences in the heart are
complex and not completely understood. The steroid hormones (estrogen,
progesterone and testosterone) and their respective receptors (estrogen receptors
[ERs], progesterone receptor [PR], and androgen receptor [AR] respectively) are
considered to play an important role (Babiker et al., 2002; Du et al., 2006; Konhilas and
Leinwand, 2007; Mendelsohn and Karas, 2005). The steroid hormones activate their
respective receptors, induce a conformational change, dimerize and bind to specific
response elements to induce transcriptional activity (Edwards, 2005; Mangelsdorf et
al., 1995; Mendelsohn and Karas, 1999; Tsai and O'Malley, 1994). These receptors
interact with a broad array of coactivator and correpressor proteins, and post-
translational modification enables tissue specific regulation of transcription (Edwards,
2005; Kumar and Thompson, 2003; McKenna and O'Malley, 2002; Tsai and O'Malley,
1994).

The apparent cardioprotection seen in females has often been attributed to
the actions of estrogen (Babiker et al., 2002; Mikkola and Clarkson, 2002; Sullivan,
2003). Experimental trials of estrogen therapy however, have been controversial
(Grady et al., 2002; Hulley et al., 1998; Manson et al., 2003; Patten and Karas, 2006;
Rossouw et al., 2002; Shlipak et al., 2001). In fact, hormone replacement therapy trials
have provided evidence for increased cardiovascular risk, particularly within the first
year following the beginning of therapy (Rossouw et al., 2002). Subsequent evaluation
of these clinical trials suggests that a number of factors contribute to the impact of
hormone replacement therapy on cardiovascular risk in postmenopausal women.

Combination estrogen and progesterone replacement appears to increase
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cardiovascular risk (Hulley et al., 1998; Manson et al., 2003; Rossouw et al., 2002;
Santen et al., 2010), but dermal (rather than oral) delivery of estrogen replacement
therapy alone was associated with cardiac benefit (Santen et al., 2010). Initiation of
hormone replacement close to the time of menopause tended to decrease
cardiovascular risk, while hormone replacement more distant from menopause did not
(Rossouw et al., 2007; Santen et al., 2010). Additionally, pre-existing cardiovascular
disease may have an impact on subsequent outcome (Santen et al., 2010). It is
therefore clear that the molecular mechanisms underlying gender dimorphism are
complex, and that a better understanding of these molecular mechanisms is essential.

Estrogen and its receptors have been relatively well characterised in the
heart. The long term effects of estrogen are mediated by ERa and ERpB, both of which
have been identified in the heart (Grohe et al., 1998; Konhilas and Leinwand, 2007;
Taylor and Al-Azzawi, 2000). Both men and women produce estrogen, but circulating
levels of estrogen are 10-20 fold lower in men (Luczak and Leinwand, 2009). While
expression of ERa is similar in both genders, ERB expression is significantly higher in
males (Mahmoodzadeh et al., 2006). Differential up- and down-regulation of ERa and
ERB has been implicated in various cardiovascular phenotypes, including dilated
cardiomyopathy (Mahmoodzadeh et al., 2006), aortic stenosis (Nordmeyer et al.,
2004), ischemia/reperfusion injury (Gabel et al., 2005; Zhai et al., 2000), pressure
overload (Skavdahl et al., 2005) and the progression to HF following myocardial
infarction (Pelzer et al., 2005). Studies have implicated ERB, rather than ERa, in the
gender differences associated with the development of pathological cardiac
hypertrophy induced by pressure overload or cardioprotection following ischaemia/
reperfusion (Gabel et al., 2005; Pelzer et al., 2005; Skavdahl et al., 2005). However,
these studies have been questioned and this requires further investigation.

Estrogen can initiate both rapid non-genomic signalling pathways, as well as
genomic responses (de Jager et al., 2001; Deroo and Korach, 2006; Du et al., 2006;
Konbhilas et al., 2004). Most notably members of the MAPK family have been shown to
be important targets of estrogenic action (Kato et al., 1995; Kim et al., 2006; Levin,
2001; Liu et al., 2010; Pelzer et al., 1996). Other signalling pathways targeted by
estrogen include GPCR pathways [particularly Gi;, and G protein coupled receptor-30

(also known as G protein coupled estrogen receptor, GPER)] (Chung et al., 2004;
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Deschamps and Murphy, 2009; Filice et al., 2009; Prossnitz et al., 2008; Revankar et al.,
2005), PKC signalling, and alterations of Ca** and K* channels (Chung et al., 2004; Hall
et al., 2001; Hisamoto and Bender, 2005; Jiang et al., 1992; Kravtsov et al., 2007; Levin,
2001; Sak and Everaus, 2004).

Estrogen has been shown to initiate anti-hypertrophic actions, by increasing
ANP and BNP expression (Jankowski et al., 2005; van Eickels et al., 2001) and
increasing calcineurin degradation (Donaldson et al., 2009). Activation of cell survival
pathways (including Akt) by estrogen has also been shown, and this occurs through a
direct, non-nuclear pathway involving the regulatory subunit of PI3K (Simoncini et al.,
2000). Additionally, estrogen has anti-apoptotic actions through differential regulation
of p38 MAPK isoforms (Kim et al., 2006; Liu et al., 2010). Finally, estrogen is also able
to regulate energy metabolism, particularly via interaction with peroxisome
proliferator-activated receptors (PPARs) and PPARa-activated y coactivator-1 (PGC1),
as well as up-regulation of lipid utilization and down-regulation of glucose oxidation
(Bourdoncle et al., 2005; Du et al., 2006; Kamei et al., 2003; Keller et al., 1995; Ma et
al., 1998; Nunez et al.,, 1997; Schreiber et al., 2003; Schreiber et al., 2004;
Tcherepanova et al., 2000). A summary of the signalling cascades involved in estrogen-
mediated cardiac hypertrophic responses are shown in Figure 11.

Progesterone signalling has been widely studied in reproductive tissues
(Gellersen et al., 2009; Mahesh et al., 1996), however the actions of progesterone in
cardiac tissues have not been examined in detail. This is likely due to previous studies
showing that the impact of progesterone on the overall beneficial effects of hormone
replacement therapy is insignificant (Du et al., 2006; Grodstein et al., 2000).

The importance of the male hormone testosterone and its receptor AR have
been characterized in cardiac tissues (Li et al., 2004b; Li et al., 2004c; Marsh et al.,
1998). Testosterone treatment in male rats induced cardiac hypertrophy under basal
conditions with no change in ANP expression, but significantly higher IGF1 expression
(Nahrendorf et al.,, 2003). This heart growth is reminiscent of physiological
hypertrophy. Additionally, testosterone treatment in the rats reduced wall stress and
left ventricular end diastolic pressure following coronary artery ligation (Nahrendorf et

al., 2003). It is thought that AR is necessary for postnatal cardiac growth, and is
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Figure 11. Proposed signalling cascades involved in estrogen-mediated effects in the

heart.

Estrogen acts via the estrogen receptor which interacts with the p85 regulatory subunit of PI3K

to induce physiological hypertrophy and attenuate pathological signalling cascades. Nuclear

estrogen receptors alter gene expression to regulate cardiac hypertrophic responses. Estrogen

is also able to induce ubiquitination of calcineurin, which leads to degradation of calcineurin by

the proteasome. Ang Il: angiotensin Il, ANP: Atrial natriuretic peptide, BNP: B-type natriuretic

peptide, CN: calcineurin, ER: estrogen receptor, ERK: extracellular regulated kinase, ET-1:

endothelin-1, GPCR: G protein-coupled receptor, IGF1: insulin-like growth factor 1, IRS1: insulin

receptor substrate 1, PI3K: phosphoinositide 3-kinase, PKC: protein kinase C, Ub: Ubiquitin.

Figure reproduced from Bernardo, B.C., Weeks, K.L., Pretorius, L., and McMullen, J.R. (2010).

Molecular distinction between physiological

and pathological

cardiac hypertrophy:

experimental findings and therapeutic strategies. Pharmacology & Therapeutics 128, 191-227.

Used with permission of Elsevier.
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anti-fibrotic (Du et al., 2006; lkeda et al., 2005). Knockout of AR in mice reduced
cardiac hypertrophy following Ang Il stimulation (lkeda et al., 2005), but exacerbated
cardiac fibrosis and oxidative stress (lkeda et al., 2005; Ikeda et al., 2009). Recently, it
was also shown that AR can reduce cardiotoxicity induced by doxorubicin (lkeda et al.,
2010). Doxorubicin is a potent anti-cancer agent against a variety of malignant
tumours, but induces cardiomyopathy due to increased apoptosis (Singal and lliskovic,
1998). AR knockout mice displayed significantly worse survival and cardiac function
compared with wildtype animals following doxorubicin treatment, with markedly
increased apoptosis and severely impaired cardiac Akt phosphorylation (lkeda et al.,
2010). Thus it has been suggested that the androgen-AR system may protect
cardiomyocytes from doxorubicin-induced apoptosis through activation of the PI3K

(p110a)-Akt pathway (lkeda et al., 2010).

1.5.7.1. Gender differences in genetic mouse models

Genetic mouse models in which hypertrophic regulators have been manipulated also
show gender dimorphism. In mice lacking AT, receptors myocardial infarction lead to
similar left ventricular remodelling and dysfunction between males and females, but
only male AT; knockout mice developed increased cardiac hypertrophy (Bridgman et
al., 2005). Similarly, cardiac-specific over-expression of the P2-adrenergic receptor
resulted in decreased survival, increased left ventricular dilation, increased myocyte
hypertrophy and fibrosis, and reduced contractile function in males (Gao et al., 2003a).
Females however, were able to significantly blunt all these pathological features (Gao
et al., 2003a). Mice null for both a;a/c and a;g adrenergic receptors, or mice over-
expressing myostatin (a regulator of muscle growth), showed reduced cardiac size only
in males (O'Connell et al., 2003; Reisz-Porszasz et al., 2003), suggesting a reduction in
adaptive capability in response to cardiac stress in the male animals. Disruption of the
FKBP12.6 gene or loss of CD38 (a regulator of calcium homeostasis) only induced
hypertrophy in male mice (Takahashi et al., 2003; Xin et al., 2002). Interestingly,
female dominant negative p38a mice displayed greater hypertrophy than males under
both basal and pressure overload conditions (Liu et al., 2006). Over-expression of

tumour necrosis factor (TNF) a in the mouse heart induced ventricular hypertrophy in
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both genders but only males developed ventricular dilation (Kubota et al., 1997). Male
mice null for the relaxin gene (an insulin-like growth factor peptide hormone) showed
impaired diastolic function and increased atrial dilation, whereas females did not (Du

etal., 2003).

1.5.7.2. Crosstalk between PI3K and estrogen-receptor mediated signalling
As previously described, females have been shown to have increased cardiovascular
disease risk in settings of diabetes or hypertension (Regitz-Zagrosek, 2006). Diabetes
and hypertension have been associated with depressed or defective PI3K (p110a)
signalling (Chen et al., 2005; Hansen et al., 2001; Kim et al., 1999; Mauvais-Jarvis et al.,
2002; Ohanian and Heagerty, 1992). It has also been shown that estrogen can activate
Akt in neonatal rat cardiac myocytes through mechanisms involving PI3K (Patten and
Karas, 2006), and female rodent and human hearts have increased levels of Akt
compared with males (Camper-Kirby et al., 2001). Taken together, these results
suggest the possibility that cardioprotection in females is mediated, at least in part,
through an interaction between estrogen and PI3K (p110a). This will be assessed in my

project (see Chapter 5).

1.5.8. Signalling and atrial fibrillation

As previously described, pathological cardiac hypertrophy and HF can be associated
with complications including AF (see Section 1.1.3. and Section 1.3.). AF is the most
common sustained arrhythmia presenting at cardiology departments worldwide, and is
characterised by disorganised atrial depolarisation without atrial contraction (Zipes et
al., 2005), with a rapid atrial rate that prevents detection of discrete p-waves on an
ECG (Lilly, 2007). Consequently, AF can be recognised on ECG traces as absent p-waves
during periods of irregular heart rhythm (R-R interval). AF is associated with
substantially increased mortality and morbidity from HF, stroke and thromboembolism
(Fuster et al., 2001; Fuster et al., 2006; Zannad et al., 2009). The incidence of AF
increases with age, with prevalence nearly 20% over the age of 85 (Heeringa et al.,
2006; Nattel et al., 2008). Data from the Framingham Heart Study indicated that 2.2

million Americans had AF (with a mean age of 75), and that it occurred more
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commonly in men (Feinberg et al., 1995). With a growing aging population, AF is
adding considerably to health care costs (Benjamin et al., 1998; Fuster et al., 2001;
Fuster et al., 2006; Lip and Tse, 2007; Thrall et al., 2006). AF is commonly associated
with right or left atrial enlargement, and is potentially dangerous for two reasons.
Firstly, the rapid ventricular rates and loss of atrial contribution to ventricular filling
compromise cardiac output leading to pulmonary congestion as well as hypotension
(Lilly, 2007). Secondly, the disorganized atrial contraction leads to blood stasis in the
atria, increasing the risk of thrombus formation (left atria), and therefore increasing
the risk of stroke due to an embolism (Lilly, 2007).

The physiological and molecular mechanisms associated with the
development of AF are complex (summarised in Figure 12) and difficult to elucidate as
AF also perpetuates further AF (Lu et al., 2008; Rostock et al., 2008; Wijffels et al.,
1995). Despite these complexities several mechanisms that mediate structural
remodelling associated with AF development have been investigated [reviewed
extensively by (Corradi et al., 2008; Nattel et al., 2008; Nishida et al., 2010)].

It is clear that atrial remodelling (any change in atrial structure or function)
contributes to the initiation and maintenance of AF (Corradi et al., 2008; Nattel et al.,
2008; Nishida et al., 2010). Dilatation results in unequal stretch of the atrial myocytes
and is associated with delayed signal conduction, consequently promoting the creation
of re-entry circuits (Corradi et al., 2008; Nishida et al., 2010; Satoh and Zipes, 1996;
Solti et al., 1989). Additionally, the larger atrial size can accommodate more re-entry
circuits (Nattel et al., 2008). Animal models of HF or mitral valve disease were
characterised by ionic remodelling of the L-type Ca’* current and the slow potassium
current, but this was not associated with reduced action potentials in the myocytes (Li
et al., 1999; Nattel, 2002; Tavi et al., 1998). The Na*-Ca®* exchange current was
increased in HF, leading to delayed depolarisation and the generation of ectopic beats
[see Figure 12, (Corradi et al., 2008; Nattel, 2002)]. Mechanical stretching can also
induce hyperpolarisation of fibroblasts by reducing Na* entry, thereby transducing
altered electrical conduction signals (Kamkin et al., 2005).

Atrial ischaemia, inflammation, oxidative stress, fibrosis and apoptosis, as

well as atrial dilatation make the atria more vulnerable to the development of AF. The
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Figure 12. Mechanisms involved in the development and maintenance of atrial
fibrillation.

Mechanisms involved in the development and maintenance of atrial fibrillation (AF) include
tachycardia, impaired Ca®* handling within the myocyte, pressure or volume overload, atrial
dilation, myocardial ischaemia, inflammation and oxidative stress, fibrosis and apoptosis.
These mechanisms induce re-entry circuits and remodelling of the atria which further
perpetuates AF. AF itself also perpetuates further AF by increasing the number of re-entry
circuits, inducing inflammation and further mediating the structural remodelling of atria. Ang
Il: Angiotensin Il; CaM: calmodulin; ECM: extracellular matrix; ET-1: Endothelin 1; LTCC: L-type
Ca’* channel; NCX: Na'/Ca®* exchanger; PKA: protein kinase A; P-NFAT: phosphorylated nuclear
factor of activated T cells; RyR: ryanodine receptor; SR: sarcoplasmic reticulum; and Serca:

sarcoplasmic reticulum Ca** ATPase 2a.
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role of inflammation and oxidative stress in the development of AF has been
extensively investigated (Abdelhadi et al., 2004; Chung et al., 2001; Dernellis and
Panaretou, 2001; Dernellis and Panaretou, 2005; Kallergis et al., 2008; Korantzopoulos
et al., 2007; Liu et al., 2007; Mihm et al., 2001; Savelieva and Camm, 2008; Shiroshita-
Takeshita et al., 2004). Inflammation is considered both a cause and consequence of
arrhythmia (Liu et al., 2007; Savelieva and Camm, 2008), and can alter atrial
conduction principally by creating unstable short-duration re-entry circuits (Kumagai et
al., 1997). Chronic inflammatory infiltrates were detected in two-thirds of patients
with lone AF (Frustaci et al., 1997). Levels of C-reactive protein were increased in AF,
and was proportionally increased as AF duration increased (Chung et al., 2001;
Dernellis and Panaretou, 2001; Kallergis et al., 2008). Additional studies are required to
determine whether oxidative stress is a primary cause of AF, or merely a consequence
of arrhythmia (Corradi et al., 2008; Korantzopoulos et al., 2007).

Interstitial fibrosis is a hallmark of HF-induced AF, impeding normal cardiac
conduction, and thereby promoting alternative propagation pathways and re-entry
circuits [see Figure 12, (Assayag et al., 1997)]. Interstitial fibrosis can be a result of
increased repair due to myocyte necrosis or up-regulation of profibrotic signalling
pathways (Burstein and Nattel, 2008; Olivetti et al., 1997). MMPs were up-regulated
and TIMPs were downregulated in patients with AF (Xu et al., 2004), promoting
deposition of collagen. A major profibrotic downstream mediator of Ang Il is TGF-B1.
Atrial cells were particularly susceptible to TGF-B1-mediated fibrosis (Nakajima et al.,
2000). Mechanical stretch itself can also induce Ang Il and TGF-B1 in fibroblasts
(Schotten et al., 2003) and can up-regulate ECM production through ET-1, TNFa and
Ang |l [see Figure 12, (MacKenna et al., 2000)].

Cardiac gap junctions are composed of four trans-membrane proteins that
belong to the connexin family, with three isoforms of connexins present in the atrium
— connexin 40, connexin 43, and connexin 45 (Duffy and Wit, 2008). Additionally,
connexin 46 has been identified in the SA node of mice and other mammals (Bruzzone
et al., 1996; Coppen et al., 1999; van der Velden et al., 2000a; Verheijck et al., 2001).
Gap junction composition and distribution can be altered in AF patients
(Kanagaratnam et al., 2002), and switches in connexin isoforms have also been

observed (Dupont et al., 2001a; Dupont et al., 2001b; Kostin et al., 2002; Nao et al.,
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2003), but the functional significance of these changes is still unknown. It is also still
unclear whether the remodelling of connexins in the myocardium is an adaptive
response to or a consequence of AF. It is possible that in the initial stages of AF pre-
existing characteristics of the gap junctions may predispose the atria and initiate
arrhythmia, while connexin remodelling in chronic AF could be a part of the structural
remodelling associated with AF, thereby maintaining an arrhythmic environment
within the atria (Corradi et al., 2008; Severs et al., 2008).

Ectopic beats are generated by abnormal electrical firing in regions other
than the sino-atrial node, leading to uncoordinated contraction, or due to early or
delayed after-depolarisation within the atria (Nishida et al.,, 2010). Early after-
depolarisation involves re-activation of the L-type Ca?* channels as a result of a
prolonged repolarisation phase (Nishida et al., 2010). In contrast, delayed after-
depolarisation results from the release of Ca®* during diastole which activates the
sodium-calcium exchanger (Nishida et al.,, 2010). Any change in the membrane
potential that reaches the threshold level triggers ectopic firing, which in turn initiates
the formation of re-entrant circuits within the atria due to irregular conduction
through the atrial substrate (Nishida et al., 2010). Re-entry also reduces the refractory
period within the atria, further perpetuating re-entry and AF (Nishida et al., 2010).
Studies have also shown that rapidly firing ectopic beats in and around the pulmonary
veins initiate and further promote re-entry circuits (Chen et al., 1999; Haissaguerre et
al., 1998; Wellens, 2000).

Tachycardia is a potent stimulus for structural remodelling inducing AF, and
AF is also associated with the development of further AF (Corradi et al., 2008; Nishida
et al., 2010). Rapid atrial pacing in a goat model induced the gradual loss of cardiac
myocytes (Ausma et al., 1997). Increased atrial rate in AF animal models was shown to
increase the intracellular Ca®* load and activate the calmodulin-calcineurin-NFAT
signalling cascade [see Figure 12, (Qi et al., 2008; Sun et al., 2001)]. L-type Ca*'
channels were inactivated in atrial tachycardia and AF, and subsequently the Ca®'
current density was reduced (Brundel et al., 1999; Dinanian et al., 2008; Lai et al.,
1999; Nattel, 1999; van der Velden et al., 2000b; Van Wagoner et al., 1999; Yue et al.,
1999). Reduction of the L-type Ca®* channels resulted in reduced action potential

duration and atrial refractoriness, predisposing the atria to the development of re-
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entry circuits and consequently perpetuating AF [see Figure 12, (Fareh et al., 1998;
Gaspo et al., 1997; Haissaguerre et al., 1998; Klein et al., 2003; Mandapati et al., 2000;
Nattel and Li, 2000; Wijffels et al., 1995)]. Tachycardia also activated proteases such as
calpain, mediating sarcomere loss and L-type Ca®* channel degradation [see Figure 12,
(Brundel et al., 2002; Corradi et al., 2008; Ke et al., 2008; Nishida et al., 2010; Suzuki et
al., 1987)], and inhibition of calpain prevented myocyte remodelling (Brundel et al.,
2004). A rapid atrial rate also altered calcium handling proteins (such as SERCA-2a and
the ryanodine receptor) and reduced the transient outward potassium current, further
contributing to decreased action potential duration (Bosch et al., 1999; Greiser et al.,
2009; Nishida et al., 2010; Ohkusa et al., 1999).

Despite its clinical significance, there is a very limited understanding of the
molecular mechanisms responsible for the development of AF, and this has greatly
hindered the development of treatment strategies. Experimental studies have been
restricted by a lack of small animal models, particularly rodents. To date, most of the
described AF models involve large animals such as dogs and sheep with paced atria or
ventricles, or with induced mitral valve regurgitation (Cardin et al., 2007; Morton et al.,
2002). The advantages of these models include that the heart size, as well as the
cellular electrophysiology, is not too dissimilar from humans. However, these models
are limited by high costs (Pu et al., 2005), and identification of molecular mechanisms
can be difficult as there is a lack of genetic models and a limited availability of protein
sequences and antibodies.

Murine AF models are more cost effective and in combination with genetic
manipulation provide greater scope for elucidating the molecular mechanisms of AF
(Olgin and Verheule, 2002). However finding clinically relevant AF mouse models has
been difficult, as mice have very small atria and very fast heart rates, which may be a
disadvantage for the maintenance of re-entry based arrhythmias. However, despite
this difficulty there have been several genetically modified mouse models that are
susceptible to AF (Table 6). It is also important to note that in murine models, AF
usually presents in short episodes (paroxysmal AF). The models described in Table 6 all
developed atrial-ventricular conduction blockade (Table 6). Additionally, atrial dilation,

fibrosis, reduced electrophysiological amplitudes and premature death were present in
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Table 6. Electrophysiological and histopathological changes seen in AF mouse models (paroxysmal or induced AF).

Mouse model Atrial Atrial Reduced R- | Reduced P- | Paroxysmal | Induced Premature
dilation | fibrosis amplitude amplitude AF AF death
Cx40 deficient mice (Hagendorff et al., 1999; Kirchhoff et al., 1998) No No No v No No No v No
KCNE1 knockout mice (Temple et al., 2005) No No No v No No v v No
NUP155 knockout mice (Zhang et al., 2008) No No No v v v v N/A N/A
Mutation of the ryanodine receptor RyR2 (Chelu et al., 2009) No No No v No No No No
Potassium channel IK1 over-expression (Li et al., 2004a) v N/A v v No No v N/A v
a-1D LTCC knockout mice (Mancarella et al., 2008; Platzer et al., 2000) No No N/A v No v v N/A
CaV1.3 knockout mice (Zhang et al., 2005b) N/A N/A N/A v N/A N/A No v N/A
RhoA over-expression (Sah et al., 1999) v v v v v v v N/A v
JDP over-expressoin (Kehat et al., 2006) v N/A No v v v v N/A v
ACE over-expression (Xiao et al., 2004) v v No v v v v N/A v
TGFB1 over-expression (Verheule et al., 2004) No v No v No v No v No
Junctin over-expression (Hong et al., 2002) v v v v v v v v N/A
Junctate-1 over-expression (Hong et al., 2008) v v v v v v v N/A v
Cre modulator over-expression (Muller et al., 2005) v No v v No v v N/A v
HopX over-expression (Liu et al., 2008) v v v v v v No v N/A
TNFa over-expression (Saba et al., 2005) v N/A No v v v v v v
Racl over-expression (Adam et al., 2007) v v v v No No v N/A No
MURC over-expression (Ogata et al., 2008) v v No v v v v N/A No

* N/A: Not assessed. ACE: angiotensin converting enzyme; AF: atrial fibrillation; AVB: atrial-ventricular conduction blockade; Cre: cAMP response element; Cx: connexin; DCM: dilated
cardiomyopathy; HopX: homeodomain only protein of histone deacetylase; JDP: Jun dimerization protein; KCNE1: potassium voltage-gated channel subfamily E member 1; LTCC: L-type
calcium channel; MURC: muscle restricted coiled-coil protein; NUP155: nuclear pore complex protein (also known as nucleoporin); Racl: Ras-related C3 botulinum toxin substrate 1; RhoA:
Ras homolog gene family, member A; TGF: transforming growth factor; and TNF: tumour necrosis factor.
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some of the models (Table 6). However, the animal models previously described did
not develop most of the key clinical features of AF and often died at a young age,
making delineation of the molecular mechanisms responsible for AF development
difficult. Therefore there is a clear need for an animal model that simulates the
important characteristics of clinical AF and has a longer lifespan in order to further
examine the molecular mechanisms responsible for AF. This will be examined in my

project (see Chapter 4).

1.6. Outline of PhD project

My PhD project is comprised of 3 major components:

1) Examination of the benefits of PI3K (p110a) signalling in a model of dilated
cardiomyopathy,
2) Investigation of a link between PI3K (p110a) and AF in the stressed heart, and

3) Examination of the role of PI3K (p110a) in estrogen-mediated cardioprotection

1.6.1. Project rationale

1.6.1.1. Benefits of PI3K (pl110a) signalling in a model of dilated
cardiomyopathy

In a previous study, McMullen and colleagues crossed the caPI3K and dnPI3K mice with
a cardiac-specific Cre model of dilated cardiomyopathy and were able to show that
increased PI3K (p110a) improved lifespan while decreased PI3K (p110a) accelerated
HF (McMullen et al., 2007). However, due to the severe disease progression in these
mice (lifespan of only 40 days) cardiac function and the molecular mechanisms
responsible for the protective properties of PI3K (p110a) could not be assessed.
Furthermore, a disadvantage of the Cre model was that dilated cardiomyopathy was
induced by a non-specific mechanism due to high-level cardiac expression of Cre
recombinase (Buerger et al., 2006). Transgenic mouse lines that express Cre
recombinase at low levels are healthy and have proven a powerful tool for deleting
genes in vivo from mice carrying a floxed allele (lox P). The studies described in this

thesis have investigated the cardioprotective properties of PI3K (p110a) in a more
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clinically relevant mouse model of dilated cardiomyopathy [due to over-expression of
Mstl (Yamamoto et al., 2003), see Section 1.5.5.]. Over-expression of Mstl is
considered more relevant because Mstl is activated by pathological insults such as
ischaemia/reperfusion and induced dilated cardiomyopathy via activation of caspases
leading to increased apoptosis (Yamamoto et al., 2003). Mst1 was also increased in a
mouse model of cardiomyopathy due to over-expression of the B1-adrenergic receptor
(Peter et al., 2007). Finally, Mst1 mice also have a lifespan of approximately 8 months

that allows for the examination of cardiac function and molecular mechanisms.

1.6.1.2. PI3K (p110a) and atrial fibrillation

There is clear evidence that pathological cardiac hypertrophy and HF are risk factors
for the development of cardiac conduction abnormalities and AF (see Section 1.1.3.),
and it has been suggested that AF and HF may share common mechanisms and
treatment strategies (Heist and Ruskin, 2006). Several studies have suggested a

potential link between AF and PI3K (p110a) activity.

e Aging, obesity and diabetes are all considered risk factors for the
development of AF (Benjamin et al., 1994; Feinberg et al., 1995; Lip and
Varughese, 2005; Wang et al., 2004; Zipes et al.,, 2005), and are all
associated with insulin resistance that leads to depressed or defective PI3K
(p110a) signalling (Fink et al., 1983; Kahn and Flier, 2000; Tsang et al., 2005).

e Pilot studies from our laboratory have shown that dnPI3K mice have altered
expression of ion channels in ventricular tissue and as previously discussed,
AF is associated with ion channel remodelling (see Figure 12).

e Cardiotoxic drugs acting via adrenergic stimulation induce AF in patients (van
der Hooft et al., 2004) and PI3K (p110a) can inhibit signalling cascades
downstream of the GPCR signalling pathway (McMullen et al., 2007),
suggesting that reduced PI3K (p110a) activity may increase the likelihood of
cariotoxicity and therefore AF.

e Increased expression of heat shock protein 70 [Hsp70, a cardioprotective
protein with increased expression in settings of cardiac stress such as

diabetes (Soti et al., 2005)] has been shown to reduce the incidence of post-

=59 -



Chapter 1 - General introduction

operative AF, while reduced Hsp70 activity (due to an M439T substitution)
increased the risk of post-operative AF (Afzal et al., 2008; Kampinga et al.,
2007; Mandal et al., 2005; St Rammos et al., 2002). Studies from our
laboratory have shown caPI3K mice have increased Hsp70 expression, while

dnPI3K mice have decreased Hsp70 expression (McMullen et al., 2004).

To my knowledge, the studies described in this thesis are the first to
examine whether reduction of the cardioprotective kinase PI3K (p110a) increases the

heart’s susceptibility to AF.

1.6.1.3. The role of PI3K (p110a) in estrogen-mediated cardioprotection

Females are typically more protected against cardiac disease compared with males,
and this has long been attributed to the actions of estrogen (Babiker et al., 2002;
Mikkola and Clarkson, 2002; Sullivan, 2003). However, the impact of hormone
replacement on cardiovascular disease has remained controversial (Grady et al., 2002;
Hulley et al., 1998; Manson et al., 2003; Patten and Karas, 2006; Rossouw et al., 2002;
Shlipak et al., 2001). Previous studies have suggested a link between PI3K (p110a) and

estrogen.

e |t has been shown that estrogen interacts with the regulatory subunit of
PI3K (p110a) in vitro (Simoncini et al., 2000).

e Hearts from pre-menopausal women contain higher levels of Akt [down-
stream of PI3K (p110a)] compared with either aged-matched men or post-
menopausal women (Camper-Kirby et al., 2001). Expression of Akt is also
higher in female mouse hearts compared with male hearts.

e Estrogen activates Akt in neonatal cardiac myocytes (Camper-Kirby et al.,

2001).

Collectively these studies suggest that there may be an important
interaction between PI3K (p110a) and estrogen in the heart. To my knowledge, this
will be the first study to examine the association and functional significance of an

interaction between PI3K (p110a) and estrogen in the adult heart in vivo.
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1.6.2. Aims of PhD project

1. Toinvestigate the protective effects of PI3K (p110a) in an in vivo mouse model of
dilated cardiomyopathy and to elucidate the mechanisms responsible.

2. To assess whether reduced activation of PI3K (p110a) makes the compromised
heart more susceptible to cardiac conduction abnormalities and AF.

3. To examine the contribution of PI3K (p110a) in mediating cardioprotection

induced by estrogen in the adult heart.

1.6.3. Hypotheses of PhD project

1. PI3K (p110a) will be critical for maintaining cardiac structure and function in a
setting of HF
e Increased PI3K (p110a) expression is expected to confer protection in a
setting of HF through differential up- and down-regulation of protein and
gene expression, as well as reduction of fibrosis and apoptosis in the heart.
e Decreased PI3K (p110a) expression is expected to be detrimental to cardiac
function and lifespan in a setting of HF, and to induce increased fibrosis and
apoptosis in the heart.
2. A reduction in PI3K (p110a) activity will make the stressed heart more susceptible
to AF.
3. There is an association between PI3K (p110a) and estrogen in the heart, and that

this association is important in mediating the cardioprotective actions of estrogen.
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Chapter 2 — Materials and methods

2.1. Ethics approval for animal and human care and experimentation

2.1.1. Ethics approval and animal care for mouse studies

All aspects of animal care and experimentation conducted in this project were
approved by the Alfred Medical Research and Education Precinct Animal Ethics
Committee and conformed to the National Health and Medical Research Council of
Australia guidelines. All animals were housed in the Precinct Animal Centre at the
Alfred Medical Research and Education Precinct, where animals were monitored daily
by the Precinct Animal Centre staff. All animals had access to water and food ad

libitum.

2.1.2. Ethics approval for human studies

All aspects of the studies conducted on human atrial tissue were approved by the
Alfred Hospital Human Ethics Committee and conformed to the National Health and
Medical Research Council of Australia guidelines. Informed consent was obtained from

all participants.

2.2. Generation of cardiac-specific transgenic mouse models

The a-MHC promoter is active in the ventricles mainly after birth (Franke et al., 1997;
Hu et al.,, 1995; Martin et al., 1996). This feature allows it to drive transgenes
exclusively in cardiac myocytes following the perinatal period (Kadambi and Kranias,
1998; Shioi et al., 2000; Wakasaki et al., 1997), thus ensuring cardiac-specific transgene

expression.

2.2.1. Constitutively active PI3K transgenic mice

Activation of PI3K (p110a) requires the interaction of the regulatory unit of p85 with
the amino terminal of p110 via the inter SRC homology 2 (iSH2) domain (Shioi et al.,
2000). To generate a constitutively active PI3K (p110a) transgene the iSH2 of p85 was
fused to the N-terminus of bovine p110a (ISH2p110) by a flexible glycine linker (Franke

et al., 1997; Shioi et al., 2000). This construct has been shown to function as a
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constitutively active molecule both in vitro and in vivo (Hu et al., 1995; Martin et al.,
1996). Heterozygous caPI3K transgenic mice (FVB/N background) were generated by
cloning the iSH2p110 mutant into the a-MHC promoter along with the Myc epitope
tag, producing a constitutively activated form of PI3K with a 6.5 fold increase in cardiac

PI3K activity compared with Ntg (Shioi et al., 2000).

2.2.2. Dominant negative PI3K transgenic mice

Heterozygous dnPI3K transgenic mice (FVB/N background) were generated by cloning
a truncated p110 mutant lacking its kinase domain into the a-MHC promoter along
with the FLAG epitope tag (Shioi et al., 2000). The resulting catalytically inactive p110
molecule competes with endogenous p110 for interaction with the p85 subunit, thus
inhibiting the function of the endogenous p110 molecule in vivo, and producing a 77%

decrease in cardiac PI3K activity compared with Ntg (Shioi et al., 2000).

2.2.3. Mistl transgenic mice

Heterozygous Mstl transgenic mice (line number 28, C57BL/6 background) were
generated by cloning a cDNA of human Mst1 into the a-MHC promoter along with the
Myc epitope tag, which increased Mst1 activity 7.5 fold compared to Ntg (Yamamoto
etal., 2003).

2.2.4. Kinase dead Akt transgenic mice

Kinase dead Akt (kdAkt) transgenic mice (FVB/N background) were generated by
cloning a cDNA for mouse Aktl (Akt1K179M) in which the critical ATP binding site was
mutated into the a-MHC promoter (Shioi et al., 2002). The resulting kdAkt transgene
competes with endogenous Akt, resulting in a 55% reduction in baseline Akt activity

and a 65% decrease in Akt activation following IGF1 stimulation (Shioi et al., 2002).

2.2.5. Double-transgenic mice

To explore the role of increasing or decreasing PI3K (p110a) activity in the Mstl

transgenic model, double transgenic mice were generated by crossing the PI3K and
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Mst1 transgenic mouse models described above. Heterozygous female PI3K mice (Shioi
et al., 2000) and heterozygous male Mst1 mice (Yamamoto et al., 2003) were crossed
to produce the following genotypes: Ntg, caPI3K, dnPI3K, Mstl, caPI3K-Mst1, and
dnPI3K-Mst1 (Table 7), all on a mixed C57BL6/FVB/N background. Only male Mst1
transgenic mice were used for mating, as it has been shown that female mice with the

Mst1 transgene die during pregnancy (experimental observation — Dr. Julie McMullen).

Table 7. Genotypes generated by crossing PI3K and Mst1 transgenic mice.

caPI3K (-) Mst1 (-) caPI3K (+) Mst1 (-)
[Ntg] [caPI3K]

caPI3K (-) Mst1 (+) caPI3K (+) Mst1 (+)
[Mst1] [caPI3K-Mst]

dnPI3K (+)

dnPI3K (-) Mst1 (-) dnPI3K (+) Mst1 (-)
[Ntg] [dnPI3K]

dnPI3K (-) Mst1 (+) dnPI3K (+) Mst1 (+)
[Mst1] [dnPI3K-Mst]

2.2.6. Triple-transgenic mice

To assess the role of Akt in caPI3K-Mst1 transgenic mice, triple transgenic mice were
generated by crossing heterozygous male caPI3K-Mst1 mice with heterozygous female
kdAkt mice to produce the following genotypes: Ntg, caPI3K, Mstl, kdAkt, caPI3K-
Mst1, caPI3K-kdAkt; Mst1-kdAkt, and caPI3K-Mst1-kdAkt (Table 8).
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Table 8. Genotypes generated by crossing caPI3K-Mst1 and kdAkt mice.

caPI3K (+) Mst1 (+) kdAkt (+) caPI3K (+) Mst1 (+) kdAkt (-)
caPI3K (+) Mst1 (+) [caPI3K-Mst1-kdAkt] [caPI3K-Mst1]

caPI3K (+) Mst1 (-) kdAkt (+) caPI3K (+) Mst1 (-) kdAkt (-)
caPI3K (+) Mst1 (-) [caPI3K-kdAkt] [caPI3K]

caPI3K (-) Mstl (+) kdAkt (+) caPI3K (-) Mst1 (+) kdAkt (-)
caPI3K (-) Mst1 (+) [Mst1-kdAkt] [Msta]

kdAkt (+)

caPI3K () Mst1 () caPI3K (-) I[\I/I“sitAlk(t-]) kdAkt (+) caPI3K (-) I\/[I;tt;](-) kdAkt (-)
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2.3. Genotyping

Genotyping of mice was conducted at 3-4 weeks of age. The Precinct Animal Centre
staff collected a tail clipping from each mouse after weaning. Tail clippings were
digested, DNA extracted and analysed for gene expression using polymerase chain

reaction (PCR).

2.3.1. Mouse tail DNA digestion and extraction

Mice tail clippings were placed in a solution containing 0.5ml Tail Lysis Buffer (83%
Milli Q water [MgH,0], 10% 1M Tris-HCI pH 8.5, 1% 0.5M EDTA, 4% 5M NaCl, 2% of
SDS [10%]) and 5ul proteinase K (10mg/mL) (Fermentas, Catalogue Number EO0419)
and digested overnight at 55°C. The following day the tubes containing the digested
tails were mixed by inversion 20-30 times and centrifuged at room temperature (RT)
for 10 minutes at 14,000 rpm. In order to precipitate the DNA from the solution, 0.5ml
of isopropanol was added to each tube and the tubes were inverted 20-30 times and
centrifuged at RT for 2 minutes at 14,000 rpm. The supernatant was discarded, after
which the remaining DNA pellet was washed with 70% ethanol, and re-suspended in
200ul of MgH,0. The tubes were left at RT overnight and vortexed briefly at medium

speed the next morning to ensure that the pellet was completely dissolved.

2.3.2. PCR

The PCR master mix was prepared on ice by adding 12.9ul MgH,0, 4ul 5 X Promega
GoTaq FLEXI colourless buffer (catalogue number M8291, part number M890A), 1.2yl
MgCl, (25mM), 0.4l Promega dNTPs (10mM, catalogue number U1511), 0.2ul forward
primer, 0.2pl reverse primer, and 0.1pl Promega GoTag DNA Polymerase (catalogue
number M8291, part number M829A) for each PCR sample. The primers and sizes for
each gene are shown in Table 9 and Figure 13. Nineteen pl of the appropriate master
mix was added to each PCR tube on ice, followed by 1l of tail DNA. A negative control
of 1yl of MgH,0 was used for all genotypes to ensure that the samples were not

contaminated. An appropriate positive DNA control (a sample that previously tested
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Table 9. Primer sequences for genotyping using PCR.

Forward/ | Primer .
P ’ - ’
Genotype Reverse Name rimer Sequence (5’ - 3’)

caPI3K Forward p110-1 AGA CCCTAG CTT TAG ATA AA 250 bp
caPI3K Reverse aMHC-2R TGG TGG GCA CTG GAG TGG CA

dnPI3K Forward aMHC-4 GGCACT TTA CAT GGA GTCCT 350 bp
dnPI3K Reverse p110-2R TGG CCT CTC TGA ACA GTT CAT

Mstl Forward 1-S GGC ACT CTT AGC AAACCT CA 420 bp
Mstl Reverse 2-AS GATTCCACAGGAACTTGCTT

kdAkt Forward oMHC-4 GGCACTTTA CATGGA GTCCT 300 bp
kdAkt Reverse AKT-2R AGC CAA TAA AGG TGC CAT CGT

Marker Ntg caPI3K  dnPI3K  kdAkt Mst1 -ve

1000bp —
900bp —
800bp —

700bp —
600bp —

500bp —
400bp —

300bp —

200bp —

100bp —

Figure 13. PCR of Ntg, caPI3K, dnPI3K, kdAkt and Mst1 mice, showing respective base

pair sizes.
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positive) was used for all genotypes. The DNA samples were amplified in the PCR

machine using the following protocol:

. DNA samples were pre-incubated at 94°C for 2 minutes,

° DNA samples underwent 33 cycles of amplification,

o) DNA samples were denatured at 94°C for 45 seconds,
o DNA samples were annealed at 55°C for 45 seconds,
o DNA samples were elongated at 72°C for 1 minute,

° Following incubation at 72°C for a further 10 minutes, the amplified DNA

samples were stored at 4°C until required for electrophoresis.

Two pl of gel loading buffer (5% of 1% Bromophenol blue, 5% of 1% xylene
cyanol, 50% glycerol, and 40% MgH,0) was added to each DNA sample. In order to
visualise the PCR products under UV light, samples were run on an ethidium bromide
(Img/ml) stained 2% agarose gel in 1 X TAE buffer (4.84g/L Tris-Base, 10% 0.5M EDTA
[pH 8.0], 5.71% glacial acetic acid, and 90% MqH,0) for 45 minutes at 100V. To
determine the size of any positive bands, 5ul of the GeneRuler 100 base pair ladder
(Fermentas, catalogue number SM0241) was run alongside the PCR products. The DNA
fragments were visualised under 305nm UV light. Double- and triple-transgenic mice

have positive bands for both, or all three, genes respectively (see Figure 14).

2.4. Measurement of cardiac function and electrophysiology

Cardiac function and electrophysiology was assessed non-invasively (using
echocardiography and electrocardiography), and invasively (using catheterisation and

telemetry recordings) at various age-points, as described below.

2.4.1. Echocardiography

Visualisation of the heart chambers can be accomplished non-invasively through
echocardiography, which provides a graphic outline of the movement of cardiac

structures through ultrasonography (Harris et al., 2006). It is also useful for the exami-
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Marker 1 2 3 4 5 +ve

Mstl

Marker 1 2 3 4 5 +ve -ve

dnPI3K

Figure 14. PCR of double-transgenic mice, showing positive bands for both the Mst1
and dnPI3K genes.
Top panel: Mstl transgene expression, (samples 2, 3, 4 and 5 are positive). Bottom panel:

dnPI3K transgene expression (samples 4 and 5 are positive). Therefore, samples 4 and 5 are

double-transgenic.
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nation of cardiac function at different time points (i.e. the same mouse can be
examined at different ages). Mice were anaesthetised with an intraperitoneal injection
of 2,2,2-tribromoethanol (240 mg/kg) as it has been shown to have only modest
effects on cardiac function and output, compared to pentobarbitone and ketamine-
xylazine anaesthesia (Kiatchoosakun et al., 2001). The chest of the mouse was shaven
and the mouse placed on a heating pad (constant temperature of 37°C) in a supine
position for the duration of the procedure. Ultrasound transmission gel (Aquasonic
100, Parker Laboratories) was applied and transthoracic echocardiography was
performed using a Hewlett Packard Sonos 5500 ultrasound machine with a 15 MHz
linear transducer array or the Philips IE33 echocardiography system.

A 2-D guided M-mode trace crossing the anterior and posterior wall of the
left ventricle was recorded at the level of the papillary muscles, as previously described
(Gao et al., 2000). Left ventricular end-systolic dimension (LVESD), left ventricular end-
diastolic dimension (LVEDD), and ventricular wall thicknesses [interventricular septal
width (IVS), and left ventricular posterior wall thickness (LVPW)] were measured from
the M-mode images (see Figure 15) and averaged from three cardiac cycles.
Additionally, systolic cardiac function was determined by calculating left ventricular
fractional shortening, according to the following equation:

% Fractional Shortening = [(LVEDD-LVESD)/LVEDD) x 100%]

2.4.2. Catheterisation

Cardiac catheterisation was performed to measure cardiac function and ventricular
pressures, as previously described (Du et al., 2000a). Mice were anaesthetised with an
intraperitoneal injection of Ketamine/Xylazine/Atropine (KXA; 100/10/1.2 mg/kg) and
placed on a heating pad (constant temperature of 37°C) in a supine position. The right
main carotid artery was dissected and a microtipped transducer catheter (1.4FR, Millar
Instruments) was inserted into the carotid artery and progressed into the left ventricle.
Aortic blood pressure, left ventricular systolic and diastolic pressures (LVSP and LVEDP,
respectively), and maximal rate of rise and fall of left ventricular pressures (dP/dtwax
and dP/dtwin, respectively) were recorded using the Powerlab system (ADInstruments).

A representative blood pressure trace is shown in Figure 16.
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Figure 15. M-mode echocardiographic trace of a mouse heart, showing the
measurement of chamber dimensions and wall thicknesses.

LVESD: Left ventricular end-systolic dimension; LVEDD: Left ventricular end-diastolic dimension;

IVS: Interventricular septal width; and LVPW: Left ventricular posterior wall thickness
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Figure 16. Catheterisation of the mouse heart.

A: Trace of cardiac blood pressure. B: Left ventricular pressure. C: Maximum rise (dP/dt max)

and fall (dP/dt min) of left ventricular pressure.
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Cardiac catheterisation is a terminal procedure. During catheterisation,
blood was collected by cardiac puncture and placed in primed heparinised tubes
(heparin concentration 100 units/ml). Plasma was obtained from blood samples as
described in Section 2.9. Following catheterisation mice were dissected and tissues

collected, as described in Section 2.6.

2.4.3. Electrocardiography

Mice were subjected to non-invasive ECG to examine the electrical conduction and any
associated cardiac abnormalities, including arrhythmias. Mice were anaesthetised with
an intraperitoneal injection of 2,2,2-tribromoethanol (240 mg/kg), and were placed on
a heating pad at 37°C for the duration of recording and recovery. To minimize the
impact of electrical interference, a water-based heating pad was used instead of an
electrical heating pad, and all ECG recordings were conducted in a radio-frequency
shielded room.

Two pairs of 27-gauge needle electrodes were placed subcutaneously on
the right arm and chest to obtain recordings for the chest lead (equivalent to V5 of
human ECG leads) and on the right arm and left leg to obtain recordings for lead Il. All
signals were sampled at 1kHz for a period of 5 to 10 minutes using the Powerlab
system (ADInstruments). Analysis of ECG recordings was performed using the Chart5
ECG Analysis module (ADInstruments), with the signal averaging method (averaging 4
beats for each measurement). The following parameters were measured: P-R, R-R
interval, QRS interval, R-amplitude, and P-amplitude, as shown in Figure 17. AF was
classified as absent P-waves during periods of overtly irregular R-R intervals. Heart rate
was also calculated from the ECG recordings, according to the following equation:

Heart rate (beats per minute [bpm]) = [1 second/R-R interval (seconds)] x 60

2.4.4. Intracardiac electrocardiography cathetherisation

A small subset of mice was subjected to intracardiac ECG catheterisation to measure
the action potential of the bundle of His. Mice were anaesthetised with an
intraperitoneal injection of KXA (100/10/1.2 mg/kg) and placed on a water-based

heating pad (constant temperature of 37°C) in a supine position. An electrophysiology
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Figure 17. Parameters measured by ECG in the mouse heart.
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catheter with 8 ECG sensors, each 0.25mm long and separated by 1 mm, (Figure 18 A,
Ultra-Miniature Electrophysiology Catheter, 1.1F, Catalogue Number: EPR-800, Millar
Instruments) was inserted into the jugular vein for placement inside the right atrium
and right ventricle. Intracardiac ECG measurements were recorded for a period of 5 to
10 minutes using the Powerlab system (ADInstruments) (as shown in Figure 18 B), and

surface ECG recordings (lead Il position) were measured simultaneously.

ECG Sensors

A Electrophysiology RN
e

e P B Iy _ N2
Catheter

1.5

1.0

mV

0.5

0.0

Buhdle
of His

Figure 18. Intracardiac ECG catheter recordings of the mouse heart.
A: Electrophysiology catheter with 8 ECG sensors to detect intracardiac potentials. B:
Intracardiac ECG recording showing the Bundle of His peak (j) that occurs after atrial

depolarisation (P) but before ventricular depolarisation (R).
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2.4.5. Telemetry

To confirm the anaesthetised ECG findings, ambulatory ECGs were recorded in
conscious unrestrained mice after implantation of telemeters (TA10EA-F20, Data
Sciences International). Mice were anaesthetised with an intraperitoneal injection of
KXA (100/20/1.2 mg/kg) and placed on a heating pad (37°C). The telemeter (3.9¢g in
weight, 1.9ml in volume) was inserted into the peritoneal cavity and the leads were
connected to the right foreleg and left side of the chest (a similar position to the
surface leads, V5). The telemeter was sutured to the abdominal wall to keep it in
position, and the abdominal wall was closed with stitches. Carprofen (2mg/kg, Pfizer
Incorporated) was administered for pain relief.

Mice were allowed 1 week to recover from surgery. After recovery, the
telemeters were turned on non-invasively using a magnet. Continuous ambulatory
data recordings were made non-invasively for 1 week while mice were in their cages
under normal conditions. After 1 week, ECG recordings were taken (as previously
described, see page 73) simultaneously with the ECG recordings from the telemetry
transmitter (Figure 19). Files were recorded using Data Sciences International
Dataquest A.R.T. acquisition, and analysed using the Chart5 Powerlab software

(ADInstruments).

1.0
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Figure 19. ECG of the mouse heart recorded by telemetry.
ECG of a mouse heart recorded by ambulatory telemetry showing atrial depolarisation (P) and

ventricular depolarisation (R).
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2.5. Ovariectomy and hormone replacement therapy

To investigate the effects of hormonal deficiency in adult female mice, female mice
were randomly subjected to bilateral ovariectomy or sham ovariectomy at 23-27 days
of age, as puberty occurs at approximately 4 weeks in mice (Silverman et al., 1989).
Mice were anaesthetized with an intraperitoneal injection of KXA (100/10/1.2 mg/kg).
Mice were placed in a prone position under a dissection microscope and ovariectomy
or sham operation performed (Figure 20). Small incisions were made on both sides at
the approximate level of the last rib, approximately 1.5cm off the midline. A small
incision on the abdominal wall was made through the opening to expose the ovaries.
The fallopian tubes were located with blunt forceps and ligated (using 6-0
monofilament prolene surgical suture, Ethicon Incorporated), after which the ovaries
were removed. Mice in the sham ovariectomy group underwent a similar procedure,
but ovaries were left intact. To investigate the effect of estrogen replacement therapy,
a subgroup of ovariectomised mice received subcutaneously implanted 90-day release
pellets of 17B-estradiol [2.5mg equivalent to 27.8ug/day; Innovative Research of
America, based on a therapeutic dose from previous studies (Cavasin et al., 2003;
Lekgabe et al., 2006)] or placebo (2.5mg; Innovative Research of America) at the same
time as ovariectomy surgery.

Following suturing of the wound, mice were placed on a heating pad
(constant temperature of 37°C) to recover. Betadine antiseptic ointment (10% w/w
Povidone-lodine; equivalent to 1% w/w available lodine, Mayne Consumer Products)
was applied to wounds to prevent infection. All mice were administered a subcu-
taneous injection of anti-sedan (0.2mg/kg, Novartis Pty. Ltd.) to assist with recovery
from the anaesthetic, as well as carprofen (2mg/kg, Pfizer Incorporated) for pain relief.
Following recovery, mice were monitored daily to ensure stitches remained secure and
no adverse reactions to the surgery were observed. The mice were monitored until 4.5
months of age. Animals that underwent ovariectomy or sham surgery were fed a soy-
free diet (Speciality Feeds, SF06-053) to prevent the influence of phytoestrogens from
food (Albertazzi and Purdie, 2002; Mitchell et al., 2001; Setchell, 1998), while all other
animals were fed a control rodent diet (Irradiated Rat and Mouse Diet, Speciality

Feeds). These two diets provided similar levels of digestible energy (Table 10).
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e P
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Figure 20. Ovariectomy surgery in mice.

A: Mouse is placed in a prone position under a dissection microscope. B: A transverse incision is
made at the approximate level of the last rib, and another incision is made through the opening
to expose the ovaries. C & D: The fallopian tubes are located and ligated, after which the
ovaries are removed. E & F: The wound is sutured closed and antiseptic ointment applied to

prevent infection.
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Table 10. Comparison of the nutritional content of the soy-free and control diets.

Control diet

Protein 18.5% 19.4%

Total Fat 5.9% 4.8%

Crude Fibre 3.4% 5.1%
Digestible Energy 14.3 MJ/Kg 14.0 MJ/KG
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2.6. Tissue harvesting and tibia lenqgth measurement

Mice were anaesthetised with an intra-peritoneal injection of Lethabarb (sodium
pentobarbitone; 80mg/kg) and then killed by cervical dislocation. The heart, atria, and
lungs were dissected and weighed, after which the apexes of the hearts were snap
frozen in liquid nitrogen for RNA or protein analyses. Atria were also snap frozen in
liguid nitrogen, except when required for histological sectioning when they were fixed
in 4% paraformaldehyde (PFA, Sigma-Aldrich, catalogue number P6148500G). The
basal portion of the ventricles and the lungs were also fixed in 4% PFA for histological
analysis. A small piece of tail and a single hind limb (containing the tibia) were
collected for DNA analysis and tibia length measurement, respectively. For
ovariectomy studies, uterine weights (in females) were also recorded.

Tibia lengths were measured to standardise organ weights, in addition to
body weights which can differ between mice and between genders. The hind leg
collected during tissue harvesting was placed in 3ml of 1M NaOH and incubated in a
37°C oven overnight to digest the skin, muscle, and fat. The next morning, the tibia

was removed from the tube and measured using a vernier caliper (Figure 21).
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Figure 21. Measurement of tibia length using a vernier caliper.
Tibia length is measured by placing the tibia between the caliper notches and aligning the

upper and lower calibration lines — in this example the tibia length is 17.5mm.
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2.7. Protein expression analysis

2.7.1. Heart homogenisation

Hearts were homogenised using the homogeniser PRO 200° (Harvard Apparatus,
catalogue number 72-1297) with a cutting saw-tooth probe (7mm x 95mm generator,
Pro Scientific, part number 02-07095). Heart lysis buffer (HLB) was prepared [20%
glycerol, 137mM NaCl (2.74% of total volume), 20mM Tris-Hcl (pH 7.4; 2% of total
volume), 4ug/ml of both the aprotinin and leupeptin inhibitors (0.08% each of total
volume), ImM PMSF (2% of total volume), 4ug/ml pepstatin (0.4% of total volume),
10mM EDTA (2% of total volume), 1ImM EGTA (2.5% of total volume), 20mM NaF (4%
of total volume), ImM Na-pyrophosphate (1% of total volume), 1ImM sodium
vanadates (1% of total volume), and 53.2% MqgH,0; the additional 10% of the total
volume was made up by adding the detergent IGE-PAL CA-630 (final concentration 1%;
Sigma Aldrich, catalogue number 12031) later, see Section 2.7.2], and 400ul of the HLB
was added to 5ml homogeniser tubes (Labserv, product number LBS450). Hearts
(approximately 35mg, one quarter of a heart) were added to the HLB and the tube
kept in an ice and water slush to ensure that the sample remained cold. The hearts
were homogenised using the two lowest possible settings (5,000-6,000 rpm) in brief
spurts (less than 10 seconds) to minimise any increase in temperature of the sample,
and the probe was cleaned following each sample to prevent contamination between

samples.

2.7.2. Protein extraction

Following homogenisation, the heart homogenate was transferred into an eppendorf
tube and the detergent IGE-PAL CA-630 (10% of total volume of homogenate; final
concentration 1%) was added to break the cytoplasmic membranes. The sample was
vortexed to ensure that the solutions were sufficiently mixed and then incubated for
15 minutes on ice. Following incubation, the samples were centrifuged at 13,200 rpm
for 15 minutes at 4°C and the supernatant (heart homogenate) collected. Samples

were stored at -80°C until required for analysis.
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2.7.3. Measurement of protein concentration — Bradford assay

The concentrations of the protein samples were determined using the Bradford assay
(Bradford, 1976). Protein standards were prepared using bovine serum albumin (BSA,
Sigma-Aldrich, catalogue number A9418) and MqgH,0 to give final concentrations of 0,
0.2, 0.4, 0.6, 0.8, and 1.0 mg/ml. Eighteen pul of MgH,0 and 2ul of heart lysate was
added to each experimental tube, followed by 1ml of 1 X Bradford reagent (1 in 5
dilution of Bio-rad Protein Assay Dye Reagent Concentrate, catalogue number 500-
0006). Samples were vortexed to ensure mixing of the solution, and the tubes were
incubated at RT for 15 minutes.

Standards were placed in a Beckman Coulter DU640° spectrophotometer
under visible light to produce a standard curve of absorbencies at known protein
concentrations (using the standard BSA samples). The samples were placed in the
spectrophotometer and their absorbencies determined. Using the previously obtained
standard curve and correcting for any dilution factors, the protein concentrations of
the samples were calculated. All sample measurements were repeated to ensure
accuracy. These protein concentrations were used to standardise the different protein

samples for use in Western Blotting (described below).

2.7.4. Western blotting

Western blotting (Burnette, 1981) is a standard laboratory technique used to detect
individual proteins from a complex mixture of proteins by separating them according
to their molecular mass (Sambrook and Russel, 2001). Protein samples can be
dissociated into their individual poplypeptide units by using the strongly anionic
detergent sodium dodecyl sulfate (SDS) in combination with a reducing agent. The
polypeptides bind to the SDS and become negatively charged. The amount of SDS
bound to the polypeptide is proportional to its size and consequently the samples can
be separated in a polyacrylamide gel according to their size and identified using a
marker of known molecular weight. Following the separation of the proteins on a gel,
the proteins can be transferred onto a membrane and then specifically detected and
identified using a specific antibody. A summary of the western blotting protocol is

shown in Figure 22.
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Figure 22. Western blotting to examine protein expression in tissue.

Homogenised tissue is denatured and loaded onto a polyacrylamide gel. Running the samples
through the gel allows for the separation of protein based on size. The samples on the gel are
then transferred to a nitrocellulose membrane using electric current. The resulting membrane is
probed for protein expression by placing it in primary antibody, and then a secondary antibody.
The secondary antibody is conjugated to horse radish peroxidise, which can be detected by a

chemiluminescent substrate. The resulting light signal can then be detected using X-ray film.
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A 10% separating gel [Sml 30% Acrylamide/Bis, 3.75ml 4 X Tris/SDS pH 8.8,
6.25ml MqH,0, 50ul 10% ammonium persulfate (APS) and 10ul Tetramethyl-
ethylenediamine (TEMED)] was prepared and covered with a layer of MqH,0
(approximately 1.5cm) to prevent dehydration. The gel was left to polymerise for 30 to
60 minutes at RT. Following polymerisation, the MgH,0 was removed and the stacking
gel (650ul 30% Acrylamide/Bis, 1.25ml 4 X Tris/SDS pH 6.8, 3.05ml MqH,0, 25ul 10%
APS and 5ul TEMED) was placed on top of the separating gel. The well comb was
inserted and the gel left to polymerise for 30 to 45 minutes at RT.

Using the previously determined protein concentrations (using the Bradford
Assay), 100ug of each protein sample was measured and 5pl of 6 X SDS Sample Buffer
(70% 4 X Tris/SDS pH 6.8, 30% Glycerol, 0.1g/ml SDS, 0.093g/ml Dithiotreitol (DTT,
Sigma Aldrich, catalogue number D0632-5G), 1% Bromophenol blue) was added to
each sample. The gel was pre-run at 150V for 15 minutes. Protein samples (with 6 X
SDS sample buffer) were vortexed, heat denatured at 95°C for 5 minutes and briefly
centrifuged for 5 seconds. Protein samples were loaded onto the gel using gel loading
tips. To enable the identification of the different protein sizes, 20ul Kaleidoscope
marker (Bio-rad, catalogue number 161-0324) was run along with the protein samples.
The samples were run at 150V for 60 minutes.

A 6 x 9 cm membrane (Immobilon P*® 0.2um Membrane, Millipore, cata-
logue number IPVH00010) was prepared for protein transfer by soaking it in 100%
methanol for 15 seconds, MgH,0 for 1 minute, and in transfer buffer (25mM Tris-base,
192mM Glycine, in 90% MgH,0, and 10% of 100% methanol) for 15-30 minutes with
gentle shaking. Proteins were transferred onto the membrane for 90 minutes at 36V or
overnight at 9V at 4°C on a stirring platform, using a Mini-PROTEAN 3 cell transfer
apparatus according to the manufacturer’s instructions (BIO-RAD, catalogue number
165-3301). Following transfer, the protein was baked onto the membrane between
Whatman filter paper for 10 minutes at 65°C. The membrane was rehydrated by
placing it in 100% methanol for 1 minute, in MgH,0 for 2 minutes and in TBST (3% 5M
NaCl, 1% 1M Tris.HCI pH 8.0, 0.25% of 20% Tween 20, and 95.75% MqH,0) for 5
minutes with gentle shaking. Following rehydration, the membrane was placed in 5%
non-fat milk/TBST with gentle shaking for 60 minutes, in order to block non-specific

background interactions. The membrane was removed from the 5% non-fat milk/TBST
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and incubated at 4°C overnight with gentle rocking in the appropriate primary
antibody (see Table 11) diluted in either 5% non-fat milk/TBST or 5% BSA/TBST as per

the manufacturer’s instructions.

Table 11. Antibodies used for western blotting.

Molecul
Primary Concen- Secondary ° e.cu ar
antibody tration antibody weight
(kDa)
Cell Signaling . .
Anti- .
Phospho-Akt | 1:500 Technologies; catalogue lgtgggbblt, 60
number: #9271 '
Cell Signaling . .
A - .
Akt 1:500 Technologies; catalogue lgtgggbblt, 60
number: #9272 '
phospho- Santa Cruz Anti-mouse:
pa4a/pa2 1:200 Biotechnology; catalogue 1:9500 " 44 & 42
MAPK number: sc-7383 '
Cell Signaling . .
FI\’:I‘:I/JTZ 1:1000 Technologies; catalogue ?r;tsl-(:gbblt, 44 & 42
number: #9102 '
hospho-p38 cell Signaling Anti-rabbit;
IF\)/IAPE P 1:500 Technologies; catalogue 1:2500 " 143
number: #9215 '
Santa Cruz
Anti-rabbit;
p38 MAPK 1:2500 Biotechnology; catalogue nHrabbit; 38
1:2500
number: sc-535
>anta Cruz Anti-mouse;
GAPDH 1:500 Biotechnology; catalogue 15000 "1 37
number: sc-32233 '
. Upstate; catalogue Anti-rabbit;
PI3K p85 1:5000 number: #06-195 1:5000 85
) Stressgen; catalogue Anti-mouse;
ERat 1:500 number: #SRA-1010 1:2500 66

The following day the membrane was rocked an additional 90 minutes at
RT. The membrane was washed four times for 5 minutes in TBST and incubated with
the appropriate secondary antibody (Australian Laboratory Services Pty Ltd., catalogue
numbers:

anti-mouse HRP #715-035-150; and anti-rabbit HRP #711-035-152,
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concentration 1:2500) diluted in 5% non-fat milk/TBST for 90 minutes at RT with gentle
rocking.

Following the antibody incubation, the membrane was washed with TBST
four times for 5 minutes. One ml of each of the Pierce SuperSignaI® West Pico
Chemiluminescent Substrate solutions (SuperSignal® West Pico Stable Peroxide
Solution and SuperSignal® West Pico Luminol/Enhancer Solution, product number
34090) was mixed and the membrane was incubated for 2-5 minutes at RT. The
membrane was wrapped in plastic wrap and exposed to Amersham Hyperfilm ECL (GE
Healthcare, catalogue number 28906837). Samples were quantified using Imagel
(version 1.42q) software (National Institutes of Health, USA) by measuring the signal
density relative to either the non-phosphorylated form of the antibody or a house-
keeping protein.

In order to probe the nitrocellulose membranes with various antibodies,
the membranes were stripped by placing them in 10ml of Western Blot Stripping
Buffer (0.78% 2-mercaptoethanol, 20% of 10% SDS, 12.5% 0.5M Tris pH 8.0, and
66.72% MqH-0) and incubating at 65°C for 30 minutes in a rotating hybridisation oven.
Following stripping, membranes were washed in TBST for 5 minutes twice, and stored

in fresh TBST at 4°C until required for further immunodetection.

2.7.5. Immunoprecipitation

In order to identify whether there is an interaction between PI3K (p110a) and ERa,
samples were immunoprecipitated with a PI3K p85 antibody using Protein A Sepharose
beads (GE Healthcare, product code 17-5280-04) and probed for ERa (see Table 11). To
allow for the removal of non-specific binding to the Protein A beads, 700ul of HLB (as
described earlier) and 500ug of heart lysate were incubated with 50pl Protein A beads
at 4°C for an hour. The tubes were centrifuged for 1 minute at 9,000 rpm, and the
supernatant used for the remainder of the experiment. The PI3K p85 antibody (0.5ul)
was added to each tube, excluding the “no-antibody” control and rocked overnight at
4°C. A 10% acrylamide SDS-PAGE gel was prepared as described earlier. The following
day, 50ul of Protein A Sepharose was added to each tube and incubated for 1 hour at

4°C, to allow the antibody-protein complex of interest to bind to the Protein A beads.
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The beads were washed 3 times, by centrifuging for 9,000 rpm (at 4°C), removing the
supernatant, adding 700ul fresh HLB, and incubating for another 10 minutes. Following
the washes, the beads were centrifuged at 9,000 rpm for 1 minute, and all the
supernatant aspirated using a 30 gauge needle.

Thirty pl of 2 X SDS Sample Buffer (1:3 dilution of 6 X SDS Sample Buffer,
page 82) was added to the remaining bead complex in each tube, and the tubes were
incubated at 95°C for 5 minutes to induce the breakage of the antibody-lysate-protein
A-complex. Twenty ul of Kaleidoscope marker, followed by 25ul of each sample in
subsequent lanes, was loaded onto the SDS-PAGE gel, and the gel run at 150V for 45
minutes. Following running of the gel, the protocol for immunoblotting and immuno-
detection for Western Blotting was used to detect protein interactions (see Section

2.7.4.).

2.7.6. PI3K activity assay

2.7.6.1. Mouse ventricular tissue

To measure PI3K activity in mouse ventricular heart samples, 500ug of lysate was
immunoprecipitated with a PI3K p85 antibody (see Table 11) using Protein A, as
previously described (see Section 2.7.5.). The following day, the Protein A beads were
washed twice in HLB, as well as twice in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) buffer [10mM HEPES (pH 7.4, 1% of total volume; Sigma Aldrich,
catalogue number H4034-100G), 0.1mM EGTA (0.25% of total volume; MP
Biomedicals, catalogue number 195174), 0.015% IGE-PAL, 1mM DTT (0.01% of total
volume), and 98.725% MqH20] by centrifuging at 10,000 rpm for 1 minute, removing
the supernatant, and adding 700l of new HEPES buffer.

Three hundred pl of the bead-lysate suspension was aliquoted into a new
tube and centrifuged at 10,000 rpm for 1 minute and the supernatant removed.
Twenty five pl of 2 X SB was added to each sample and the samples denatured at
100°C for 5 minutes. Fifteen ul of each sample was loaded onto a 7% acrylamide gel
and run according to the western blotting protocol described previously (see Section
2.7.4.). The remaining 400ul of the bead-lysate suspension was centrifuged at 10,000

rpm for 1 minute and the supernatant removed. The beads were resuspended in 30pul
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HEPES buffer and stored on ice until required for the kinase assay. A 20 x 20cm thin-
layer chromatography (TLC) plate (Merck, catalogue number 1.05553.0001) was baked
at 100°C for 1 hour. Lipid solution was prepared by adding 0.6ul phosphatidyl inositol
in chloroform [CHCI3] (10mg/ml, Sigma Aldrich, catalogue number P2517) and 0.6pl
phosphatidyl serine in CHCl; (10mg/ml, Sigma Aldrich, catalogue number P6641) for
each sample to be blotted, and the CHCl; removed using a speed vacuum at -97°C for 5
minutes with a vacuum pressure of 0.1. The lipid solution was resuspended in 100ul
HEPES buffer, sonicated for 40 seconds using a microtip probe sonicator, and stored at
RT until use.

The extraction solution (1:1 dilution of CHCI; and methanol) and 5 X ATP
mix [50mM HEPES (pH 7.4), 25mM MgCl,, 100uM ATP, 36.25% MqgH,0, and 5%
radioactively labelled 32-phosphorous ATP (y->>P-dATP)] were prepared. Ten pl of lipid
and 10ul of 5 X ATP mix was added to each sample, and the sample mixed in a
thermomixer (Eppendorf) at 25°C, 1,400 rpm for 10 minutes. The reaction was stopped
by placing the samples on ice and adding 60ul of 2M HCI and 160ul of the extraction
solution. Tubes were vortexed for 1 minute, and centrifuged at 14,000 rpm for 1
minute to separate the aqueous and organic phases.

The aqueous phase was removed, as it contained the free ATP that can
result in high background readings. Sixty ul of the organic phase was spotted onto the
TLC plate drop by drop, allowing each drop to dry before adding the next. The TLC
plate was placed in a TLC tank containing tank buffer (65% propenol, 35% 2M acetic
acid). The solvent front was allowed to rise by capillary action overnight, to separate
the components of the samples. The next day, the TLC plate was removed from the
TLC tank and allowed to dry for 10 minutes. The plate was exposed to Amersham

Hyperfilm MP (GE Healthcare, 28906845) at -80°C.

2.7.6.2. Human atrial tissue

PI3K activity was also assessed in atrial tissue samples from patients undergoing CABG

surgery (right appendage only) who did or did not develop acute AF, as well as
patients undergoing mitral valve surgery (left appendages) with chronic AF.

Medications (statins, beta-blockers and ACE inhibitors) were evenly distributed
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between groups and stopped the night before surgery. Patients with diabetes were not
included in the study. PI3K activity was assessed as previously described, using 1mg of

human atrial tissue lysate.

2.7.7. Gelatin Zymography

Gelatin zymography was performed by Dr. Yi-Dan Su (Experimental Cardiology
Laboratory, BakerIDl Heart & Diabetes Institute). MMP-2 (gelatinase A) and MMP-9
(gelatinase B) expression and activity were measured in heart tissue as previously
described (Lekgabe et al., 2005). Briefly, cardiac tissue was homogenised in 0.25%
Triton X-100 (Sigma Aldrich, catalogue number X100) containing 10mM CaCl,. The
homogenate was centrifuged at 6,000 rpm for 30 minutes at 4°C and the pellet
(containing 80-90% of the MMPs) was resuspended in 0.1M CaCl,. MMPs were
extracted by placing the suspension in a shaking water bath for 4 minutes at 60°C. The
samples were then chilled on ice for 2 minutes, before being centrifuged again at
13,000 rpm for 30 minutes at 4°C. The supernatant was then transferred to centricon
concentrator tubes (Millipore) with a 10kDa molecular weight cut off and concentrated
20 times by centrifugation at 6,500 rpm. Aliquots of tissue extracts containing the
MMPs were then mixed with sample buffer (62.5mM Tris/HCL, pH 6.8, 2% SDS, 10%
glycerol, and 0.0025% bromophenol blue) at a ratio of 3 parts enzyme sample and 1
part sample buffer for 60 minutes at RT. Samples were loaded on a 7.5% acrylamide
gel containing 0.05mg/ml gelatin and 3.5% stacking gel, and electrophoresed at 100V
(through the stacking gel) and 200V (through the separating gel) at 4°C until the
bromophenol blue marker dye reached the bottom of the gel.

Following electrophoresis, the SDS was removed by washing the gel for 15
minutes in Triton X-100 (0.25%) twice. The MMPs were allowed to renature and digest
the surrounding gelatin overnight at 37°C in incubation buffer (50mM Tris/HCl, pH 7.5,
10mM CaCl,, 1uM ZnCly, 1% Triton X-100 and 0.02% NaNs, in MqgH,0) (Woessner,
1995). Following incubation, the gels were stained with 0.1% Coomassie brilliant blue
(containing 40% isopropanol) for a minimum period of 1 hour at RT. The gels were de-
stained with 20% methanol containing 7% acetic acid until clear bands were visible (2-4

hours). The gels were dried, scanned and densitometry levels were determined.
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2.8. Gene expression analysis

2.8.1. RNA extraction

RNA was extracted from heart samples, using Trizol (Invitrogen, catalogue number
15596-018). Heart samples were placed in 14ml sterile tubes with either 2.0ml Trizol
(for ventricular samples) or 1.0ml Trizol (for atrial samples), and homogenised at RT.
Following homogenisation of each sample, the probe was cleaned using diethyl-
pyrocarbonate (DEPC) water to prevent any cross-contamination between samples.
The samples were incubated at RT for 5 minutes and centrifuged at 4°C for 10 minutes
at 3,100 rpm. The supernatant (containing the RNA) was collected into two new tubes
(approximately 1ml of solution in each tube), and the pellet (containing the
extracellular membranes, polysaccharides and high molecular weight DNA) was
discarded.

To precipitate the RNA, 0.2ml of chloroform was added to each tube and
shaken vigorously. The tubes were incubated at RT for 3 minutes and centrifuged at
4°C for 10 minutes at 10,000 rpm. The supernatant was discarded and 1ml of 75%
DEPC treated ethanol was added to each sample to wash the RNA pellet. The ethanol
was discarded and the tubes left to dry at RT for 2-3 minutes. The RNA pellet was
washed again using 1ml of 75% DEPC treated ethanol, after which the samples were
centrifuged at 4°C for 5 minutes at 9000 rpm. The ethanol discarded and the tubes left
to air dry on paper towel for 5-10 minutes at RT in order to evaporate any residual
ethanol. 100ul of MgH,0 was added to each tube to dissolve the RNA pellet. RNA

samples were stored at -80°C until required for analysis.

2.8.2. Measurement of RNA concentration and quality

RNA concentration was determined by recording the absorbance of RNA samples (2ul
of RNA in 98ul of DEPC water) under UV light (wavelengths 260 and 280nm) in a
Beckman Coulter DU640® spectrophotometer. RNA concentration was determined
using the following equation: RNA concentration (ug/ml) = Abs (260nm) X 50 (dilution
factor) X 40 (optical density for RNA is 40ug/ml). Purity of the RNA samples was

determined by assessing the RNA ratio (absorbance at 260nm/absorbance at 280nm),
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in addition to visualisation of 28S and 18S band on the Northern gel (Figure 23).

4700 base pairs

1900 base pairs

Figure 23. Examination of 28S and 18S bands to determine RNA quality.
The 28S band represents 4700 base pairs in size, and the 18S band represents 1900 base pairs

in size.

2.8.3. Northern gel preparation and transfer

First described in 1977 (Alwine et al., 1977), Northern blotting is still considered a gold
standard method for gene expression analysis as it allows for the direct comparison of
the messenger RNA abundance between samples on a single membrane (Streit et al.,
2009). Following RNA extraction, samples are prepared and run on a denaturing
formaldehyde agarose gel to separate the samples based on size. The samples are
transferred from the gel to a positively charged membrane and this membrane is used
for further probing.

Using the concentrations obtained from spectrophotometry, 10ug of the
samples were made up to 100ul with DEPC-treated water. The RNA was precipitated
out of solution by adding 250ul of cold 100% ethanol, and 10ul of 3M sodium acetate
(pH 6.0) and incubating the tubes at —80°C overnight. The gel apparatus was
decontaminated by soaking it in 5% hydrogen peroxide overnight to prevent the
degradation of the RNA by ribonucleases (Sambrook and Russel, 2001). The following
day a 1.3% agarose gel was prepared (0.013g/ml agarose, 10% 10 X MOPS, 90% DEPC-
treated water). Formaldehyde (8ml, saturated solution: 37% by mass in water) was
added to ensure the RNA remained denatured, thus limiting the formation of

secondary structures (Streit et al., 2009). Thirty ul ethidium bromide (1mg/ml) was
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also added to allow visualisation under UV light, thus enabling the examination of the
quality and quantity of RNA prior to blotting. The gel was left for an hour to set.

The RNA samples were removed from —80°C and centrifuged at 13,200 rpm
at 4°C for 15 minutes. The supernatant was discarded and 200ul of cold 70% DEPC-
treated ethanol added to wash the RNA pellet. Following gentle agitation of the pellet,
the samples were centrifuged for an additional 2 minutes at 13,200rpm at 4°C. The
ethanol was discarded and 20ul of RNA loading buffer [22% DEPC-treated water, 10%
10 X MOPS, 18% formaldehyde (saturated solution, 37%), and 50% formamide] added
to each sample. The samples were incubated at 65°C for 15 minutes to denature the
RNA and placed directly on ice. Four pl of 10 X Northern dye (50% glycerol, 2% 0.5M
EDTA pH 8.0, 0.25% bromophenol blue, and 47.75% of DEPC-treated water) was added
to each sample and the samples were loaded onto the Northern gel. The gel was run
for approximately 2 hours in 1 X MOPS and then visualised under UV light to examine
the presence of the 18S and 28S bands [a measure of RNA quality, as previously
described (see Figure 23) with smearing indicative of RNA degradation].

A Northern transfer apparatus was prepared using a large baking dish with
a glass plate on top and 600ml of 20 X SSC in the dish. A 570 x 150 mm piece of
Whatman filter paper was wrapped around the glass plate and allowed to remain in
contact with the 20 X SSC, allowing it to soak up the solution and facilitate upward
capillary transfer (Sambrook and Russel, 2001). The gel was placed upside down on the
Whatman filter paper, and the 150 x 100mm membrane (soaked in water and in 20 X
SSC, Hybond-N membrane, Amersham Biosciences, product code: RPN303N) placed on
top of the gel. A 150 x 100mm piece of Whatman filter paper soaked in 20 X SSC was
placed on top of the membrane to keep it moist and paper towel was placed on top of
the filter paper. A glass plate with a bottle containing approximately 500ml of solution
on top was placed on the paper towel as a weight. This apparatus allows the RNA to
transfer from the gel to the membrane through upward capillary action overnight
(Sambrook and Russel, 2001) (Figure 24).

The following day, the gel and membrane were removed from the
apparatus and the wells marked using a ball point pen. Another UV image was taken to

ensure complete RNA transfer and the membrane was cross-linked twice with a UV
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Glass bottle
Glass plate —————
= Paper towel
Whatman filter paper (green)
Whatma;(;‘i)l(tgggager wick L I\gzrl'u(wlg)l;acrll? (red)

Glasscontainer_ll | ) I Glass support

Figure 24. Northern gel transfer apparatus enabling upward capillary transfer of RNA

from northern gel to Hybond-N membrane.
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cross-linker, using the auto crosslink setting (Stratagen, catalogue number 400072).
Following approximately 30 minutes of air drying, the membrane was ready for

probing with a 32-phosphorous CTP (**P-dCTP) labelled probe.

2.8.4. Northern blotting

Prehybridisation solution [25% 20 X SSC, 10% 50 X filtered Denharts solution (10mg/ml
BSA, 10mg/ml Ficoll 400, 10mg/ml polycinalpyrrolidone (Sigma Aldrich, catalogue
number P5288), in MgH,0), 5% of 10% SDS, 10% DEPC water, 50% formamide] was
warmed in a 42°C water bath. The membrane was placed into a hybridisation bottle
with 10ml of prehybridisation solution and 100ul of denatured salmon sperm DNA
(10mg/ml; Sigma-Aldrich, catalogue number D1626-250MG). Salmon sperm DNA acts
as a blocking agent in Northern Blotting protocols by preferentially binding to
background nucleotides thereby preventing non-specific absorption of the radioactive
probe (Sambrook and Russel, 2001). The membrane was incubated in a rotating
hybridisation oven at 42°C for at least an hour before addition of the radio-labelled
probe. Probes for mouse a-skeletal actin, a-MHC, ANP, B-MHC, BNP, SERCA-2a, and
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were generated as previously
described (McMullen et al., 2003; Shioi et al., 2000; Tanaka et al., 1999). Northern
probe band sizes are shown in Table 12.

Fifty ng of the probe DNA (in a total volume of 10ul with MgH,0) was
placed at 100°C for 5 minutes to separate the DNA and immediately placed on ice to
prevent the DNA strands from re-annealing. The radio-labelled probe was prepared
using the Promega Prime-a-gene® labelling kit [catalogue number U1100, 18ul
MqH;0, 10ul 5 X buffer, 2ul BSA (10mg/ml), 2ul dTTP (1.5mM), 2ul dGTP (1.5mM), and
2pl dATP (1.5mM)]. Ten pl of the probe DNA, 5ul of a->*P-dCTP (50uCi) and 1.5pul of
Klenow enzyme was added and the mixture was votexed and centrifuged for 10
seconds. Klenow allows the synthesis of a complementary strand of DNA in which a-
32p_dCTP is incorporated. The probe was incubated at RT for at least one hour.

The unincorporated nucleotides were removed using a MicroSpin S-300 HR
column (GE Healthcare, catalogue number 27-05130-01) by adding the probe to the

column and centrifuging at 3,000 rpm for 2 minutes. One pl of the probe was used to
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Table 12. Northern probe band sizes.

Size
P

a-skeletal actin 1433
a-myosin heavy chain (a-MHC) 3578
Atrial natriuretic peptide (ANP) 865

B-myosin heavy chain (B-MHC) 6163
B-type natriuretic peptide (BNP) 781

Sarcoplasmic reticulum Ca®* ATPase 2a (SERCA-2a) 5763
GAPDH 1420

* Note 28S represents 4700 base pairs, and 18S represents 1900 base pairs.

- 95



Chapter 2 - Materials and methods

measure the incorporation of the a->’P-dCTP in the probe using a Beckman-Coulter
LS6000TA scintillation counter. The optimal concentration of the probe in hybridisation
solution is approximately 2 X 10° cpm/ml. The volume of the probe required was

calculated using the following equation:

Hybridisation solution (ml) = Radioactivity count (cpm) X 60l / 2,000,000 (cpm/ml)

Volume of probe needed (ul) = 60 / (hybridisation solution required (ml) / 10ml)

The radioactive probe DNA was incubated at 100°C for 5 minutes to
separate the DNA and immediately placed directly on ice again to prevent the DNA
strands from re-annealing. The prehybridisation solution in the hybridisation bottle
with the membrane was discarded and 10ml of new hybridisation solution was added.
The DNA radio-labelled probe was removed from ice and centrifuged for 10 seconds
and added to the solution in the hybridisation bottle. The membrane was incubated
with the probe in a rotating hybridisation oven overnight at 42°C. The following day,
the membrane was washed in pre-warmed (42°C) 2 X SSC twice, in pre-warmed (42°C)
2 X SSC/1% SDS at 42°C for 5 minutes twice, and in pre-warmed (42°C) 0.1 X SSC at
42°C for 30 minutes twice. The membrane was wrapped in glad wrap, placed in a
Kodak film cassette and exposed to Amersham Hyperfilm MP with an intensifying
screen. Samples were quantified using Imagel (version 1.42q) software (National
Institutes of Health, USA). To probe the same Northern membrane with subsequent
probes, the membrane was stripped according to the following protocol. Eight
hundred ml of MgH,0 was heated to 95°C and 8ml of 10% SDS was added. The
membrane was placed in the solution and not removed until the solution had cooled
to approximately 40°C. The membrane was washed in 2 X SSC for 5 minutes, twice. The

membrane was stored in fresh 2 X SSC until required for further probing.

2.8.5. Microarray gene expression analysis

The microarray gene expression analysis was performed by Dr. Ruby C.Y. Lin
(Ramaciotti Centre for Gene Function Analysis, University of New South Wales,

Australia). The use of distinct DNA arrays for expression profiling was first described to
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identify genes modulated by interferon (Kulesh et al., 1987), and the first reported use
of microarrays was in 1995 (Schena et al., 1995). Microarray technology is now
commonly used to analyse whole genome wide gene expression. Gene expression
profiling was performed on atrial samples of 32 male mice using Affymetrix GeneChip®
Mouse Gene 1.0 ST arrays. RNA was extracted using Trizol, after which sense DNA
targets were generated from 100ng of total RNA according to the manufacturer’s
protocol (Affymetrix), and hybridisation, wash and scan were performed.

Array data was processed using robust multiple-array average
normalisation (Partek v6.4, Partek Inc.). Principle component analysis was used to
identify batch and technical variations and these were removed for subsequent
analysis. Differences across genotypes were compared using an ANOVA, and an
unpaired t-test was used to look for differences between specific genotypes. Since left
and right atria from the same mouse were processed, a “matched-paired-organ”
analysis was carried out using the ratio of left/right atria of the same mouse. An
ANOVA was then carried out to look for differential gene expression between
genotypes.

Following the generation of gene lists, the data was adjusted to control the
false discovery rate, at a g value of 0.01. Hierarchical clustering and functional
annotation were carried out. The experimental design, RNA extraction and microarray
experiment in this study are all MIAME (minimum information about a microarray
experiment)-compliant. The complete raw and normalised array data are available
through the Gene Expression Omnibus of the National Centre for Biotechnology

Information (http://www.ncbi.nlm.nih.gov/geo/, accession number GSE12420).

2.9. Plasminogen assays

To assess fibrinolytic activity in mouse plasma, plasminogen assays were performed by
the laboratory of Associate Professor Robert Medcalf (Australian Center for Blood
Diseases, Monash University), as previously described (Granelli-Piperno and Reich,
1978; Liberatore et al., 2003). Plasma samples were obtained from blood samples
collected from mice that underwent catheterisation (described in Section 2.4.2). Blood

samples were centrifuged at 13,000 rpm for 10 minutes at 4°C. Approximately 1ml of
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plasma was aliquoted into a new eppendorf tube and stored at -80°C until required for
analysis. Five pl of the undiluted plasma samples were run on 10% acrylamide gels,
followed by fibrin zymography (Granelli-Piperno and Reich, 1978; Liberatore et al.,
2003), using recombinant human tissue plasminogen protein as a standard. Gels were

incubated at 37°C in a humidified chamber until regions of proteolysis appeared.

2.10. Histology and fibrosis examination

Mouse ventricles, atria and lungs were fixed in 4% PFA overnight, placed in pathology
cassettes and taken to the Alfred Hospital Pathology department for embedding,
processing and staining. Heart sections were obtained for assessment of fibrosis. In
brief, the ventricles and atria were embedded in paraffin and three 6um sections were
cut from each heart. Sections were stained using Masson’s trichrome staining (Gomori,
1950; Masson, 1929; Wheatley, 1951) to enable the identification of collagen deposits
(fibrosis) in the cardiac tissue. Sections were post-fixed in Bouins at 60°C, rinsed and
stained with Weigerts haematoxylin (first in 1% haematoxylin in absolute ethanol, and
then in 4% ferric chloride (30%), 95% distilled water, and 1% concentrated HCI).
Samples were rinsed and differentiated using acid alcohol if required. Rinsed samples
were then stained with brilliant crocein/acid fuchsin (0.01g/ml brilliant crocein,
0.01g/ml phosphotungstic acid, 10% of 1% acid fuchsin, and 90% distilled water). The
stain was washed off using 1% posphotungstic acid and stained in 2% light green in 1%
acetic acid. The stain was washed off using 1% acetic acid, dehydrated in absolute
ethanol, and cleared in xylene. Sections were placed under a coverslip for further
analysis. Lung sections were obtained for assessment of pulmonary congestion. The
lungs were embedded in paraffin and three 3um sections were cut from each lung.
Sections were stained using haematoxylin and eosin as described previously
(Yamamoto et al., 2003).

Light microscope images (approximately 12-15 images per section) of the
Masson Trichrome-stained heart ventricles and atria were captured using a JVC digital
camera (4 X or 10 X objective; eye piece 10 X) (see Figure 25). The percentage area of
fibrosis relative to the total area of the left ventricle was determined for each sample
using the software program Olympus Image Pro Plus 6 (Media Cybergenetics).

Representative images of the lung sections were also taken (4 X objective).

- 98 -



Chapter 2 - Materials and methods

Figure 25. Masson’s Trichrome stained cardiac tissue sections.
Left panel: Masson’s Trichrome stained ventricular tissue section (100 X magnification). Right
panel: Masson’s Trichrome stained atrial tissue section (40 X magnification). Fibrosis is shown

in blue, and indicated by arrows.
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2.11. TUNEL staining for apoptosis

Apoptosis can be examined using a variety of methods. While the gold standard for
apoptosis detection is electron microscopy which can demonstrate a variety of
apoptotic markers such as cell shrinkage, chromatin condensation, and apoptotic
bodies, it requires specialised equipment, is labour intensive and expensive. A much
more cost-effective and widely accepted method for examining apoptosis involves
detection of DNA fragmentation using terminal deoxynucleotidyl transferase nick end
labelling (TUNEL) staining. First described in 1992 (Gavrieli et al., 1992), TUNEL staining
preferentially labels DNA strand breaks generated during apoptosis, enabling
discrimination of apoptosis from necrosis, as well as from primary DNA strand breaks
induced by, for example, irradiation. It is important to note that TUNEL staining does
have inherent limitations. False positive results can occur, as TUNEL staining labels all
fragmented DNA, not just apoptotic nuclei (Kanoh et al., 1999; Ohno et al., 1998).
Quantification of apoptosis also requires a large sampling area, as the distribution of
apoptotic nuclei is variable in different areas of a sample.

PFA-fixed heart sections were dewaxed twice in xylene for 5 minutes, and
then hydrated by placing them in decreasing ethanol concentrations (100%, 90%, 70%)
twice for 3 minutes. Sections were placed in distilled water for 3 minutes, and then
washed in 1 X PBS for 3 minutes, twice. A Dako pen (Dako, catalogue number S2002)
was used to draw a water-repelling barrier around the tissue sections in order to
contain staining solutions around the section of interest. Nonspecific binding of the
anti-fluorescein antibody to the tissue was blocked by adding 50ul of proteinase K
(14pg/ml in 10mM Tris/HCI pH 7.4) to each section, and incubating the sections for 15
minutes at 37°C. Fifty pl of 0.1% H,0, in methanol was added to each section and
incubated for 5 minutes at RT (to block any background reactivity). Slides were washed
for 3 minutes in 1 X PBS, three times and 50ul of 0.1M Tris-HCI, 3% BSA (pH 7.5)
solution (0.013g/ml Tris-HCI, 0.03g/ml BSA, in MqgH,0) added to each section. Slides
were incubated for 30 minutes at RT and washed in 1 X PBS for 3 minutes, three times.

TUNEL staining was performed using the commercially available kit from
Roche Applied Sciences (/n Situ Cell Detection Kit, POD, catalogue number 1 684 817)
with some modifications, as outlined below. The enzyme and label solutions were

defrosted on ice, vortexed, and centrifuged at 12,000 rpm for 1 minute. The solutions
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were diluted to a ratio of 1:10 of enzyme solution: label solution. This solution was
serially diluted to a concentration of 1:20 (TUNEL reaction mixture) using a TUNEL
dilution buffer [30mM tris (hydroxymethyl) methane, 140mM sodium cacodylate,
1mM cobalt chloride, in 1 X PBS]. Fifty pl of the TUNEL reaction mixture was added to
each section and the sections incubated for 60 minutes at 37°C in a humidified
atmosphere.

Slides were washed in 1 X PBS for 3 minutes, three times and 50ul of 0.1M
Tris-HCIl, 3% BSA [pH 7.5] solution added to each section (to block background
reactivity). Slides were incubated for 30 minutes at RT and washed in 1 X PBS for 5
minutes, two times. The converter POD solution (the anti-fluorescein antibody, Fab
fragment conjugated with peroxidise) was diluted 1:2 with 1 X PBS, and 50ul was
added to each section. Sections were incubated for 30 minutes at 37°C in a humidified
atmosphere, and washed in 1 X PBS for 5 minutes, three times. H,0, was added to
3,3’-diamino-benzidine (DAB) solution to make the DAB reagent [1 DAB tablet (Sigma
Aldrich, catalogue number D5905), 1-2mg of Imidazole (C3sH4N,), 7.5ul 30% H,0, and
20ml 1 X PBS] and 50ul DAB reagent added to each section. Sections were incubated
for 5 minutes at RT and the excess DAB reagent removed. Slides were washed in 1 X
PBS for 5 minutes, three times and placed in Myer’s Haematoxylin for 30 seconds. The
Myer’s Haematoxylin was rinsed off and sections placed in Scott’s tap water for 2
minutes.

Sections were dehydrated by placing them in increasing concentrations of
ethanol (70% for 2 minutes, 90% for 2 minutes, 100% for 2 minutes three times) and in
xylene for 5 minutes twice. Slides were mounted under a coverslip using Depex and
examined under light microscopy. Nuclei that were stained brown (Figure 26, indicated
by arrow) were classified as positive. Positive-stained nuclei were manually counted
and quantified relative to total number of nuclei present in the tissue section (40 X

magnification, 100 microscope fields per section).

2.12. Sample Analysis and Statistics

Data obtained were analysed using computer statistical programs StatView (Version

5.0.1, SAS Institute Inc.) and Microsoft® Office Excel® 2007 (Version 12.0.6545.5000, SP
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Figure 26. TUNEL staining of a cardiac tissue section.
TUNEL staining of a cardiac tissue section (400 X magnification), showing a nucleus that is

apoptotic (brown colour, indicated by arrow), compared with normal nuclei (blue colour).
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MSO 12.0.6435.5002, Microsoft Corporation). Kaplan-Meier survival curves were
generated using GraphPad Prism (Version 4.01, GraphPad Software Incorporated).
Western and Northern blots, as well as PI3K assays were scanned and analysed using
ImagelJ (Version 1.42q, National Institutes of Health, USA). Blinded analyses of cardiac
function, fibrosis and apoptosis were performed with the analyst unaware of the
genotype of the sample being investigated. Percentage fibrosis-stained tissue was
determined relative to total tissue section, using Olympus Image Pro Plus (Media
Cybergenetics).

Results are presented as mean * standard error, and a statistically
significant p-value of p<0.05 was considered significant. Differences between groups
were identified using one-way ANOVA for overall significance, followed by Tukey and
Fischer’s multiple comparison post-hoc tests. Significant differences in survival

(Kaplan-Meier survival curves) were determined using the log rank test.
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Chapter 3 — The role of PI3K (p110a) in a mouse model of

dilated cardiomyopathy

3.1. Introduction

As described in the introduction to this thesis (see Chapter 1), the IGF1-PI3K (p110a)
pathway is a critical regulator of physiological hypertrophy (e.g. exercise-induced heart
growth) (McMullen et al., 2003). Physiological cardiac hypertrophy is considered
beneficial, and is associated with preserved or even enhanced cardiac function
(McMullen and Jennings, 2007; Pretorius et al., 2008). In contrast, pathological cardiac
hypertrophy is typically mediated by activation of signalling proteins downstream of
GPCRs (Akhter et al., 1998; Sakata et al., 1998; Wettschureck et al., 2001), and occurs
in response to chronic pressure or volume overload in a setting of disease. It was
recently shown that PI3K (p110a) may also have the ability to partially inhibit
pathological cardiac hypertrophy through negative regulation of ERK1/2 (McMullen et
al., 2007).

The first aim of this thesis was to examine the protective effects of PI3K
(p110a) in an in vivo mouse model of HF [dilated cardiomyopathy due to over-
expression of Mstl (Yamamoto et al., 2003)], and determine the molecular
mechanisms responsible for any protective properties. In order to address this
question, the effects of either increasing PI3K (p110a) activity or decreasing PI3K
(p110a) activity in a setting of HF was examined by crossing caPI3K and dnPI3K mice
with Mstl mice and examining the resulting phenotypes. Increased PI3K (p110a)
activity was expected to confer protection in a setting of HF through differential up-
and down-regulation of protein and gene expression, as well as reduction of fibrosis
and apoptosis in the heart. Conversely, decreased PI3K (p110a) activity was expected
to be detrimental to cardiac function and lifespan in a setting of HF, and to induce

increased fibrosis and apoptosis in the heart.

3.2. Methods

3.2.1. Techniques used in this chapter

The following techniques were used for the studies described in this chapter:
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e Transgenic mouse model generation (as described in Chapter 2, page 63)

e Transgenic mouse model genotyping (as described in Chapter 2, pages 66-68)

e Echocardiography (as described in Chapter 2, page 68)

e Tissue harvesting and tibia length measurement (as described in Chapter 2, page
80)

e Protein extraction, measurement of protein concentration, and Western blotting
(as described in Chapter 2, pages 81-86)

e RNA extraction, calculation of RNA concentration and quality, and Northern
blotting (as described in Chapter 2, pages 90-96)

e Tissue fibrosis examination (as described in Chapter 2, page 98)

e Tissue apoptosis examination (TUNEL staining as described in Chapter 2, page

100)

3.2.2. Animals

This chapter describes the characterisation of female and male Ntg, caPI3K, dnPI3K,
Mst1, caPI3K-Mst1, and dnPI3K-Mst1 mice at approximately 4.5 months of age. All the
transgenic mice were heterozygous for the transgene (as previously described in
Chapter 2, pages 62-64). To examine whether increased PI3K (p110a) activity would be
beneficial in aged mice, the phenotypes of female and male Ntg, caPI3K, Mst1, and
caPI3K-Mstl mice were also characterised at 8 months of age. To examine the
molecular mechanisms responsible for the effects of increased PI3K (p110a) activity in
Mst1 mice, caPI3K-Mst1 mice were also crossed with kdAkt mice and the phenotype of
the resulting triple-transgenic (caPI3K-Mst1-kdAkt) mice characterised. Akt is a well
characterised downstream target of PI3K (p110a) [see Figure 6 (page 29), (Burgering
and Coffer, 1995; Cantley, 2002; DeBosch et al., 2006b; Klippel et al., 1997).

3.2.2.1. Inheritance pattern of transgenic mice

Genetic inheritance based on Mendelian principles predicts that the genetic crossing of
two unlinked genes will result in a 25% likelihood of obtaining a specific genotype

(Campbell and Reece, 2002). Inheritance frequencies were examined in the transgenic
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mouse models. Relative Mendelian inheritance proportions were observed in both the
heterozygous caPI3K crossed with heterozygous Mstl mice [caPI3K-Mstl mice
comprised 24% of the population (Table 13)], and the heterozygous dnPI3K crossed
with heterozygous Mstl mice [dnPI3K-Mstl mice comprised 26% of the population
(Table 14)].

Table 13. Inheritance pattern of caPI3K mice crossed with Mst1 mice.

Genotype Frequency ’ Percentage
Ntg 83 28%
caPI3K 76 25%
Mstl 68 23%
caPI3K-Mst1 72 24%
Total 299 100%

Table 14. Inheritance pattern of dnPI3K mice crossed with Mst1 mice.

Genotype ’ Frequency ’ Percentage
Ntg 75 27%
dnPI3K 71 25%
Mstl 62 22%
dnPI3K-Mst1 74 26%
Total 282 100%

Inheritance frequencies were also examined in the heterozygous caPI3K
mice crossed with both heterozygous Mstl and heterozygous kdAkt (see Table 15).
According to Mendelian inheritance principles, the likelihood of obtaining a specific
genotype when three unlinked genes are crossed is 12.5% (Campbell and Reece, 2002).
Relative Mendelian inheritance proportions were also observed in this transgenic line,
with triple-transgenic mice (caPI3K-Mst1-kdAkt) comprising 17% of the population
(Table 15).
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Table 15. Inheritance pattern of triple-transgenic mice.

Genotype Frequency Percentage
Ntg 9 10%
caPI3K 9 10%
Mstl 12 14%
kdAkt 9 10%
caPI3K-Mst1 10 12%
caPI3K-kdAkt 10 12%
Mst1-kdAkt 13 15%
caPI3K-Mst1-kdAkt 15 17%
Total 87 100%
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3.3. Results

3.3.1. Lifespan of double-transgenic mice

Ntg mice have a lifespan of approximately 2 years. It has previously been shown that
caPI3K and dnPI3K mice have a normal lifespan under basal conditions (Shioi et al.,
2000) and experimental observations have indicated that the Mstl transgenic mice
have a lifespan of approximately 8 months (Dr. Junichi Sadoshima, personal
communication). It was therefore important to examine whether manipulating cardiac
PI3K (p110a) activity had an impact on lifespan in Mst1 mice.

Ntg, caPI3K and dnPI3K mice showed a normal lifespan of at least 18
months, as previously reported (Shioi et al., 2000). Mst1 mice had a lifespan of 7.9 +
0.4 months (Figure 27). caPI3K-Mst1 mice displayed a 70% improvement in lifespan
(p<0.0001) compared with Mst1 mice alone, with a mean survival of 13.4 + 0.9 months
(Figure 27). In contrast, dnPI3K-Mst1 mice displayed a 43% decrease in lifespan
(p<0.0001) compared with Mst1 mice alone, with a mean survival of 4.5 + 0.3 months
(Figure 27). As a result of the lifespan data, subsequent studies were performed at two
time-points. Mice were examined at 4.5 months old to examine the dnPI3K-Mst1 mice
compared with all other genotypes, as well as at 8 months old to examine the Mst1
mice compared with the caPI3K-Mst1 mice.

Lifespan was not different between female and male Mst1 or caPI3K-Mst1
mice (Figure 28), but female dnPI3K-Mst1l mice had a significantly shorter lifespan
compared with male dnPI3K-Mst1 mice (Figure 28).

The premature mortality seen in the dnPI3K-Mstl mice was further
examined in a small subset of mice through daily animal monitoring (n=4). Progressive
signs of congestive HF (laboured breathing and inactivity) were not a common feature
of the dnPI3K-Mst1l mice. One of the 4 mice assessed showed signs of HF and was
euthanised. The other three mice all died suddenly, after having been active the
previous day. This suggests that the majority of dnPI3K-Mst1l mice may die due to an

arrhythmia-related event. This was further examined in Chapter 4.
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Figure 27. Survival of caPI3K-Mst1 and dnPI3K-Mst1 mice compared with Mst1 mice.

Kaplan-Meier survival curve, showing percent survival of Mst1 (n=7, blue), caPI3K-Mst1 (n=11,
green) and dnPI3K-Mst1 (n=6, red) mice. Mstl mice displayed a lifespan of 7.9 + 0.4 months.
caPI3K transgene expression in the Mstl mice significantly improved mean survival to 13.4 +
0.9 months, while dnPI3K transgene expression in the Mst1l mice markedly reduced lifespan to

4.5 + 0.3 months. * p<0.0001 compared with Mst1.
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Figure 28. Female dnPI3K-Mst1 mice have a significantly shorter lifespan compared
with their male counterparts.

Kaplan-Meier survival curve, showing percent survival of female (dashed lines) and male (solid
lines) mice. Mstl (blue) and caPI3K-Mstl mice (green) showed no difference in lifespan
between genders. dnPI3K-Mst1 mice (red) showed a marked gender difference, with female
mice having a significantly shorter lifespan compared with male mice. n=3-6 in each group.

* p<0.0001 compared with male dnPI3K-Mst1.
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3.3.2. Characterisation of the cardiac phenotype of the transgenic mice

3.3.2.1. Cardiac dimensions

Cardiac dimensions were determined using echocardiography, as previously described
(see Section 2.4.1.). There was no difference in tibia length between any of the groups
at 4.5 months or 8 months of age indicating the mice were of similar size (Table 16,
Table 17). Hearts rates were similar between Ntg, caPI3K, and dnPI3K mice at 4.5
months of age (Table 16). On average, the Mst1 groups showed a small but significant
decrease in heart rate (approximately 60 beats per minute) under anaesthetised
conditions compared to Ntg, caPI3K, and dnPI3K mice (Table 16). Importantly, there
were no differences in heart rate between the Mst1, caPI3K-Mst1, and dnPI3K-Mst1
groups, allowing for comparison of cardiac chamber dimensions and wall thicknesses
between the Mst1 groups (Table 16).

At 4.5 months of age, there was a significant increase or trend for an
increase in chamber dimensions and wall thicknesses in caPI3K mice, consistent with
these mice developing physiological hypertrophy (Table 16). In contrast, there was a
significant decrease or trend for a decrease in chamber dimensions and wall
thicknesses in dnPI3K mice, consistent with these mice having a small heart phenotype
(Table 16). Mst1 mice showed larger LVESD and LVEDD compared with Ntg, caPI3K,
and dnPI3K mice (Table 16). Mst1 mice also had thinner ventricular walls compared
with Ntg and caPI3K mice (Table 16 , LVPW and IVS). Collectively this demonstrates
that Mstl mice developed dilated cardiomyopathy. caPI3K-Mstl mice had smaller
LVESD and greater LVPW compared with Mst1 mice alone (Table 16). Thus, expression
of the caPI3K transgene in Mst1 mice (i.e. caPI3K-Mst1) was in part able to protect the
heart. In contrast, dnPI3K-Mst1 mice displayed more severe dilated cardiomyopathy
with significantly larger LVESD and LVEDD and thinner ventricular walls (IVS and LVPW)
compared with all groups (Table 16). At 8 months of age, Mst1 mice also had dilated
chambers (LVESD and LVEDD) compared with Ntg and caPI3K mice (Table 17). caPI3K-
Mstl mice displayed reduced LVESD and LVEDD compared with Mstl mice alone
(Table 17).
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Table 16. Left ventricular wall thicknesses and chamber dimensions in transgenic mice at 4.5 months of age.
LVESD: left ventricular end-systolic dimension, LVEDD: left ventricular end-diastolic dimension, LVPW: left ventricular posterior wall thickness, and IVS: interventricular

septal width. * p<0.05 compared with Ntg; ¥ p<0.05 compared with caPI3K; * p<0.05 compared with dnPI3K; # p<0.05 compared with Mst1; and T p<0.05 compared with

caPI3K-Mst1.
" Heart Rate .
lel(aml.::;gth (be‘ats per LVESD (mm) LVEDD (mm) LVPW (mm) IVS (mm) Shf)rr:::;nga(l%)
minute)
Ntg 20 | 17.5%0.2 (n=15) | 526+12 1.97+0.04 3.87+0.04 0.90+0.05 0.88+0.04 4911
caPI3K 19 | 17.5£0.2 (n=18) | 495+16 2.11+0.07 4.12+0.08 * 0.93+0.03 1.12+0.06 * 49+1
dnPI3K 17 | 17.44+0.1 511+10 1.84+0.05 t 3.75+0.09 £ 0.52+0.02 *t 0.62+0.03 *t 51+1
Mst1 17 | 17.40.2 (n=16) | 464%10 *» 2.99+0.06 *A 4.58+0.05 *$A 0.74+0.02 *$A 0.76+0.01 *$A 35+1 *A
TRV EEE 16 | 17.740.2 (n=13) | 450412 *A | 2.59+0.10 *t# | 4.38+0.11 *A 0.86+0.05 M 0.79+0.05 *$A 41+1 *M
e @ VLl 15 | 17.7¢0.1(n=13) | 451+15*#A | 3.69+0.17 *+A#t+ | 5.01+0.09 *$A#t | 0.39+0.03 *+A#t | 0.40£0.05 *$A#T | 27+2 *iAst
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Table 17. Left ventricular wall thicknesses and chamber dimensions in transgenic mice at 8 months of age.
LVESD: left ventricular end-systolic dimension, LVEDD: left ventricular end-diastolic dimension, LVPW: left ventricular posterior wall thickness, and IVS: interventricular

septal width. * p<0.05 compared with Ntg; ¥ p<0.05 compared with caPI3K; and # p<0.05 compared with Mst1.

Tibia Length Heart Rate Fractional
g (beats per LVESD (mm) LVEDD (mm) LVPW (mm) Shortening
(mm) ;
minute) (%)
Ntg 11 | 17.2+0.1(n=10) | 458+ 25 2.55+0.09 4.79+0.13 0.96 + 0.06 1.08 £+ 0.04 47+ 1
caPI3K 11 | 17.4+0.2 (n=10) 492 £ 16 2.32+0.06 436+0.07 * 1.09 £ 0.03 1.26 £0.04 * 47+ 1
Mstl 19 | 17.5+0.1(n=17) 492 +13 3.35+0.10 ** 5.00+0.12 0.94+0.04% 1.04 +0.03 33+1*%

(CIJE] GV 14 | 17.2+0.1(n=13) |428+19 ## 2.98+0.09 *+# | 4.85+0.09 % 0.89+0.04 % 1.03+0.05% 39+ 1 *1#
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3.3.2.2. Systolic function

Systolic function was assessed at 4.5 months and 8 months of age by determining
fractional shortening from echocardiographic M-mode images (see Section 2.4.1.).
There was no difference in fractional shortening between the Ntg, caPI3K and dnPI3K
mice at 4.5 months of age (Table 16; Figure 29) or between Ntg and caPI3K mice at 8
months of age (Table 17; Figure 30). At 4.5 months of age, Mstl mice showed an
approximate 30% decrease in fractional shortening compared with Ntg mice alone
(Table 16; Figure 29). There was an approximate 17% improvement in fractional
shortening in the caPI3K-Mst1l mice compared with the Mstl mice alone (Table 16;
Figure 29). The dnPI3K-Mst1l mice showed a further approximate 20% reduction in
fractional shortening compared with Mstl mice alone (Table 16; Figure 29). At 8
months of age, Mst1 mice also displayed depressed systolic function compared with
Ntg (an approximate 30% decrease in fractional shortening; Table 17, Figure 30).
Expression of the caPI3K transgene in caPI3K-Mstl improved fractional shortening by

approximately 18% compared with Mst1 alone (Table 17, Figure 30).

3.3.2.3. Gender differences in cardiac dimensions and systolic function

As previously described, heart rates were generally lower in the Mstl transgenic
groups, independent of gender (Table 18). Significant differences in chamber
dimensions, wall thicknesses, and systolic function previously discussed in the different
transgenic mice (see Section 3.3.2. and Table 17) were also apparent when males and
females were analysed separately (Table 18). The most distinct gender differences
were observed in the dnPI3K-Mstl mice. Female dnPI3K-Mst1l mice had larger LVESD
and LVEDD compared with males (Table 18).

No difference in fractional shortening was seen between male and female
Ntg, caPI3K, dnPI3K, Mst1, or caPI3K-Mst1 mice at 4.5 months (Table 18; Figure 31). In
contrast, fractional shortening was significantly lower in female dnPI3K-Mstl mice
(21%) versus male dnPI3K-Mst1 mice (34%) (Table 18; Figure 31). At 8 months of age
there were no distinct gender differences within the Ntg, caPI3K, Mstl and caPI3K-
Mst1 groups (Table 19).
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Figure 29. Systolic function of transgenic mice at 4.5 months of age

dnPI3K-

Top panel: Representative M-mode echocardiography images from transgenic mice. Bottom
panel: Quantitative analysis of fractional shortening. * p<0.05 compared with Ntg; ¥ p<0.05
compared with caPI3K; * p<0.05 compared with dnPI3K; # p<0.05 compared with Mst1; and T
p<0.05 compared with caPI3K-Mst1, n=15-20 in each group.
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Figure 30. Systolic function of transgenic mice at 8 months of age.
Top panel: Representative M-mode echocardiography images from transgenic mice. Bottom
panel: Quantitative analysis of fractional shortening. * p<0.05 compared with Ntg; ¥ p<0.05

compared with caPI3K; # p<0.05 compared with Mst1, n=8-17 in each group.
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Table 18. Gender differences in left ventricular chamber dimensions and wall thicknesses in transgenic mice at 4.5 months of age.

LVESD: left ventricular end-systolic dimension, LVEDD: left ventricular end-diastolic dimension, LVPW: left ventricular posterior wall thickness, and IVS: interventricular
septal width. ~ p<0.05 compared with female of the same genotype; * p<0.05 compared with Ntg of the same gender; ¥ p<0.05 compared with caPI3K of the same
gender; * p<0.05 compared with dnPI3K of the same gender; # p<0.05 compared with Mst1 of the same gender; and T p<0.05 compared with caPI3K-Mst1 of the same

gender.

Female | 11 8 8 9 8 8
Male 9 11 9 8 8 7
hia Leng Female | 17.70.3 (n=6) 17.7+0.3 17.4+0.1 17.7+0.3 (n=8) 17.7+0.4 (n=5) 17.8+0.2 (n=7)
Male 17.3+0.2 17.310.2 (n=10) 17.4+0.1 17.940.2 17.740.2 17.610.2 (n=6)
3 : bes Female | 506%17 461+15 50211 476+14 436120 *A 436115 *A
o e Male 551+11 520+24 ~ 52016 450+14 *fA 464+15 *§A 469+27 *%
> Female | 2.07+0.04 2.09+0.11 1.89+0.09 3.00+0.05 *%A 2.59+0.12 *i7 4.18+0.14 *$ gt
Male 1.85+0.04 2.12+0.10 * 1.7940.06 2.98+0.12 *%A 2.59+0.17 *i/¢ 3.13+0.12 ~*fAt
" Female | 3.931%0.06 3.95+0.09 3.71+0.12 4.53+0.05 *1» 4.27+0.14 *i» 5.25+0.07 *1/ gt
Male 3.7910.05 4.23+0.10 ~* 3.7940.13 4.62+0.10 *{~ 4.50+0.16 *f~ 4.74+0.10 ~*fAt
’ Female | 0.83+0.06 0.8610.04 0.54+0.03 *# 0.77+0.02 » 0.9210.06 M# 0.39+0.05 *$A#t
Male 0.98+0.07 ~ 0.9710.03 0.50+0.02 *# 0.70+0.03 *~ 0.8010.08 N# 0.39+0.04 *$/ it
Female | 0.80+0.03 1.02+0.07 * 0.70+0.05 # 0.78+0.02 * 0.85+0.06 $/# 0.41+0.09 *$A#t
Male 0.98+0.08 ~ 1.19+0.07 ~* 0.55+0.03 *# 0.73+0.02 *fA 0.73+0.07 *$/ 0.38+0.04 *fA#t
ON3 Female | 4741 4712 4912 34+1 *fA 39+2 *fAf 21+2 *$A#t
ortening (% Male | 51#1 50+1 53+1 3642 *fA 4342 *iAg 3443 ~*fAt
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Figure 31. Gender-associated differences in systolic function in the transgenic mice at 4.5 months of age.
* p<0.05 compared with female counterpart; n=7-11 in each group. Only statistics related to gender differences are presented on this graph for simplicity. Statistics

related to differences in genotype are presented in Table 18.
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Table 19. Gender differences in left ventricular chamber dimensions and wall thicknesses in transgenic mice at 8 months of age.

LVESD: left ventricular end-systolic dimension, LVEDD: left ventricular end-diastolic dimension, LVPW: left ventricular posterior wall thickness, and IVS: interventricular
septal width. ~ p<0.05 compared with female of the same genotype; * p<0.05 compared with Ntg of same gender; ¥ p<0.05 compared with caPI3K of same gender; and

# p<0.05 compared with Mst1 of same gender.

Female 6 5 9 6
Male 5 6 10 8
hbia Leng Female |17.1+0.1(n=5) |17.4+0.2 17.4 + 0.1 (n=9) 17.1+0.2
Male 17.3+0.2 17.4+0.3 (n=5) | 17.6+0.2 (n=8) 17.3+£0.2 (n=7)
: ate (bea Female 400+ 15 489 + 27 * 496 + 19 * 378+ 9 t#
o € Male 529+30~ 495 + 21 489 + 18 466 £ 19~
> Female 2.69+0.12 2.23+0.08 * 3.35+0.14 *% 3.05+0.17 %
Male 2.39+0.11 2.40 £ 0.08 3.34+0.14 *% 2.93+0.10 *i#
" Female 4.98 +0.15 4.28+0.12 * 4.93+0.12 % 4.88+0.18 #
Male 4.57+0.17 4.43+£0.08 5.07 £ 0.21 *% 4.83+£0.09
D Female 0.87 £0.08 1.11+0.04 * 0.90+0.06 % 0.85+0.04 %
Male 1.06 £0.07 1.07 £0.05 1.00 £ 0.06 0.92 £0.07
Female 1.00+£0.04 1.27+0.06 * 1.01+0.06 0.97+0.07 %
Male 1.17 £ 0.04~ 1.24+£0.05 1.06 £0.03 % 1.08 +0.07
actiona Female 46+ 1 48+ 1 32+2*% 38+ 2 *i#
orte g (% Male 48 £ 2 46+ 2 34+ 1 *% 39+ 2 *i#
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3.3.3. Morphology

3.3.3.1. Organ weights

Organ weights at autopsy (at 4.5 months and 8 months) were assessed and are
presented in Table 20 and Table 21. At 4.5 months are age, there was a small but
statistically significant decrease in tibia length in the caPI3K mice compared with all
other groups (Table 20). However, this difference was less than 2%, and as such was
not considered to be of biological significance. There was no significant differences in
body weights between groups (Table 20). All organ weight measurements are shown
as a ratio to tibia length to account for any differences in mouse weight [heart weight
to tibia length ratio (HW/TL), atrial weight to tibia length ratio (AW/TL) and lung
weight to tibia length ratio (LW/TL)].

At 4.5 months of age, caPI3K mice displayed an increased HW/TL compared
with Ntg, while dnPI3K mice had a reduced HW/TL (Table 20), as previously shown
(Shioi et al., 2000). Mstl mice developed dilated cardiomyopathy as previously
reported (Yamamoto et al., 2003), which was associated with an increased HW/TL
compared with Ntg and dnPI3K mice (Table 20). There was no difference in HW/TL
between Mstl, caPI3K-Mstl, and dnPI3K-Mstl mice, but all were significantly
increased compared with Ntg and dnPI3K mice alone (Table 20). dnPI3K mice had
significantly smaller AW/TL compared with Ntg mice alone (Table 20). This is likely
attributable to the smaller heart phenotype of dnPI3K mice (Shioi et al., 2000). AW/TL
was increased in the Mstl and caPI3K-Mstl mice compared with Ntg, caPI3K, and
dnPI3K mice (Table 20). dnPI3K-Mst1 mice showed an even more pronounced increase
in AW/TL compared with all other genotypes (Table 20). There was no difference in
LW/TL between Ntg, caPI3K and dnPI3K mice at 4.5 months of age (Table 20). LW/TL
was significantly increased in the Mstl and caPI3K-Mstl mice compared with Ntg,
caPI3K, and dnPI3K mice (Table 20). The increased LW/TL in the Mstl mice is
consistent with previously published data (Yamamoto et al., 2003). dnPI3K-Mst1 mice
had a more pronounced increase in LW/TL compared with all other genotypes (Table
20). LW/TL was significantly lower in caPI3K-Mst1 mice compared with dnPI3K-Mst1

mice alone (Table 20).
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Table 20. Organ weights of transgenic mice at 4.5 months of age.
HW/TL refers to the heart weight / tibia length ratio; AW/TL refers to atrial weight / tibia length ratio; and LW/TL refers to the lung weight / tibia length ratio.
* p<0.05 compared with Ntg; ¥ p<0.05 compared with caPI3K; » p<0.05 compared with dnPI3K; # p<0.05 compared with Mst1; and T p<0.05 compared with caPI3K-Mst1.

Ntg caPI3K dnPI3K Mst1 caPI3K-Mst1 dnPI3K-Mst1
25 19 23 29 16 28

ErT N 344+16 345+1.8 35.0+ 1.9 33.6+ 1.5 30.7+1.3 33.3+1.0
Tibia length (mm) 17.3£0.0 17.0£0.1 * 17.2+0.1% 17.4+0.1% 17.2+0.1% 173+0.11%
Heart weight (mg) 139.2+4.6 164.2+5.2 * 105.1 + 3.6 *§ 151.5 + 3.6 *{A 150.0 + 2.7 *{A 150.4 + 5.0 *{A
HW/TL (mg/mm) 8.05+0.27 9.66+0.29 * 6.09+0.19 *1 8.72£0.19 *$A 8.71+0.18 *$A 8.70 £ 0.27 *$A
Atrial weight (mg) 8.2+0.4 9.1+0.6 54+03 % 14.5 0.5 *A 14.5 0.6 *A 18.4 2.1 *tA#t
AW/TL (mg/mm) 0.47 +0.03 0.54 + 0.04 0.32+0.02% 0.83 +0.03 *$A 0.84 +0.03 *$A 1.06 £ 0.11 *$A#t
Lung weight (mg) 153.2+2.0 162.2+ 4.1 151.7+2.3 179.7 + 3.4 *{A 170.7 + 4.8 *{A 201.1+ 7.6 *$A#t
LW/TL (mg/mm) 8.86+0.11 9.55+0.22 8.80+0.11 10.36+0.19 *£A | 9.92 +0.29 *#A 11.62 + 0.42 *$A#t
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Table 21. Organ weights of transgenic mice at 8 months of age.

HW/TL refers to the heart weight / tibia length ratio; AW/TL refers to atrial weight / tibia length ratio; and LW/TL refers to the lung weight / tibia length ratio.
* p<0.05 compared with Ntg; § p=0.051 compared with Ntg; and ¥ p<0.05 compared with caPI3K.

Ntg caPI3K Mstl caPI3K-Mstl

18 14 22 21
Body weight (g) 39.5+2.2 38.1+2.3 39.3+1.38 40.0+£2.0
Tibia length (mm) 17.6+0.1 17.4+0.2 17.7+0.1 17.6+0.1
Heart weight (mg) 154.6 +5.9 172.3+8.1 167.2+6.4 170.1+5.3
HW/TL (mg/mm) 8.77 +0.31 9.87 +0.43 * 9.40 + 0.31 9.67+0.28 §
Atrial weight (mg) 11.0+1.3 8.7+0.8 18.8+1.4 *t 17.9+1.2 *¢
AW/TL (mg/mm) 0.62 £ 0.07 0.50+0.05 1.05+0.07 *% 1.01 £ 0.06 *%
Lung weight (mg) 172.9+45 169.7+4.1 211.9+ 8.1 *% 204.3 £ 8.8 *t
LW/TL (mg/mm) 9.82+0.25 9.74+0.23 11.91 + 0.40 *# 11.63 £ 0.49 *#
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At 8 months of age HW/TL was significantly increased in caPI3K mice compared with Ntg
mice, and tended to increase in caPI3K-Mst1 mice (p=0.051; Table 21). There were no

differences in morphology between Mst1 and caPI3K-Mst1 mice at 8 months of age.

3.3.3.2. Gender differences in organ weights

Since significant differences in cardiac dimensions and systolic function were observed
in the dnPI3K-Mst1l mice (see Section 3.3.2.3.), morphological data from males and
females were also analysed separately (Table 22). As found in the functional
parameters, the most significant gender differences were identified in the dnPI3K-Mst1
mice. Consistent with female dnPI3K-Mst1l mice having reduced fractional shortening
versus male dnPI3K-Mst1 mice (see Figure 31), normalised HW/TL, AW/TL, and LW/TL
were all greater in female dnPI3K-Mst1 compared with male dnPI3K-Mst1 mice (Table
22, Figure 32, Figure 33). Collectively, this demonstrates that female dnPI3K-Mst1 mice
develop a more severe dilated cardiomyopathy phenotype than males. Interestingly,
female Mstl and caPI3K-Mstl mice also had greater normalised HW/TL than male
counterparts, but this was not associated with significant differences in function (Figure
31), AW/TL or LW/TL (Table 22).

At 8 months of age there were significant increases or trends for an increase
in AW/TL and LW/TL in males from each of the 4 groups (Ntg, caPI3K, Mst1, or caPI3K-
Mst1; Table 23). Interestingly, differences tended to be less pronounced in the caPI3K
and caPI3K-Mstl groups. However, these gender differences were not associated with

significant differences in systolic function (Figure 31).

3.3.3.3. Bulging of eyes associated with severe cardiac dysfunction

A very distinct phenotype of the dnPI3K-Mstl mice apparent as early as 4 weeks of age
was bulging eyes. This phenotype was very prominent at 4.5 months of age (Figure 34).
This phenotype was not observed in the other groups of mice at 4.5 months of age.

Bulging of eyes was observed in some older Mst1 mice (greater than 6 months of age).
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Table 22. Gender-associated differences in organ weights of transgenic mice at 4.5 months of age.

HW/TL refers to the heart weight / tibia length ratio; normalised HW/TL refers to Ntg HW/TL of each gender normalised to 1.0 and each genotype expressed relative to

this; AW/TL refers to atrial weight / tibia length ratio; and LW/TL refers to the lung weight / tibia length ratio. ~ p<0.05 compared with female of same genotype;

* p<0.05 compared with Ntg of same gender;* p<0.05 compared with caPI3K of same gender; * p<0.05 compared with dnPI3K of same gender; # p<0.05 compared with

Mst1 of same gender; and 1 p<0.05 compared with caPI3K-Mst1 of same gender.

Gender | N Body Tibia Heart weight W N°|_';‘TI7'TiSLe°' Atrial AW/TL Lung weight LW/TL
weight (g) length (mm) (mg) (mg/mm) weight (mg) (mg/mm) (mg) (mg/mm)
(fold change)
‘ Nt Female 10 25.8+0.5 17.2+0.1 114.0+2.7 6.61+0.17 1.00+0.03 6.4+0.2 0.37+0.02 149.6+1.9 8.68+0.11
’ Male 15 40.2+0.9~ 17.3+0.1 156.1+2.9~ 9.02+0.17~ 1.00+0.02 9.3+0.5~ 0.54+0.03~ 155.6%+3.0 8.99+0.17
‘ caPI3K Female 8 26.1+0.8 16.9+0.1 145.0+4.2* 8.57+0.22* 1.30+0.03* 7.6x0.9 0.45+0.05 156.7+4.2 9.2610.24
Male 11 40.6%+1.0~ 17.0£0.1* 178.2+5.4~* 10.46+0.29~* 1.16+0.03~* 10.2+0.8~ 0.60+0.05~ 166.246.2 9.7510.34
‘ dnPI3K Female 10 25.2+0.3 17.0+0.1 88.6+1.2*%f 5.21+0.06*% 0.79+0.01*% 4.31+0.2 0.25+0.01 143.1+1.7 8.42+0.12
Male 13 42.5+1.1~ 17.410.1% 117.8+3.1~*% 6.7610.17~*% 0.75+0.02*% 6.410.3~*% 0.37£0.02~*% 158.3+2.6™ 9.08+0.12~
‘ Mst1 Female 15 26.1+0.4 17.310.1% 137.9+3.7*A 7.94+0.17*A 1.20£0.03*A 13.710.7*%" | 0.7910.04* A 179.345.3*fA 10.34£0.29*f~
i Male 14 41.5+0.9~ 17.410.1% 166.1+3.4~*A 9.56+0.17~*%~ | 1.06+£0.02~¥" | 15.3+0.7*%" | 0.8810.04*f~ 180.1+4.3*fA 10.38+0.26*f7
‘ PN EI @l Female 9 26.4+0.5 17.5£0.1*%" | 145.9+4.0*~ 8.33+0.23*~ 1.2610.03*A 14.3+0.9*+" | 0.8210.06*~ 170.4+8.1*%~ | 9.7310.45*%~
-Mst1 Male 7 36.2+0.8~*fM# | 16.94£0.2*M# | 154.942.5~%A 9.19+0.14~A 1.0210.02~%~ | 14.7+0.5*f~ | 0.8810.03*f~ 171.0+4.5*A 10.16£0.32*¢A
Female 11 27.510.5* # 17.440.1% 156.6+£10.3* # 8.98+0.55 1.3610.08*M# | 25.0+4.8 1.43+0.26 218.2+8.9 12.52+0.46
dnPI3K *ng *ingt spagt spapt gt
“Mstl Male 17 37.1+0.2~*%M# | 17.240.11 146.41+4.8 8.52+0.28 0.94+0.03~%~ | 14.5%0.9 0.84+0.05 189.6+10.4 11.38+0.59
*FAH * AT ~EEA ~EEA ~EEA ~EEA
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Table 23. Gender-associated differences in organ weights of transgenic mice at 8 months of age.

HW/TL refers to the heart weight / tibia length ratio; normalised HW/TL refers to Ntg HW/TL of each gender normalised to 1.0 and each genotype expressed relative to

this; AW/TL refers to atrial weight / tibia length ratio; and LW/TL refers to the lung weight / tibia length ratio. ~ p<0.05 compared with female of same genotype;

§ p=0.07 compared with female of the same genotype; * p<0.05 compared with Ntg of same gender; ¥ p<0.05 compared with caPI3K of same gender.

caPI3K-
Mstl

Body I::‘bgi:h Heart weight HW/TL NOI_:‘TVE}I_:_?_ed Atrial weight AW/TL Lung weight

weight (g) (mm) (mg) (mg/mm) (fold change) (mg) (mg/mm) (mg)
Female | 10 | 34.1#2.5 | 17.640.2 | 137.845.3 7.800.23 1.0040.03 7.8+1.1 0.44+0.06 161.441.7 9.17+0.10
Male 8 | 46.4+1.9~ | 17.6+0.2 | 175.74#5.7~ 9.97+0.28~ 1.0040.03 15.1+1.7~ 0.85+0.09~ 187.3+7.3~ 10.63+0.38~
Female |7 |31.442.0 |17.5¢0.2 | 150.248.7 8.57+0.42 1.1040.05 6.3+0.7 0.36+0.03 160.9+2.1 9.21+0.17
Male 7 | 44.9+1.7~ | 17.4%0.2 | 194.546.6~ 11.17+0.27~ 1.1240.03 11.140.8~ 0.64+0.04~ 178.6+7.3~ 10.27+0.33~
Female | 12 | 32.9+1.0 | 17.840.2 | 153.7¢7.1 8.59+0.31* 1.10+0.04 16.6+1.2%f 0.92+0.06*f 202.149.5%% 11.31+0.45*%%
Male 10 | 46.9+1.8~ | 17.74#0.2 | 183.5+9.1~ 10.36+0.42~* 1.04+0.04 21.442.6~%% 1.20£0.13~*f | 223.7413.2~*% | 12.63+0.65™*%
Female |9 |31.2¢1.4 | 17.640.1 | 155.6+7.1 8.86+0.37* 1.14+0.05 16.3+1.8*%f 0.93+0.10*f 191.0+7.8*% 10.89+0.44*%
Male 12 | 46.5+1.6~ | 17.6%0.2 | 181.0+6.1~ 10.28+0.30~* 1.03+0.03 19.041.5~*% 1.08+0.08*% 214.4+13.9%% 12.1840.778*+
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2 - ® Female m Male

AW/TL (mg/mm)

Ntg caPI3K dnPI3K Mst1 caPI3K-Mst1 dnPI3K-Mstl

Figure 32. Atrial weight measurements of female and male mice at 4.5 months of age.

* p<0.05 compared with female counterpart; n=7-17 in each group. Only statistics related to gender differences are presented on this graph for simplicity.

Statistics related to differences in genotype are presented in Table 22 .
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Figure 33. Lung weight measurements of female and male mice at 4.5 months of age.

* p<0.05 compared with female counterpart; n=7-17 in each group. Only statistics related to gender differences are presented on this graph for simplicity.

Statistics related to differences in genotype are presented in Table 22 .
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dnPI3K-Mst1

Figure 34. Bulging of the eyes in a dnPI3K-Mst1 mouse compared with a Ntg mouse.
The dnPI3K-Mstl mouse (right) develops bulgy eyes (indicated by arrow) compared with the
Ntg mouse (left).
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The development of bulging eyes is often a sign of thyroid dysfunction
(Jayatilleke and Rockman, 2005), but as the transgene expression in the mice is
cardiac-specific, it is highly unlikely that thyroiditis would develop. In this case the
bulging of the eyes is most likely caused by severe increases in venous pressure due to
congestive HF (Earnest and Hurst, 1970). An increase in venous pressure would cause
an increase in intraocular pressure, which would become visible as bulging of the eyes

(Earnest and Hurst, 1970).

3.3.4. Histopathology

3.3.4.1. Measurement of cardiac chamber dilation and fibrosis

Tissue sections from the hearts of transgenic mice were obtained as previously
described (see Section 2.10.). Atria from Mstl mice were dilated compared with Ntg
mice, and dnPI3K-Mst1l mice showed an even more pronounced dilation compared
with Mst1 (Figure 35). Examination of the ventricular tissue showed dilation of the
ventricular chambers of the dnPI3K-Mst1 mice compared with both Ntg and Mst1 mice
(Figure 36). This chamber dilation was also associated with marked ventricular wall
thinning (Figure 36).

Masson’s Trichrome stained tissue sections were quantitated as described
(see Section 2.10.). There was no difference in atrial fibrosis between Ntg, caPI3K, and
dnPI3K mice (Figure 37). Fibrosis was increased approximately 3-fold in the Mst1 mice
compared with Ntg mice alone (Figure 37). caPI3K-Mst1l mice had significantly less
fibrosis compared with Mstl mice, and this was not significantly different from Ntg
mice (Figure 37). dnPI13K-Mst1 mice showed more pronounced atrial fibrosis compared
with Mst1 mice (2-fold greater than Mst1l mice alone), and this was approximately 6-
fold greater than in Ntg mice alone (Figure 37).

Analysis of ventricular fibrosis showed no difference between Ntg, caPI3K
and dnPI3K mice (Figure 38). Mstl mice showed a 2.7-fold increase in fibrosis
compared with Ntg mice, which was attenuated in the caPI3K-Mst1 mice (Figure 38).
dnPI3K-Mstl had more pronounced ventricular fibrosis compared with Mstl mice

alone (Figure 38).
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3 7N &
w
& & & amm

Ntg Mstl dnPI3K-Mst1l

Figure 35. Increased atrial dilation and fibrosis in dnPI3K-Mst1 mice.
The dnPI3K-Mst1 mouse (right) had markedly dilated atrial chambers, which were associated
with increased fibrosis (stained blue with Masson’s Trichrome) compared with Mst1 (middle)

and Ntg (left) mice at 4.5 months of age. 1 X magnification.

Ntg Mstl dnPI3K-Mst1l

/RV

Imm
Figure 36. Ventricular chamber dilation and wall thinning in the dnPI3K-Mst1l mice

compared with both Ntg and Mst1 mice at 4.5 months of age.

LV refers to the left ventricle; RV refers to the right ventricle. 1 X magnification.
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Figure 37. Atrial fibrosis in transgenic mice at 4.5 months of age.

dnPI3K-

Fold change in total atrial fibrosis in transgenic mice at 4.5 months of age (Ntg normalised to 1;
n=3-5 in each group). * p<0.05 compared with Ntg; ¥ p<0.05 compared with caPI3K; * p<0.05
compared with dnPI3K; # p<0.05 compared with Mst1; and 1 p<0.05 compared with caPI3K-
Mst1.
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Figure 38. Ventricular fibrosis in transgenic mice at 4.5 months of age.

A: Representative ventricle sections from transgenic mice showing fibrosis (stained in blue using Masson’s Trichrome stain, 200 X magnification). B: Fold change in
ventricular fibrosis in transgenic mice at 4.5 months of age (Ntg normalised to 1; n=3-6 in all groups). * p<0.05 compared with Ntg; ¥ p<0.05 compared with caPI3K;

A p<0.05 compared with dnPI3K; # p<0.05 compared with Mst1; and T p<0.05 compared with caPI3K-Mst1.
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3.3.4.2. Examination of lung congestion in transgenic mice

Lung congestion is a common complication of congestive HF in humans (Gehlbach and
Geppert, 2004) and has previously been reported in the Mstl mice (Yamamoto et al.,
2003). As previously shown, Mstl mice showed an increase in LW/TL compared with
Ntg (Table 20), consistent with published data (Yamamoto et al., 2003). As previously
noted, dnPI3K-Mst1 mice had a further increase in LW/TL compared with Mst1 mice
(Table 20), and this was clearly visible in tissue sections (Figure 39). While LW/TL was
not significantly different between caPI3K-Mst1 and Mst1 mice (Table 20) it tended to
be reduced, and lung congestion appeared reduced in the caPI3K-Mst1 mice compared

with the Mst1 mice alone on histological analysis (Figure 39).

caPI3K

4

I

Mstl caPI3K-Mstl dnPI3K-Mst1l

Figure 39. Examination of lung congestion in transgenic mice at 4.5 months of age.
Lung tissue of transgenic mice at 4.5 months of age stained with haematoxylin and eosin
(40 X magnification), showing increased lung congestion in Mstl compared with Ntg, and in

the dnPI3K-Mst1 mice compared with all other groups.
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3.3.4.3. Measurement of apoptosis in transgenic mice

Increased apoptosis was previously reported in the Mstl mice (Yamamoto et al.,
2003). As such, apoptosis levels were examined in the transgenic mice using TUNEL
staining (Figure 40), as previously described (see Section 2.11.). There was no
difference in apoptosis levels between Ntg, caPI3K, or dnPI3K mice (Figure 40). Mst1
mice showed an approximate 5-fold increase in apoptosis (Figure 40), as previously
described (Yamamoto et al., 2003). caPI3K-Mstl mice showed a 36% decrease in
TUNEL-positive staining compared with Mstl mice alone (Figure 40). Apoptosis was
increased by approximately 48% in the dnPI3K-Mst1l mice compared with the Mstl

mice alone (7.5-fold increased compared with Ntg, Figure 40).

3.3.5. Gene expression in transgenic heart tissue

3.3.5.1. Gene expression in Mst1 mice at 8 months of age

The initial characterisation of the Mstl mice did not examine embryonic gene
expression (Yamamoto et al., 2003). Thus, initially gene expression in ventricular tissue
from 8-month old Mstl mice was examined by Northern blotting as previously
described (see Section 2.8.4.). a-skeletal actin, ANP and BNP were elevated in hearts
of Mst1 mice compared with Ntg mice (Figure 41), consistent with a heart failure gene
signature. SERCA-2a and a-MHC gene expression were decreased in hearts of Mstl

mice (Figure 41).

3.3.5.2. Gene expression in transgenic mice at 4.5 months of age

As previously shown (McMullen et al., 2003), ANP and BNP were elevated in hearts of
dnPI3K mice compared with Ntg (Figure 42). Expression of a-skeletal actin, ANP, BNP,
and B-MHC were increased in hearts of Mst1l mice compared with Ntg (Figure 42). The
caPI3K transgene had no significant effect on gene expression in Mstl mice (see
caPI3K-Mst1, Figure 42). dnPI3K-Mstl mice had significantly higher ANP expression
compared with all genotypes, as well as significant down-regulation of SERCA-2a
(Figure 42). Expression of B-MHC, BNP and a-skeletal actin was not significantly
different between Mst1, caPI3K-Mst1, and dnPI3K-Mst1 mice (Figure 42).
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Figure 40. Apoptosis in hearts of transgenic mice measured by TUNEL staining.

A: Representative ventricle sections from transgenic mice showing apoptosis (indicated by
arrows, 400 X magnification). B: Fold change in terminal deoxynucleotidyl transferase nick end
labelling (TUNEL)-positive staining in transgenic mice at 4.5 months of age (Ntg normalised to
1, n=3 in all groups). * p<0.05 compared with Ntg; ¥ p<0.05 compared with caPI3K; * p<0.05

compared with dnPI3K; # p<0.05 compared with Mst1; and 1 p<0.05 compared with caPI3K-
Mst1.
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Figure 41. Gene expression of embryonic genes and genes associated with calcium handling in the hearts of Mst1 mice at 8 months of age.

Representative Northern blot images (A) and quantitative analyses (B) of embryonic and calcium handling gene expression in 8-month old Ntg and Mstl mice, Ntg
normalised to 1 (n=3 in each group). SERCA-2a: Sarcoplasmic reticulum Ca®* ATPase 2a; MHC: myosin heavy chain; ANP: atrial natriuretic peptide; and BNP: B-type
natriuretic peptide. Genes expressed relative to GAPDH. The same Northern blot was stripped and re-probed. * p<0.05 compared with Ntg.
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Figure 42. Gene expression of embryonic genes and genes associated with calcium handling in the hearts of transgenic mice at 4.5 months of age.
Representative Northern blot images (A) and quantitative analyses (B) of embryonic gene expression in 4.5-month old transgenic mice (n=5-8 in each group for SERCA-2a/GAPDH, a-
skeletal actin/GAPDH, and BNP/GAPDH; n=3 in each group for 8-MHC/GAPDH, and n=3 for Ntg, caPI3K, Mst1, caPI3K-Mst1, and dnPI3K-Mst1 ANP/GAPDH, n=2 for dnPI3K ANP/GAPDH),
Ntg normalised to 1. SERCA-2a: Sarcoplasmic reticulum Ca”* ATPase 2a; MHC: myosin heavy chain; ANP: atrial natriuretic peptide; and BNP: B-type natriuretic peptide. The same Northern
blot was stripped and re-probed (SERCA-2a, 8-MHC, a-skeletal actin, BNP, and GAPDH). A different Northern blot was stripped and re-probed for ANP and GAPDH. * p<0.05 compared with
Ntg; ¥ p<0.05 compared with Ntg and caPI3K; * p<0.05 compared with Ntg, caPI3K, and dnPI3K; and T p<0.05 compared with all genotypes.
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3.3.6. Protein expression in transgenic heart tissue

Heart tissue from the transgenic mice were examined for Akt expression [downstream
target of PI3K (p110a)], ERK expression (downstream of GPCR), and p38 expression
[downstream of GPCR, and associated with Mst1], as previously described (see Section
2.7.). As previously shown (Shioi et al., 2000), the phosphorylation of Akt (pAkt)
relative to total Akt was decreased in hearts of dnPI3K mice and increased in hearts of
caPI13K mice compared with Ntg mice alone (Figure 43). Increased pAkt/total Akt was
also seen in caPI3K-Mst1l mice, but not in any of the other groups (Figure 43),
suggesting that the protective effects of over-expressing PI3K (p110a) may be
mediated, at least in part, via the phosphorylation of Akt.

The phosphorylation of ERK (pERK) relative to total ERK was up-regulated in
the hearts of dnPI3K mice compared with Ntg (Figure 43), as previously shown
(McMullen et al.,, 2007). While not significant, there was a trend for decreased
pERK/total ERK in the caPI3K mice compared with Ntg mice alone (p=0.1, Figure 43),
consistent with previously published data (McMullen et al., 2007). There was increased
pERK/total ERK in Mst1l compared with Ntg (Figure 43). However, pERK/total ERK was
comparable in both double-transgenics (i.e. caPI3K-Mst1 and dnPI3K-Mst1; Figure 43),
suggesting that the protection in the caPI3K-Mstl mice was not attributable to
changes in pERK.

The phosphorylation of p38 (pp38) relative to p38 was not different
between Ntg, caPI3K, dnPI3K, and caPI3K-Mst1 (Figure 43). pp38/p38 was increased in
hearts of Mst1 and dnPI3K-Mst1 mice (Figure 43).

3.3.7. Akt contributes to the cardioprotective properties of PI3K (p110a)

To examine whether Akt was responsible for mediating cardiac protection in caPI3K-
Mst1l mice compared with Mst1 mice, caPI3K-Mst1 mice were crossed with kdAkt mice
as previously described (see Section 2.2.6.). This allowed for the generation and
phenotype comparison of caPI3K-Mst1-kdAkt (triple-transgenic) mice with caPI3K-
Mstl and Mstl mice alone. It was hypothesised that if Akt was critical for mediating

protection in caPI3K-Mstl mice, the triple transgenic mice would have depressed
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Figure 43. Protein expression in hearts from transgenic mice at 4.5

months of age.

Representative Western blots (A) and quantitative analyses (B).
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function in comparison to caPI3K-Mst1 and a cardiac phenotype more similar to the

Mstl mice.

3.3.7.1. Cardiac dimensions and systolic function of triple-transgenic mice

Body weight, tibia length, and heart rate were similar in all groups studied (Table 24).
There were no differences in chamber dimensions, wall thicknesses, or fractional
shortening between Ntg, and kdAkt mice (Table 24; Figure 44). This is consistent with
previously published data (Shioi et al., 2002). Mst1 mice showed increased LVESD and
reduced fractional shortening compared with Ntg, caPI3K and kdAkt mice (Table 24;
Figure 44). caPI3K-Mstl mice had smaller LVESD and improved systolic function
compared with Mst1 mice (Table 24; Figure 44). The cardiac phenotype of the caPI3K-
kdAkt mice was not significantly different from Ntg mice (Table 24). Mst1-kdAkt mice
displayed a phenotype not significantly different from Mstl mice alone (Table 24).
Triple-transgenic mice had depressed cardiac function compared with caPI3K-Mst1 but
improved function compared with Mstl mice alone (Table 24; Figure 44). These data
suggest that Akt only in part mediates the protective effects of caPI3K in the Mstl

model.

3.3.7.2. Morphology of triple-transgenic mice

From a cohort of 71 transgenic mice, there were only 2 triple-transgenic males (i.e.
caPI3K-Mst1-kdAkt). Thus, morphology data has only been presented for female mice.
Organ weights at autopsy (4.5 months of age) were assessed and are shown in Table
25. Body weight and tibia length were similar between groups (Table 25). No
difference in organ weights were seen between Ntg and kdAkt mice (Table 25), as
previously reported (Shioi et al., 2002). HW/TL was significantly increased in caPI3K,
Mstl, caPI3K-Mstl, caPI3K-kdAkt, Mstl-kdAkt, and triple-transgenic mice compared
with Ntg (Table 25). As previously shown (Shioi et al., 2002), HW/TL tended to be lower
(p=0.14) in caPI3K-kdAkt mice compared with caPI3K, reflecting the role of the Akt
pathway mediating PI3K (p110a)-induced heart growth. This difference probably didn’t

reach statistical significance because of the low numbers in the caPI3K group (n=3).
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Table 24. Left ventricular wall thicknesses and chamber dimensions in triple-transgenic mice at 4.5 months of age.

LVESD: left ventricular end-systolic dimension, LVEDD: left ventricular end-diastolic dimension, LVPW: left ventricular posterior wall thickness, and IVS: interventricular
septal width. * p<0.05 compared with Ntg; ¥ p<0.05 compared with caPI3K; # p<0.05 compared with Mst1; T p<0.05 compared with kdAkt; ~ p<0.05 compared with
caPI3K-Mst1; * p<0.05 compared with caPI3K-kdAkt; and § p<0.05 compared with Mst1-kdAkt.

Body Tibia Length | HeartRate Fractional Shortening
Weight (g) | (mm) (beats per (%)
minute)

Ntg 33.5+2.2 |17.1+0.1 441 +17 1.95+0.11 3.98+0.23 1.12 £ 0.20 1.19 £+ 0.10 5240
caPI3K 29.1+2.7 | 16.6%0.1 451 +18 1.84+0.12 4.11+0.25 1.32+0.13 1.30 £ 0.06 55+0
Mst1 30.3+1.7 | 16.810.2 389+ 19 3.28 £ 0.29 *% 4.80+0.27 1.02 £+ 0.08 1.05 + 0.16 3342 *t
kdAkt 26.5+1.7 | 16.9+0.2 425+ 4 2.09+0.05 # 4.33+0.12 0.96 + 0.03 0.92 +0.03 52+0#
caPI3K-Mst1 26.5+2.4 | 16.5+0.3 398+9 231+0.16 # 4.29+0.23 1.21+0.21 0.86+0.23 46 + 2 t#
caPI13K-kdAkt 28.6+2.3 | 16.910.2 420 +20 2.00+0.17 # 3.92+0.23 1.08 +0.14 1.29 + 0.08 49 +1 t#
Mst1-kdAkt 26.0+2.5 | 16.5+0.1 389+ 17 3.14 +0.15 *1t~A | 4.41+0.24 1.28 + 0.09 1.00 + 0.07 29 + 1¥f1~A
caPI3K-Mst1- 26.1+1.1 16.7+0.1 375+19 2.67+0.40% 4.29 +0.46 1.29+0.16 0.97 +0.09 39 + 2*f#t~Ag
kdAkt
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Ntg caPI3K

Mst1 kdAkt

Fractional Shortening (%)

Ntg

caPI3K

Mstl

kdAkt

caPI3K-Mst1

caPI3K-kdAkt

Mst1-kdAkt

caPI3K-Mst1-
kdAkt

Figure 44. Fractional shortening in triple transgenic mice at 4.5 months of age.

Left panel: Representative M-mode echocardiography images from transgenic mice. Right panel: Quantitative analysis of fractional shortening.* p<0.05 compared with
Ntg; ¥ p<0.05 compared with caPI3K; # p<0.05 compared with Mst1; 1t p<0.05 compared with kdAkt; ~ p<0.05 compared with caPI3K-Mst1; * p<0.05 compared with
caPI3K-kdAkt; and § p<0.05 compared with Mst1-kdAkt.
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Table 25. Organ weights of female triple-transgenic mice at 4.5 months of age.
HW/TL refers to the heart weight / tibia length ratio; AW/TL refers to atrial weight / tibia length ratio; and LW/TL refers to the lung weight / tibia length ratio.
* p<0.05 compared with Ntg; ¥ p<0.05 compared with caPI3K; # p<0.05 compared with Mst1; T p<0.05 compared with kdAkt; ~ p<0.05 compared with caPI3K-Mst1; and

A p<0.05 compared with caPI3K-kdAkt.

caPI3K

caPI3K-Mstl

caPI3K-kdAkt

Mst1-kdAkt

caPI3K-Mst1-
kdAkt

3 3 7 4 6 5 6 8
Body weight (g) 23.0+1.1 26.6.£2.0 26.8+1.4 23.2+1.4 25.7+1.0 26.4+1.2 25.9+0.7 24.6+1.0
Tibia length (mm) IWEINI 16.8+0.1 16.8+0.1 16.4+0.3 16.6+0.2 16.9+0.2 16.7+0.1 16.7+0.1
Heart weight (mg) REERERN 145.6+17.4* | 127.5+6.6* 92.7+4.9%# 129.3+2.8*t 130.3+7.0*t 124.0+4.0*t 125.9+7.2*t
GRS/l I 5.89+0.15 | 8.64+0.98* | 7.57+0.34* 5.65+0.23%# 7.80+0.15*t 7.70+0.38*t 7.41+0.22*%ft 7.54+0.38*t
Atrial weight (mg) BRSNS 6.4+0.8 15.0+1.9*% 5.8+0.5# 14.5+1.0*$t 6.7+0.3#~ 14.8+0.9*ftA 14.6£1.4* 1A
C\WZRIN (07l 0.33+0.03 | 0.38+0.04 0.89+0.10*# 0.35+0.03# 0.88+0.07*%t 0.40+0.01#~ 0.88+0.06*FtA 0.87+0.08*ftA
(KT PV (Tl 134.743.7 | 143.543.3 192.8+13.8*% 129.2+8.8# 185.1+9.4*%+ 137.317.14~ 165.9+7.0* 1A 170.7+8.8*1 11
LW/TL (mg/mm) 8.08+0.16 | 8.52+0.16 11.45+0.75*% | 7.88+0.44# 11.17+0.59*+t | 8.13+0.45#~ 9.91+0.44#TN 10.23+0.47*7
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Despite significant differences in fractional shortening (Table 24), there were no
differences in HW/TL between caPI3K-Mst1, Mstl and triple-transgenic mice (Table
25).

3.4. Discussion

3.4.1. Summary of major findings

The studies described in this chapter were designed to examine whether PI3K (p110a)
is protective in a mouse model of dilated cardiomyopathy and to determine the
molecular mechanisms responsible for any protective properties. Increased PI3K
(p110a) activity in a setting of dilated cardiomyopathy improved survival and cardiac
function, while decreased PI3K (p110a) induced a more severe HF phenotype
associated with a significantly reduced lifespan, depressed cardiac function, increased
cardiac fibrosis and apoptosis. Protein expression analyses suggested that PI3K (p110a)
may exert its beneficial effects via its downstream kinase Akt. Using kdAkt transgenic
mice it was demonstrated that Akt, in part, explains the protection mediated via PI3K
(p110a).

The increased fibrosis, apoptosis, cardiac dysfunction, and mortality
associated with decreased PI3K (p110a) activity in a setting of disease suggested a
potential impairment of cardiac conduction in dnPI3K-Mstl mice. This was further
examined in Chapter 4 of this thesis (see pages 151-183). Another interesting finding
from these studies was that female mice with reduced PI3K (p110a) activity in a setting
of HF developed a more severe disease phenotype compared with their male
counterparts, with reduced lifespan and cardiac function, as well as increased atrial
size and lung congestion. This was further examined in Chapter 5 of this thesis (see

pages 184-205).

3.4.2. Impact of manipulating PI3K (p110a) in the stressed heart: PI3K

(p110a) is critical for cardiac function and survival, and protects the

heart against heart failure

As previously reported, Mstl mice displayed depressed cardiac function compared

with Ntg mice (Yamamoto et al., 2003). There was no difference in cardiac function
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between Ntg, caPI3K and dnPI3K mice. Increasing PI3K activity in the Mstl mice
(caPI13K-Mst1) significantly improved cardiac function and improved lifespan (increased
by 70%) compared with Mstl mice alone. Decreasing PI3K activity in the Mstl mice
(dnPI3K-Mst1) was associated with deterioration in cardiac function and significantly
reduced lifespan (reduced by 43%) compared with Mstl mice. Ventricular wall
thicknesses were decreased in the dnPI3K-Mstl mice compared with Ntg and Mst1,
and there was significant dilation of the ventricular chambers. The caPI3K-Mst1 mice
showed less chamber dilation and ventricular wall thinning compared with Mst1 mice.

As described in the general introduction of this thesis, PI3K (p110a) is an
important regulator of heart size in mice. HW/TL data showed that dnPI3K mice had
smaller hearts compared with Ntg mice, while the caPI3K mice had enlarged hearts,
similar to previous reports (McMullen et al., 2003; Shioi et al., 2000). Morphological
examination at 4.5 months of age showed increased HW/LT, AW/TL, and LW/TL in the
Mstl mice compared with Ntg mice. The dnPI3K mutant was unable to blunt the
cardiac hypertrophic response induced by expression of Mst1, consistent with the idea
that the dnPI3K mutant can inhibit physiological but not pathological heart growth
(McMullen et al., 2003). caPI3K-Mst1 mice showed similar HW/TL compared with Mst1
mice, but this could be attributed to physiological cardiac hypertrophy, as caPI3K-Mst1
mice did not have reduced cardiac function.

Increases in atrial weight and lung weight were more dramatic in the
dnPI3K-Mst1l mice compared with Mst1l mice. Atria commonly enlarge when the heart
has depressed function (Kumar et al., 2005), supporting the hypothesis that dnPI3K-
Mst1l mice have more depressed function than the Mst1l mice alone. Lung congestion
is characteristic of the Mst1l phenotype (Yamamoto et al., 2003) and is a common
complication of congestive HF in humans (Gehlbach and Geppert, 2004). dnPI3K-Mst1
mice had increased LW/TL as well as lung congestion under histological examination.
On histological assessment, lung congestion appeared reduced in caPI3K-Mstl, most
likely through the improvement of contractile function.

Histological analysis of the atria and ventricles from the transgenic mice
showed increased fibrosis in the Mstl mice compared with Ntg mice, and decreased
fibrosis in the caPI3K-Mst1 mice compared with Mst1 mice (reduced by 51% and 38%,

respectively). This suggests that the increased cardiac expression of PI3K (p110a) in the
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caPI3K-Mst1 mice had a protective effect in part by inhibition of atrial and ventricular
fibrosis. There was significantly more fibrosis in the atria and ventricles of the dnPI3K-
Mstl mice compared with Mstl mice (increased by 115% and 30%, respectively).
Examination of apoptosis showed increased apoptosis in the ventricles of Mstl mice,
as previously described (Yamamoto et al., 2003). caPI3K-Mst1 mice had significantly
less apoptosis compared with Mst1l mice alone (reduced by 36%), while dnPI3K-Mst1
mice had greater apoptosis (increased by 48%). Taken together these results show that
PI3K (p110a) can partly inhibit the pathological consequences of HF.

Collectively these results suggest that PI3K (p110a) is protective in a setting
of dilated cardiomyopathy. PI3K (p110a) has previously been shown to play a critical
role in the maintenance of cardiac function in a pressure overload model (McMullen et
al., 2003), a transgenic dilated cardiomyopathy model (McMullen et al., 2007), and
after myocardial infarction (Lin et al., 2010). These studies also suggest that expression
of PI3K (p110a) improves cardiac function through physiological hypertrophy, while
also inhibiting the pathological consequences of HF such as chamber dilation and wall
thinning. The dilated cardiomyopathy model used in the studies described in this
chapter has advantages over the model previously used by McMullen and colleagues
(McMullen et al., 2007), because it has a significantly longer lifespan (approximately
4.5 months compared with approximately 40 days). This allowed for the examination
of the molecular mechanisms responsible for the protective actions of PI3K (p110a) in
a setting of dilated cardiomyopathy. Additionally, it also allowed for a comprehensive
examination of the actions of PI3K (p110a) on cardiac function (echocardiography and
catheter studies), and cardiac pathology (fibrosis and apoptosis) in a setting of dilated

cardiomyopathy, which was not previously possible.

3.4.3. Molecular mechanisms responsible for the cardioprotective

properties induced by caPI3K

Akt, a down-stream target of PI3K, is important for cell growth and survival (Burgering
and Coffer, 1995; Cantley, 2002; Datta et al., 1997; Klippel et al., 1997). Results from
protein expression analysis by western blotting showed that the phosphorylation of

Akt was up-regulated in hearts of caPI3K mice and tended to decrease in dnPI3K, as
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previously described (McMullen et al., 2003). caPI3K-Mst1 mice also showed an up-
regulation of the phosphorylation of Akt, suggesting that Akt may be the downstream
effector of PI3K (p110a) through which its protective effects are mediated. To assess
the role of Akt in the caPI3K-Mstl model, kdAkt mice were crossed with caPI3K-Mst1
mice. Triple-transgenic mice (caPI3K-Mstl-kdAkt) had worse cardiac function
compared with caPI3K-Mst1 mice, but cardiac function was improved compared with
Mst1 mice alone. Morphological examination showed no difference in HW/TL, AW/TL,
or LW/TL between the Mst1 and triple-transgenic mice. Taken together, these results
show that PI3K (p110a) improves cardiac function in part via its downstream effector
Akt. The studies with the kdAkt transgenic mice highlight that future studies should
address the question of what Akt-independent mechanisms are also important in
mediating PI3K (p110a)-induced cardiac protection. Pilot studies from our laboratory
suggest that a potential negative feedback mechanism increases expression of IGF-1R
in a setting of low Akt expression (i.e. kdAkt mice). Further elucidation of this negative
feedback mechanism would be of interest.

In this chapter it was also demonstrated that decreased PI3K (p110a)
activity in the Mst1 mice induced greater apoptosis compared with Mst1l mice alone,
while increased PI3K (p110a) activity in the Mstl mice reduced apoptosis levels. It
would be interesting to examine the molecular mechanism responsible for this
differential regulation of apoptosis. After my project had commenced, it was shown
that there is a link between the PI3K (p110a) and Mst1 signalling pathways that can
influence signalling through the transcription factor Forkhead Box O (FoxO) in HEK293
cells (Jang et al., 2007). In previous studies, FoxO was shown to mediate cell death by
regulating apoptotic genes (Brunet et al., 1999; Jang et al., 2007; Kops and Burgering,
1999; Van Der Heide et al., 2004), and it was known that Mstl can directly
phosphorylate FoxO (Lehtinen et al., 2006). PI13K (p110a) and Mst1 signalling pathways
had not previously been shown to interact with each other. It has subsequently been
shown that Akt can directly phosphorylate Mstl, which blocks the nuclear
translocation and subsequent apoptotic action of FoxO3 (Jang et al., 2007), providing a
potential molecular mechanism responsible for the reduced apoptosis seen in the
caPI3K-Mst1l mice. Additionally, Lehtinen and colleagues showed that Mstl directly

phosphorylates FoxO proteins, promoting nuclear translocation and subsequent
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apoptosis in neurons (Lehtinen et al., 2006). From these studies it seems possible that
the dnPI3K-Mst1 mice may have aberrant FoxO signalling in the heart which may be
partly responsible for the increased apoptosis observed in these mice hearts, as
decreased PI3K (p110a) activity would lead to decreased Mstl phosphorylation and
consequently increased FoxO activity. Future studies will need to focus on whether this
interesting interaction between PI3K (p110a), Mstl and FoxO (summarised in Figure

45) is responsible for the anti-apoptotic actions of PI3K (p110a) in the stressed heart.

IGF1 Stress
/
E
IGFI Integrin
receptor
- 1
D = | PI3K |/ | Akt
1 Mst1
Mstl l
p
Cell survival < [ l /
(P)
Nuclear
translocation
C Fo0 — VI —> Apoptosis

Nucleus

Figure 45. Proposed molecular mechanism responsible for the anti-apoptotic action
of PI3K (p110a) in the Mst1 mice.

Mammalian sterile 20-like kinase 1 (Mstl1) can induce apoptosis through phosphorylation of
forkhead box O (FoxO). The phosphorylation of FoxO by Mst1 leads to nuclear translocation of
the transcription factor, promoting apoptosis (Daitoku and Fukamizu, 2007; Lehtinen et al.,
2006). Signalling through the insulin-like growth factor 1 (IGF1) receptor-phosphoinositide 3-
kinase p110a (PI3K)-Akt signalling pathway directly phosphorylates Mst1, leading to inhibition

of the nuclear translocation machinery, thereby reducing apoptosis (Jang et al., 2007).
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3.4.4. Decreased PI3K (p110a) activity in a setting of cardiac stress

induces more severe disease in females

Gender differences were apparent in cardiac structure and function in the transgenic
mice, with the most distinct gender differences observed in the dnPI3K-Mst1 mice.
Female dnPI3K-Mstl mice had a shorter lifespan, increased chamber dilation, and
reduced systolic function compared with their male counterparts. Morphological
studies also showed increased AW/TL and LW/TL in the female dnPI3K-Mstl mice
compared with their male counterparts. This suggests that PI3K (p110a) signalling may
be particularly important for cardioprotection in females. This interesting finding was
further examined in Chapter 5 of this thesis (see pages 184-205). Interestingly, female
Mstl and caPI3K-Mstl mice also had greater normalised HW/TL than their male
counterparts, but this was not associated with significant differences in function,

AW/TL or LW/TL.

3.4.5. Future directions

In addition to the future studies discussed in Section 3.4.3., it would also be of interest
to investigate the effect of increasing PI3K (p110a) activity in setting of established
cardiac disease. The studies described in this chapter represent a scenario in which
PI3K (p110a) activity is increased from just after birth due to transgene expression
using the a-MHC promoter {Gulick, 1991 #7779}. It would therefore be of interest to
examine whether increasing PI3K (p110a) activity can reverse cardiac pathology once
cardiac disease is already manifested. Another PhD student in our laboratory is
addressing this question utilising an adeno-associated viral approach. The PI3K (p110a)
transgene has been inserted into recombinant adeno-associated virus pseudotype 6. It
has previously been shown that systemic delivery of adeno-associated virus 6
transduces gene expression in striated muscle (cardiac and skeletal muscle)
(Gregorevic et al., 2004). Using this system, it is hypothesised that it would be possible
to deliver the PI3K (p110a) transgene specifically to the heart, and that this would

improve the phenotype of the Mstl mice following established disease.
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3.5. Conclusion

The studies described in this chapter show that elevated PI3K (p110a) is beneficial in a
setting of HF. Expression of caPI3K in a setting of dilated cardiomyopathy increased
lifespan and cardiac function, and significantly decreased lung congestion, fibrosis and
apoptosis. It was also shown that PI3K (p110a) is critical for the maintenance of cardiac
function in a setting of HF. Inhibition of PI3K (p110a) in a setting of dilated
cardiomyopathy significantly reduced lifespan and cardiac function, and increased lung
congestion, fibrosis and apoptosis. Protein analyses and genetic mouse studies suggest
that PI3K (p110a) exerts its beneficial effects in part through the phosphorylation of

Akt. A summary of the novel findings from this chapter are presented in Figure 46.

Mstl mouse model
Dilated cardiomyopathy

— J Lifespan |

— J- Cardiac Function |—

dnPI3K mouse model caPI3K mouse model
LPI3K(p110a)  —1———— |  Lung Congestion | f——— TPI3K (p110a)
activity activity
_— ™ Fibrosis I—

I 1 Apoptosis —

Figure 46. Role of PI3K (p110a) in a setting of dilated cardiomyopathy.

Mice over-expressing mammalian sterile 20-like kinase 1 [Mst1, (Yamamoto et al., 2003)]
develop dilated cardiomyopathy with reduced lifespan and cardiac function, as well as
increased lung congestion, fibrosis, and apoptosis. Increasing PI3K (p110a) activity in the Mst1
mice [using the constitutive active PI3K (p110a) (caPI3K) transgenic mice (Shioi et al., 2000)]
improves lifespan and cardiac function, and reduces lung congestion, fibrosis, and apoptosis. In
contrast, reducing PI3K (p110a) activity in the Mstl mice [using the dominant negative PI3K
(p110a) (dnPI3K) transgenic mice (Shioi et al., 2000)] further reduces lifespan and cardiac

function, and increases lung congestion, fibrosis, and apoptosis.
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Chapter 4 — Reduced PI3K (p110a) activity increases the heart’s

susceptibility to atrial fibrillation

4.1. Introduction

This chapter examines a potential link between AF and PI3K (p110a) activity. Previous
data from my laboratory and the literature have suggested that such a link may exist.
First, reduced PI3K activation (in the dnPI3K mice) alters gene expression of ion
channels in ventricular tissue (McMullen et al., 2004). Second, adrenergic stimulation
and cardiotoxicity induced by several classes of drugs induce AF in patients (van der
Hooft et al., 2004), and PI3K (p110a) has been shown to inhibit pathological signalling
cascades downstream of GPCR (McMullen et al., 2007). Thus, reduced PI3K (p110a)
would be expected to increase the likelihood of cardiotoxicity and activation of
signalling downstream of GPCR. Third, it has been shown that increased PI3K (p110a)
activation induces increased expression of Hsp70, while decreased PI3K (p110a)
activation reduces expression of Hsp70 (McMullen et al., 2004). Previous studies have
shown that patients with high expression levels of Hsp70 have a lower incidence of
postoperative AF, while an MA439T substitution in Hsp70 increased the risk of
postoperative AF (Afzal et al., 2008; Kampinga et al., 2007; Mandal et al., 2005; St
Rammos et al.,, 2002). Finally, age, obesity and diabetes are risk factors for the
development of AF (Benjamin et al., 1994; Lip and Varughese, 2005; Wang et al.,
2004). These factors are typically associated with reduced physical activity and insulin
resistance. PI3K (p110a) is activated in response to exercise as a critical molecular
signal for insulin, and PI3K (p110a) activation is reduced in the hearts of obese,
diabetic and aged patients (Goodyear et al., 1995; Kajantie et al., 2003; Kim et al.,
1999; Rondinone et al., 1997; Sancho et al., 2007; Vasan et al., 2003). It was therefore
of interest to examine whether reduced PI3K (p110a) activity increases the risk for the
development of AF.

AF often occurs in combination with HF, and it has been suggested that AF
and HF may share common mechanisms and treatment strategies (Heist and Ruskin,
2006). However, the factors that precipitate the onset of AF in patients with pre-
existing heart disease remain unclear (Heist and Ruskin, 2006; Nattel, 2002). In this

chapter | assessed whether mice with an underlying cardiomyopathy and reduced PI3K
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(p110a) activity developed AF. In Chapter 3 it was shown that the dnPI3K-Mst1l mice
had depressed cardiac function and this was associated with premature mortality
compared with Mstl mice alone (see Sections 3.3.1. and 3.3.2.). These mice also
showed increased fibrosis in both the atria and ventricles (see Section 3.3.4.1.),
suggesting that cardiac conduction may be impaired. Collectively, these data led to the
hypothesis that reduced PI3K (p110a) activity may cause severe cardiac conduction

abnormalities in the stressed heart.

4.2. Methods

4.2.1 Technigues used in this study

The following techniques were used for the studies described in this chapter:

e Transgenic mouse model generation (as described in Chapter 2, page 63)

e Transgenic mouse model genotyping (as described in Chapter 2, pages 66-68)

e Echocardiography (as described in Chapter 2, page 68)

e Cardiac catheterisation (as described in Chapter 2, page 70)

e ECG and intracardiac catheterisation (as described in Chapter 2, pages 70-75)

e Telemetry recordings (as described in Chapter 2, page 76)

e Tissue harvesting and tibia length measurement (as described in Chapter 2, page
80)

e Tissue fibrosis examination (as described in Chapter 2, page 98)

e Protein extraction, measurement of protein concentration, and Western blotting
(as described in Chapter 2, pages 81-86)

e Microarray gene expression analysis (as described in Chapter 2, page 96)

e Plasminogen assay (as described in Chapter 2, page 97)

e Gelatin zymography (as described in Chapter 2, page 89)

e PI3K activity assay (as described in Chapter 2, page 87-89)

4.2.2. Animals

All animals used in the studies described in this chapter are female Ntg, dnPI3K, Mst1

and dnPI3K-Mstl mice. The majority of mice described are between 4.2 and 4.9
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months of age, as dnPI3K-Mst1 mice have a lifespan of approximately 4.5 + 0.3 months
(see Section 3.3.1.). Aged Mstl mice (15.0 £ 1.3 months) were also examined in this

study.

4.3. Results
4.3.1. PI3K (p110a) activity in dnPI3K-Mst1l mice

To confirm depressed PI3K (p110a) activity in the dnPI3K-Mstl mice, PI3K activity
assays were performed, as previously described (see Section 2.7.6.1.). PI3K (p110a)
activity, as well as the phosphorylation of a downstream target, Akt, were significantly
depressed in ventricular tissue from dnPI3K mice (Figure 47, A & B). There was no
difference in PI3K (p110a) activity between Ntg and Mstl mice (Figure 47 A). PI3K
(p110a) activity was significantly depressed in the dnPI3K-Mst1 mice compared with
Ntg and Mstl mice alone (Figure 47 A). While not significant, there was a trend for a
decrease in phosphorylation of Akt in the hearts of dnPI3K-Mst1 mice compared with

Ntg and Mst1 mice (Figure 47 B).

4.3.2. Extended characterisation of the cardiac phenotype of the

dnPI3K-Mst1 mice

4.3.2.1. Haemodynamic characteristics of the dnPI3K-Mst1 mice

As described in Chapter 3, dnPI3K-Mstl mice have depressed cardiac function
characterised by dilated cardiac chambers and thin ventricular walls (see Section
3.3.2.1. and Section 3.3.4.1.). The cardiac phenotype was further characterised using
cardiac catheterisation as previously described (see Section 2.4.2.). Heart rates were
similar between groups (Table 26). Systolic blood pressure was decreased in the
dnPI3K mice compared with the Ntg mice (Table 26). Systolic blood pressure was
further depressed in Mstl and dnPI3K-Mst1l mice compared with Ntg and dnPI3K mice
(Table 26). Diastolic blood pressure was similar in Ntg and dnPI3K mice (Table 26).
Mstl and dnPI3K-Mstl mice displayed depressed diastolic blood pressure compared
with both Ntg and dnPI3K mice (Table 26). LVSP, LVEDP, dP/dtnyax, and dP/dt,i, were
not significantly different between Ntg and dnPI3K mice (Table 26). Mst1 and dnPI3K-
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Figure 47. PI3K activity and phosphorylation of Akt in mouse ventricular samples.

A: PI3K (p110a) activity (left panel) and quantitative analysis (right, panel), n=6-8 in each
group. IP: immunoprecipitate; -ve: negative control (sample without antibody); PIP:
phosphotidylinositol 3-phosphate. A portion of the immunoprecipitated antibody was subjected
to Western blotting and probed with an anti-p85 antibody. B: Representative Western blot
showing pAkt and total Akt (left panel) and quantitative analysis (right panel), n=3 in each
group. * p<0.05 compared with Ntg,” p<0.05 compared with dnPI3K; and # p<0.05 compared

with Mst1. Ntg was normalised to 1.0.
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Table 26. Haemodynamic analyses from transgenic mice at 4.2-4.9 months of age.

LVSP: Left ventricular systolic pressure; LVEDP: Left ventricular end-diastolic pressure; dP/dt.x

and dP/dt;,: maximum rise and fall of left ventricular pressures. * p<0.05 compared with Ntg;

A p<0.05 compared with dnPI3K; and # p<0.05 compared with Mst1.

Ntg ‘ dnPI3K ‘ Mst1 ‘ dnPI3K-Mst1
5 3 4 4

Body Weight (g) 29.3+2.7 28.5+2.2 29.2+2.7 27.1+0.8
Heart Rate 352+19 360+52 382118 379118
(beats/minute)
Systolic Blood 117 +5 100+ 3 * 84+ 4 *A 76 15 *A
Pressure (mmHg)
Diastolic Blood 803 7514 61+3*A 57 +2*A
Pressure (mmHg)
LVSP (mmHg) 110+ 4 101+ 3 81+ 2 %A 74 + 3 *A
LVEDP (mmHg) 6+1 6+0 1141 *A 15+ 0 *A#
dP/dt.x (MmHg/s) 7427 £ 383 7064 £ 391 6722 £ 645 4128 + 245 *Ng
YN 039£411 [ 6105+ 245 5011 + 388 * 3259 + 85 *A#
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Mstl mice had significantly decreased LVSP compared with Ntg and dnPI3K mice
(Table 26). LVEDP was significantly increased in the Mstl mice, and this was further
increased in the dnPI3K-Mstl mice (Table 26). Mstl mice showed no significant
difference in dP/dt.x compared with Ntg and dnPI3K mice, but had a reduced dP/dtin
(Table 26). dnPI3K-Mstl mice had a significantly reduced dP/dtmax and dP/dtmin

compared with all other groups (Table 26).

4.3.2.2. Left atrial and ventricular enlargement in dnPI3K-Mst1 mice

By echocardiography there was clear enlargement of the left atrial and left ventricular
chambers in the dnPI3K-Mst1l mice compared with Ntg mice (Figure 48 A). Left atrial
chamber size was significantly greater in Mstl mice compared with Ntg and dnPI3K
mice (Figure 48 B), and this enlargement was further exacerbated in the dnPI3K-Mst1

mice (Figure 48 B).

4.3.2.3. Increased fibrosis in left atria of dnPI3K-Mst1 mice

As shown in Chapter 3, dnPI3K-Mst1 mice have increased atrial fibrosis compared with
Mst1l mice alone (see Figure 37). Upon detailed examination of the left and right atria
separately, it became apparent that the majority of atrial fibrosis was localised in the
left atria of the dnPI3K-Mstl mice (Figure 49). All other genotypes showed similar

levels of fibrosis in both atria (Figure 49).

4.3.2.4. Expression of fibrotic genes in atria of dnPI3K-Mst1 mice

Gene expression in the atria of female Ntg, dnPI3K, Mst1l and dnPI3K-Mst1 mice was
examined using microarray technology, as previously described (see Section 2.8.5.).
Consistent with results from histological examination, gene expression changes in a
number of extracellular matrix- and fibrosis-related genes were increased in the atria
of Mstl mice compared with Ntg and dnPI3K mice, and even more significantly

increased in the dnPI3K-Mst1 mice compared with all other groups (Figure 50).
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Ntg dnPI3K-Mst1

B Left atrial size (mm?)

40+0.3 2.6+0.3 81+09* 13.8+ 1.7 *#

Figure 48. Assessment of cardiac chamber dimensions in transgenic mice.

A: Representative 2D-echocardiographic image (long axis) showing cardiac chamber sizes in
the Ntg (left panel) and dnPI3K-Mstl (right panel) mice. dnPI3K-Mstl mice show marked
enlargement of the left ventricle (LV), and the left atrium (LA) compared with Ntg mice.
Ascending aorta (a) as indicated. B: Left atrial size of transgenic mice determined from long-
axis two-dimensional images at end-systole. n=5-6 in each group. * p<0.05 compared with Ntg

and dnPI3K, and # p<0.05 compared with Mst1.
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B Left Atrium M Right Atrium

18
16
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% Fibrois
(area of fibrosis/area of atria)

oON B O 00

Ntg dnPI3K Mstl dnPI3K-Mstl

Figure 49. dnPI3K-Mst1 mice have more severe fibrosis in the left atrium compared
with the right atrium.

dnPI3K-Mst1 mice developed a 10-fold increase in left atrial fibrosis and a 5-fold increase in

right atrial fibrosis compared with Ntg. n=3-6 in each group; * p<0.05.
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Figure 50. Gene expression changes of extracellular matrix- and fibrosis-related

genes in the atria from transgenic mice.
Col, procollagen types; Fnl, fibronectin. * p<0.05 compared with Ntg and dnPI3K; T p<0.05
compared with Ntg, dnPI3K, and Mst1 (n=4 in each group).
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4.3.2.5. Atrial thrombi formation in dnPI3K-Mst1 mice

At autopsy, approximately 50% (8 of 17 mice) of the dnPI3K-Mst1l mice developed
chronic atrial thrombi in the left atrium (Figure 51). Thrombus formation was not a

feature of any other genotypes.

Thrombus

dnPI3K-Mst1

Figure 51. Atrial thrombus formation in dnPI3K-Mst1 mice.

dnPI3K-Mst1 mice (right panel) develop chronic atrial thrombi (indicated by arrow) in
approximately 50% of cases, with marked atrial fibrosis (blue staining indicates collagen
deposition, Masson’s trichrome stain). Fibrosis was not visible in the aria of Ntg mice (left

panel). 40 X magnification.

4.3.2.6. Mechanisms responsible for atrial thrombi formation

Atrial thrombus formation is a common complication of HF and a variety of arrhythmic
disorders, particularly AF (Agmon et al., 2002; De Caterina, 2009; Freeman and Aguilar,
2008; Tang et al., 2009), and is associated with an increased risk of stroke. Thrombi can
result from several underlying pathophysiological changes including anatomical and
structural changes, abnormal changes in blood constituents, or blood stasis due to HF
(Esmon, 2009). dnPI3K-Mstl mice have marked structural remodelling due to

increased atrial and ventricular fibrosis (see Section 3.3.4.1., Figure 49) as well as
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marked cardiac dysfunction (see Section 3.3.2.2.), which could explain the formation of
thrombi. However, to explore whether changes in blood constituents contribute to
increased blood clotting, global fibrinolytic activity was assessed in plasma from Ntg,
dnPI3K, Mstl and dnPI3K-Mst1l mice. No difference in fibrinolytic activity was seen

between any of the genotypes (Figure 52).

dnPI3K
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Figure 52. Global fibrinolytic activity in plasma from transgenic mice.

Top panel: Tissue plasminogen (tPA) standard; molecular weight marker [kilodaltons (kd)]; tPa-
plasminogen activator inhibitor 1 (PAI-1) complex (indicated by arrow). Bands indicated by
asterisk may represent mouse urokinase (u-Pa) which migrates at 45-48 kd. Regardless of its
formal identity, no obvious difference was detected between groups. Bottom panel:

Quantitative analysis of the tPA-PAI-1 complex (n=4 in each group).
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To examine whether changes in blood components contribute to atrial and
left ventricular structural disarrangement and ECM remodelling through activation of
pro-MMPs to MMPs to increase collagen deposition, gelatin zymography was
performed as previously described (see Section 2.7.7.). Zymography was performed on
ventricular tissue, as there is inadequate tissue available in the atria. MMP-2 and
MMP-9 have previously been associated with marked structural abnormalities in the
atria in a setting of HF (Boixel et al., 2003; Spinale, 2007). MMP-9 (latent or active
form) did not change, but total MMP-2 was increased in both the Mst1 and dnPI3K-
Mst1l mice compared with Ntg and dnPI3K mice (Figure 53). No difference was seen

between Mst1 and dnPI3K-Mst1 (Figure 53).
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Figure 53. MMP-2 activity in ventricular tissue from transgenic mice.
Top panel: Gelatin zymography of latent and active forms of MMP-2 (as indicated by arrows).
Bottom panel: Quantitative analysis of total MMP-2 activity. Ntg was normalised to 1.0.

* p<0.0001 compared with Ntg and dnPI3K, n=3 in each group.
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4.3.3. Changes in cardiac conduction in dnPI3K-Mst1 transgenic mice

The premature death, increased atrial fibrosis, and presence of thrombi in the dnPI3K-
Mstl mice suggested a possible defect in cardiac conduction. As such, cardiac
conduction was assessed using ECG, telemetry and catheterisation recordings, as

previously described (see Section 2.4.).

4.3.3.1. Electrical conduction abnormalities in dnPI3K-Mst1 mice

ECG analyses were performed on 6-12 Ntg, dnPI3K, Mst1, and dnPI3K-Mst1 mice as
previously described (see Section 2.4.3.). Mild to major ECG abnormalities were
observed in dnPI3K, Mst1, and dnPI3K-Mst1 mice compared with Ntg (Table 27, Figure
54). There was no difference in heart rate, R-R interval, or QRS interval in any of the
groups (Table 27). P-R interval was prolonged approximately 43% in the Mst1l mice
compared with both the Ntg and dnPI3K mice, and this was further exacerbated in the
dnPI3K-Mst1l mice (an approximate 132% increase compared with Ntg and dnPI3K
mice, Table 27). dnPI3K mice had slightly smaller P-amplitudes and R-amplitudes
compared with Ntg mice (Table 27), likely due to the smaller size of the heart (see
Table 20, page 121). Mstl mice had reduced R-amplitudes compared with Ntg and
dnPI3K (Table 27). dnPI3K-Mst1 mice had significantly depressed P-amplitudes and R-
amplitudes compared with Ntg, dnPI3K, and Mst1 (Table 27, Figure 54).

Several P-wave abnormalities were observed in the dnPI3K-Mstl mice,
including double peaks (Figure 55 A). All dnPI3K-Mst1 mice examined displayed varying
degrees of atrial-ventricular conduction blockade (AVB), including first degree AVB
(Figure 55 A), second degree AVB (Figure 55 B), and third degree block AVB (Figure 55
C). To investigate whether B-adrenergic stimulation could improve conduction,
isoproterenol (3ng i.v.) was administered to the dnPI3K-Mst1 mice and ECG recorded

for a further 5 minutes. There was no change in P-R interval (Figure 55 D).
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Table 27. ECG analyses from transgenic mice at 4.5 months of age.
* p<0.05 compared with Ntg; * p<0.05 compared with dnPI3K; and # p<0.05 compared with
Mst1.

Ntg ‘ dnPI3K ‘ Mst1 ‘ dnPI3K-Mst1
12 8 6 8
Heart Rate 477+7 475+ 11 472+ 20 514 +18
(beats/minute)
R-R interval 126 +2 127 +3 128+5 118 + 4
(ms)
P-Rinterval (ms) [EYAR] 39+1 5342 *A 86 + 9 *A#
QRS interval 9.0+0.2 9.0+0.4 8.0+0.2 8.0+0.3
(ms)
P-amplitude
() 0.14+0.01 0.08 +0.01 * 0.09 +0.01 * 0.05 +0.01 *A#
R-amplitude
) 1.55+0.08 1.31+0.09 * 0.93+0.09 *A | 0.40 + 0.08 *A#
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Ntg dnPI3K

Mstl dnPI3K-Mst1

Figure 54. Representative surface ECG traces from Ntg, dnPI3K, Mst1, and dnPI3K-

Mstl1 mice.
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Figure 55. Atrial-ventricular conducation blockade in dnPI3K-Mst1 mice.

A: First-degree AVB (constant prolonged PR interval and double p-waves), B: Mobitz type 1
second-degree AVB (gradual prolongation of the P-R interval before complete block), solid
triangles indicate p-waves, C: Third-degree AVB (no relationship between P-waves and QRS

complexes. D: No difference in P-R interval following isoproterenol (ISO) stimulation.
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4.3.3.2. Location of the conduction blockade in dnPI3K-Mst1 mice

To determine the location of the conduction blockade in the dnPI3K-Mstl mice,
intracardiac ECG catheter recordings were recorded in Ntg and dnPI3K-Mst1l mice as
previously described (see Section 2.4.4.). dnPI3K-Mst1 mice had a prolonged interval
between the atrial (A) to His (H) potential (Figure 56). There was no difference
between Ntg and dnPI3K-Mstl mice in the His to ventricular potential (Figure 56),

indicating the conduction blockade occurred prior to the His bundle.

— P-wave A - atrial potential

—— His potential H - His potential
V - ventricular potential

0.5mV

100ms

dnPI3K-Mst1

Heart Rate 416 + 27
(beats/minute)

460 + 20

Atrial — His 23+0 49 + 1 *
potential (ms)

His — Ventricular 11+1 10+1
potential (ms)

Figure 56. ECG trace and measurements obtained from an intracardiac
electrophysiology catheter located in the right ventricle.

A: atrial potential, H: his potential, V: ventricular potential. * p<0.05 compared with Ntg.
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4.3.3.3. dnPI3K-Mst1 mice are more susceptible to atrial fibrillation

Paroxysmal AF (absent P-waves during overtly irregular R-R intervals) was detected in
approximately 40% of dnPI3K-Mstl mice (6 of 16 animals) during short periods of
surface ECG recordings (5-10 minutes) under anaesthesia (Figure 57). The absence of
the P-waves was confirmed by intracardiac catheter recordings (Figure 57; lower 2
panels). AF was not present in Ntg, dnPI3K or Mst1l mice (n=6-12 in each group). In
order to confirm anaesthetised findings, ambulatory ECG telemetry studies were
performed. Telemetry recordings suggest that the incidence of AF is higher than 40%
when the dnPI3K-Mst1 mice are monitored for 24 hours. Short as well as prolonged
periods of AF were detected in 100% (6 of 6 animals) of the dnPI3K-Mst1 mice when
monitored for 24 hours (Figure 58). Atrial tachycardia was also detected in the dnPI3K-
Mst1 mice (Figure 58).
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Figure 57. ECG from dnPI3K-Mst1 showing episodes of atrial fibrillation.
Short period of AF recorded simultaneously from Lead Il (upper panel) and an intracardiac

electrophysiology catheter (lower two panels). P-waves are indicated by arrows.
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Figure 58. ECG telemetry traces from dnPI3K-Mstl mice showing episodes of atrial
tachycardia and atrial fibrillation.

A: Atrial tachycardia (dots indicate P-waves), atrial rate approximately 1000 beats/min. B:
Short episode of AF (indicated by horizontal arrow). C & D: Prolonged episodes of AF,

demonstrated by the absence of P-waves during overtly irreqular R-R intervals.

- 169 -



Chapter 4 - Reduced PI3K (p1100) increases the heart’s susceptibility to AF

4.3.3.4. ECG characteristics of aged dnPI3K and Mst1 mice

To assess whether AF in the dnPI3K-Mst1l mice was simply a result of a more severe
dilated cardiomyopathy phenotype compared with the Mstl mice alone, cardiac
conduction was assessed in aged Mst1 (15.0 + 1.3 months, n=6) mice. While Mst1 mice
have an average lifespan of approximately 8 months (see Figure 27, page 109), a small
percentage of mice live considerably longer. Aged Mstl mice displayed a similar HF
phenotype to that of dnPI3K-Mstl mice at 4.5 months of age [similar atrial weights
(Mst1: 33.8 + 3.9 mg; dnPI3K-Mst1: 32.8 + 8.2 mg) and lung weights (Mst1: 285.5 +
47.3 mg; dnPI3K-Mstl: 226.7+11.5 mg)]. Cardiac conduction was also assessed in a
group of aged dnPI3K (16.1 + 1.6 months, n=6).

Despite having a similar HF phenotype, ECG abnormalities were still more
severe in the dnPI3K-Mst1 mice at 4.5 months (see Table 27, page 164) compared with
aged Mstl (Table 28). There was a fall in R-amplitude in aged Mstl mice and an
increase in P-R interval compared with younger Mst1l mice (Table 27 compared with
Table 28) but these changes were significantly smaller than those observed in dnPI3K-
Mstl mice at 4.5 months (see Table 27 and Table 28; R-amplitude approximately
0.5mV in aged Mstl, approximately 0.4mV in 4.5 month dnPI3K-Mst1; P-R interval
approximately 63ms in aged Mstl, approximately 86ms in 4.5 month dnPI3K-Mst1).
There was also no evidence of AF in aged Mst1 mice. Interestingly, in aged dnPI3K mice
there was also a fall in R-amplitude and a small but significant increase in P-R interval
compared with younger dnPI3K and aged Ntg mice (see Table 27, Table 28, and Figure
59). Aged dnPI3K mice also displayed periods with irregular R-R intervals (Figure 59).

4.3.4. Gene expression profiles in mouse atrial samples

Gene expression was analysed in mouse atria using microarray, as previously described
(see Section 2.8.5.) to determine whether the observed AF in the dnPI3K-Mst1l mice
was associated with changes in gene expression that have been reported in humans or
large animal models of AF (including fibrogenic genes, connexin proteins, potassium
channels, and metabolic genes). As shown previously, genes associated with fibrosis or
the ECM were up-regulated in Mstl mice, and this was further exacerbated in the

dnPI3K-Mst1 mice (see Figure 50, page 159).
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Table 28. Parameters derived from ECG of aged transgenic mice.

* p<0.05 compared with Ntg; * p<0.05 compared with dnPI3K.

Ntg dnPI3K Mstl

Age (months) 13.5+2.7 16.1+1.6 15.0+ 1.3

Heart Rate 491+21 485+ 16 430+ 53
(beats/minute)

R-R interval (ms) 124 +6 124 +4 159 + 33

P-R interval (ms) 371 44 + 2* 63 + 7%/

QRS interval (ms) 10.0+0.0 11.0+0.1 11.0+0.1

P-amplitude (mV) 0.18+£0.02 0.09 £ 0.01* 0.09 £ 0.02*

R-amplitude (mV) 1.48 £ 0.07 1.01+0.18 * 0.52 £0.06 *»

Ntg- 4.5 months Ntg- 26.5 months
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Figure 59. Surface ECG recordings of aged dnPI3K compared with aged Ntg mice.
Aged dnPI3K mice have blunted R-amplitudes, prolonged P-R intervals, and periods with

irregular R-R intervals.
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Connexin proteins are important for inter-cellular signalling, and form gap junctions
within cells (Bruzzone et al., 1996; van der Velden et al., 2000a). In the mammalian
heart, connexins 37, 40, 43, 45, and 46 have been identified (Bruzzone et al., 1996;
Haefliger et al., 1992; Kanter et al., 1992; Reed et al., 1993). In the present study,
differential regulation of connexin 37 and connexin 46 was observed in the transgenic
mice (Figure 60). Connexin 37 was down-regulated while connexin 46 was up-
regulated as disease worsened (Figure 60). Connexin 37 has been shown to be
expressed in endothelial and endocardial cells (Reed et al., 1993; Verheule et al.,
1997). Of particular interest, connexin 46 is expressed in the pacemaker cells of the SA
node of mice and other mammals (Bruzzone et al., 1996; Coppen et al., 1999; van der

Velden et al., 2000a; Verheijck et al., 2001).
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Figure 60. Changes in gene expression of connexin proteins in the atria from
transgenic mice.

Cx: connexin subtypes. * p<0.05 compared with Ntg and dnPI3K; T p<0.05 compared with Ntg,
dnPI3K, and Mst1 (n=4 in each group).
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Changes in potassium channel gene expression have previously been linked
with AF in animal models and humans (Tsai et al., 2008). In particular, the potassium
ion channel Kv4.3 [encoded by potassium voltage-gated channel Shal-related family
member 3 (Kcnd3] has previously been associated with AF in humans and dogs (Borlak
and Thum, 2003; Brundel et al., 2001; Grammer et al., 2000; Yue et al., 1999). In the
present study, differential regulation was observed in potassium channel subfamily V
member 2 (Kcnv2), potassium channel subfamily T member 2 (Kcnt2), Kend3, and
potassium inwardly rectifying channel subfamily J member 2 (Kcnj2) (Figure 61). As
disease progressed Kcnt2 was up-regulated, while Kcnv2, Kend3, and Kcnj2 were
down-regulated (Figure 61).

Changes in genes encoding metabolic pathways have also been associated
with the development of AF in both animal models and humans (Ausma et al., 2000;
Mihm et al., 2001). Several genes important in metabolic pathways (particularly in the
electron transport chain, amino acid metabolism and the tricarboxylic acid cycle) were

significantly altered in the atria from transgenic mice (Figure 61).

4.3.5. Reduced PI3K (p110a) activity in atrial appendages of patients

with atrial fibrillation

The studies described earlier in this chapter suggest that reduced PI3K (p110a)
signalling accelerates HF progression, and makes the heart more susceptible to
develop AF. To determine whether reduced PI3K (p110a) activity may also be a
contributing factor to the development of AF in humans, PI3K (p110a) activity was
assessed in atrial appendages from patients with acute or chronic AF.

PI3K (p110a) activity was measured in atrial appendages from patients who
underwent CABG surgery and either did (66 = 3 years, n=4) or did not (64 * 4 years,
n=6) develop AF postoperatively. In another group, atrial tissues were obtained from
patients who underwent mitral valve surgery with chronic AF (76 £ 3 years, n=5). Both
acute and chronic AF was associated with a reduction in PI3K (p110a) activity (Figure

62), compared with patients who did not develop AF (Figure 62).
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Figure 61. Expression changes of potassium channels and metabolic genes in atria of
transgenic mice.

Potassium channels (upper panel): Kcnv2: potassium channel, subfamily V, member 2; Kcnt2:
potassium channel, subfamily T, member 2; Kcnd3: potassium voltage-gated channel, Shal-
related family, member 3; Kcnj2: potassium inwardly rectifying channel, subfamily J, member 2.
Metabolism genes (lower panel): Ckmt2: creatine kinase, mitochondrial 2; Cox7al: cytochrome
c oxidase, subunit Vlla 1; Fh1: fumarate hydratase 1; Camk1g: calcium/calmodulin dependent
protein kinase | y; Sprrla: small proline-rich protein 1A; P4ha3: procollagen-proline, 2-
oxoglutarate 4-dioxygenase. * p<0.05 compared with Ntg, # p<0.05 compared with Ntg and
dnPI3K; T p<0.05 compared with Ntg, dnPI3K, and Mst1 (n=4 in each group).
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Figure 62. PI3K (p110a) activity in human atrial samples from patients with either
acute or chronic AF compared with patients who did not develop AF post-operatively.
PI3K activity (left, upper panel) in human atrial samples from patients undergoing CABG
surgery who did (AF — Acute, n=4) or did not (No AF, n=6) develop AF postoperatively, and
patients with mitral valve disease and chonic AF (AF — Chronic, n=5). IP: immunoprecipitate; -
ve: negative control (sample without antibody); PIP: phosphatidylinositol 3-phosphate. A
portion of the immunoprecipitated antibody was subjected to Western blotting and probed
with an anti-p85 antibody (left lower panel). Quantitative analysis (right panel). * p<0.05

compared with No AF; No AF was normalized to 1.0.
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4.3.6. Increased PI3K (p110a) activity protects against abnormalities in

Mstl mice

Collectively, the data in this chapter (mouse and human) suggests that reduced PI3K
(p1100a) activity increases the heart’s susceptibility to AF. Next, | investigated whether
increased PI3K (p11lOa) activity could reverse some of the conduction related
abnormalities associated with the Mst1 phenotype by examining the caPI3K-Mst1 mice
(previously characterised in Chapter 3). As Mst1l mice (either at 4.5 or 15 months of
age) do not develop AF, it was not possible to assess whether increased PI3K (p110a)
activity reduced the incidence of AF directly. However, to partly address this question,
| assessed atrial fibrosis and the P-R interval in the caPI3K-Mst1 mice and compared
this to Mstl mice. Both increased atrial fibrosis and increased P-R interval were
associated with the increased susceptibility to AF in the dnPI3K-Mst1l mice. caPI3K-
Mst1l mice had reduced atrial fibrosis compared with Mst1 mice (Figure 63) at 4.5
months of age. Additionally, P-R intervals were significantly reduced in the caPI3K-
Mstl mice (45 * 2 ms; n=5) compared with Mstl mice (53 + 2 ms; n=5) at
approximately 6.8 months of age (heart rates were similar, caPI3K-Mst1: 504 + 15

bpm; Mst1: 498 + 9 bpm).
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Figure 63. Atrial fibrosis in Ntg, Mst1 and caPI3K-Mst1 mice.

A: Representative left atria showing fibrosis (blue staining, Masson’s trichrome, 40 X
magnifaction). B: Quantitative analysis of area of fibrosis relative to area of atria in Ntg (n=8),
Mst1 (n=7) and caPI3K-Mst1 (n=4) mice. * p<0.05 compared with Ntg, and # p<0.05 compared
with Mst1.
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4.4. Discussion

4.4.1. Summary of major findings

In this chapter | investigated whether a reduction in PI3K (p110a) activity leads to
cardiac conduction abnormalities in an in vivo mouse model of dilated
cardiomyopathy. | have shown that reduced PI3K (p110a) activity in a setting of HF
induced an increase in atrial chamber dimensions which was associated with increased
fibrosis, particularly in the left atrium of the heart. Structural changes associated with
fibrosis of the left atrium also induced the formation of atrial thrombi, and genes
associated with ECM remodelling and collagen deposition were increased in the atria
of dnPI3K-Mst1 mice. Reduced PI3K (p110a) activity in a setting of HF induced varying
degrees of AVB, which occurred as a result of delayed conduction between the SA
node and the bundle of His. Reduced PI3K (p110a) activity also made the heart more
susceptible to develop AF, with all dnPI3K-Mstl mice displaying AF when ECG
recordings were examined for 24 hours by telemetry. Potassium channel and
metabolism genes associated with AF in humans were up-regulated in atria from mice
that develop AF. Importantly, this study also suggests that reduced PI3K (p110a)
activity may be relevant in patients with AF, as PI3K (p110a) activity was lower in atrial
appendages of patients with acute or chronic AF. Collectively, these novel findings
described in this chapter indicate that PI3K (p110a) protects the heart against cardiac

conduction abnormalities and AF in a setting of dilated cardiomyopathy.

4.4.2. Reduced PI3K (p110a) activity induces cardiac conduction

abnormalities and makes the heart more susceptible to atrial

fibrillation

HF is a risk factor for the development of AF, but the molecular mechanisms

responsible are not well understood (Corradi et al.,, 2008; Nishida et al., 2010).
Numerous genetically modified mouse models develop HF, but only a relatively small
number of these models develop AF [see Table 6, page 57; (Adam et al., 2007;
Hagendorff et al., 1999; Kehat et al., 2006; Ogata et al., 2008; Saba et al., 2005; Sah et
al., 1999; Temple et al., 2005; Xiao et al., 2004)]. Consequently, a better understanding

of the molecular mechanisms responsible for the link between HF and AF, as well as
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the generation of genetic models of AF to test therapeutic interventions is clearly
needed. To date there has been no clear link between PI3K (p110a) activity and the
development of AF, but risk factors for the development of AF (including aging,
obesity, and diabetes) are all associated with insulin resistance that could lead to
depressed or defective PI3K (p110a) signalling (Fink et al., 1983; Kahn and Flier, 2000;
Tsang et al., 2005). The results described in this chapter indicate that reducing PI3K
(p110a) activity in the hearts of mice with dilated cardiomyopathy (dnPI3K-Mst1)
accelerated the progression of HF and induced the spontaneous onset of AF.

Previous clinical and experimental evidence has suggested that atrial
enlargement and fibrosis are important histopathological substrates for AF (Osranek et
al., 2005; Roberts, 2006). Both atrial chamber dilation and fibrosis were seen in the
dnPI3K-Mst1 mice (Figure 48; Figure 49), which would increase the likelihood of re-
entry and contribute to AF. The increased levels of fibrosis were associated with up-
regulation of genes associated with fibrosis and remodelling of the ECM in the atria of
the dnPI3K-Mst1 mice (Figure 50). Chronic atrial thrombi were present in almost 50%
of the mice (Figure 51). Pathophysiological changes that can lead to the formation of
thrombi include anatomical and structural changes, abnormal changes in blood
constituents, or blood stasis due to HF (Esmon, 2009). In the current study there was
no difference in blood constituents (Figure 52) between the different transgenic mice,
and blood constituents did not contribute to atrial and left ventricular disarrangement
by activating pro-MMPs to MMPs (Figure 53). It is therefore likely that structural
changes associated with the increased fibrosis in the atria contribute to blood stasis,
which leads to thrombus formation.

By ECG, all dnPI3K-Mstl mice displayed varying degrees of AVB with
severely depressed R- and P- amplitudes (Figure 54; Figure 55 A-C), and this could not
be reversed by B-adrenergic stimulation (Figure 55 D), indicating that the AVB has a
histopathological pathogenesis. Further examination showed that the cardiac
conduction blockade was due to a blockade between the atrial potential and the His
potential (Figure 56). Under anaesthesia, AF was observed in 40% of dnPI3K-Mst1
mice, but ambulatory telemetry studies suggest that the incidence of AF is higher
(since AF was detected in 100% of mice when examined for 24 hours; Figure 57; Figure

58). As reduced PI3K (p110a) activity was associated with increased atrial fibrosis and
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the up-regulation of collagen and ECM related genes in the atria of the dnPI3K-Mst1
mice (Figure 50), it is likely that the dnPI3K transgene may increase the likelihood of AF
in the Mst1 mice by increasing fibrosis, suggesting that reduced PI3K (p110a) activity is
a primary cause of AF development rather than a consequence.

The initial characterisation of the Mstl mice showed that dilated
cardiomyopathy occurred from approximately 2 months of age, due to progressive
myocyte apoptosis (Yamamoto et al., 2003). The authors did not report an arrhythmic
phenotype, but ECG studies were not performed (Yamamoto et al., 2003). Mst1 mice
at 4.5 months displayed AVB with reduced R- and P- amplitudes, but these changes
were less severe than in the dnPI3K-Mst1 mice (Table 27), and no AF was detected in
the Mst1 mice. As it could be argued that the HF phenotype was simply accelerated in
the dnPI3K-Mstl mice because the expression of PI3K (p110a) (a cardioprotective
kinase) was reduced in a setting of dilated cardiomyopathy, the phenotype of aged
Mst1 mice was also examined. Aged Mst1 mice (approximately 15 months of age) had
a similar HF phenotype compared with dnPI3K-Mst1l mice (approximately 4.5 months
of age; Table 28), but AF was still not detected in the aged Mstl mice. Furthermore,
another mouse model of dilated cardiomyopathy (due to over-expression of the B,-
adrenergic receptor) had a similar cardiac phenotype to the dnPI3K-Mstl mice
(including marked fibrosis and atrial dilation), but did not develop AF (Du et al., 2000b).

Reduced PI3K (p110a) activity appears to have a significant contribution to
the development of AF, as the dnPI3K transgene alone significantly affected the P-R
interval in aged mice (Table 28). Additionally, there were also changes in the
expression of potassium channels and metabolism genes in atria of dnPI3K mice
(Figure 61). Previous studies have linked the modification of potassium channels and
genes associated with energy metabolism to animal and human models of AF, and a
tight relationship between myocardial energetic dynamics and cardiac electrical
activity has also been shown (Ausma et al., 2000; Carrasco et al., 2001; Kalifa et al.,
2008; Mihm et al., 2001; Tsai et al.,, 2008). Additionally, connexin 46 has been
identified in the SA node of mice and other mammals (Bruzzone et al., 1996; Coppen et
al., 1999; van der Velden et al., 2000a; Verheijck et al., 2001), suggesting that it may
play a role in cardiac conduction. While both the dnPI3K and the Mstl transgenes

alone had a significant effect on gene expression of the potassium channels and
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metabolism genes, the changes were even greater in the dnPI13K-Mst1 mice (Figure 60;
Figure 61). Unfortunately protein expression data to confirm these gene expression
changes could not be performed due to the small size of mouse atria. However, other
studies using larger animal models have reported good correlations between protein
and gene expression of the Kv4.3 (encoded by Kcnd3, Figure 61) potassium channel,
and down-regulation of Kv4.3 is associated with AF in humans and dogs (Borlak and
Thum, 2003; Brundel et al., 2001; Grammer et al., 2000; Yue et al., 1999). Further
studies are necessary to examine the functional consequences of the gene alterations

in dnPI3K-Mst1 mice.

4.4.3. Advantages of the atrial fibrillation mouse model

The AF model described in this chapter has several advantages over some previously
described AF mouse models, particularly because the dnPI3K-Mst1 mice survive for 4.5
months (see Chapter 3, Figure 27) which provides time to follow disease progression. A
previously described AF mouse model due to over-expression of RhoA in the heart
develop atrial arrhythmias with dilated, fibrotic atria, but die by 6 weeks of age (Sah et
al., 1999), precluding detailed mechanistic investigation. Another AF model [Racl,
(Adam et al., 2007)] required approximately 1.5 years to develop AF. The dnPI3K-Mst1
mouse model will enable further biochemical and electrophysiological studies to
explore the mechanisms responsible for inducing AF. Additionally, the mice are
generated by the crossing of two transgenic models that have less severe or no disease
at baseline, making it less likely that the AF phenotype could be lost due to breeding

complications.

4.4.4. Potential role of PI3K (p110a) in human atrial fibrillation

Finally, to examine whether reduced PI3K (p110a) activity was a feature associated
with AF in humans, PI3K (p110a) activity was assessed in atrial appendages from
patients who either had acute or chronic AF compared with patients in sinus rhythm.
Up to 50% of patients who undergo cardiothoracic surgery develop paroxysmal AF
post-operatively (Aranki et al., 1996; Chandy et al., 2004; Dogan et al., 2007). PI3K

(p110a) activity was reduced in coronary artery bypass graft surgery patients that
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developed AF post-operatively compared with patients in sinus rhythm (Figure 62).
Additionally, patients who had chronic AF due to mitral valve disease also had reduced
PI3K (p110a) activity (Figure 62). Together, these results suggest that reduced PI3K
(p110a) activity may be an important clinical predictor for the development of AF. It
could be speculated that CABG surgery may trigger AF in patients who already have
reduced PI3K (p110a) activity under basal conditions (possibly due to aging or
inactivity). This would be consistent with the dnPI3K mice that have normal cardiac
function under basal conditions, but develop HF more rapidly in response to cardiac

stress (McMullen et al., 2003; McMullen et al., 2007).

4.4.5. Increased PI3K (p110a) activity can protect the stressed heart

from cardiac conduction abnormalities

Both the animal and human studies suggested that decreased PI3K (p110a) activity
may predispose the heart to AF. To assess whether increased PI3K (p110a) activity
could also protect the stressed heart from the development of cardiac conduction
abnormalities associated with AF observed in the dnPI3K-Mstl mice, the
electrophysiological characteristics of the caPI3K-Mst1 mice were compared with Mst1
mice alone. Since AF was not present in the Mst1 mice, even in aged mice, the direct
effect of increased PI3K (p110a) activity on AF incidence could not be assessed.
However, in caPI3K-Mst1 mice, atrial fibrosis (a substrate often associated with the
development of AF) was reduced by 34% compared with Mstl mice (see Figure 63,
page 177), and the mean P-R interval (indicative of cardiac conduction blockade) was
reduced by 15% compared with Mst1 mice (see Section 4.3.6.). Taken together, these
studies suggest that increased PI3K (p110a) activity can protect the stressed heart

from cardiac conduction abnormalities.
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4.5. Conclusion

In conclusion, this chapter describes the generation of a genetic mouse model of AF
that is associated with HF and overt atrial remodelling, simulating the clinical situation.
The results demonstrate that a reduction of PI3K (p110a) signalling accelerates HF in a
setting of dilated cardiomyopathy and makes the heart susceptible to AF (summarised
in Figure 64). A reduction of PI3K (p110a) activity (a critical effector of insulin
signalling) can potentially explain the link between risk factors such as aging, diabetes,
and obesity with AF. Strategies that could activate PI3K (p110a) specifically in the heart

may represent a potential therapeutic intervention for HF and AF.

Cardiomyopathy Structural remodelling
+ - Atrial dilation
.. - Atrial fibrosis
\l’ PI3K (pllOOL) activity - Atrial thrombus formation
- Altered gene expression

Atrial
Fibrillation

Figure 64. Mechanism of increased susceptibility to AF induced by the reduction of

PI3K (p110a) activity.
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Chapter 5 — Role of PI3K (p110a) in estrogen mediated

cardioprotection

5.1. Introduction

As previously discussed (see Section 1.3.7.), males and females often respond
differently in a setting of cardiac stress [extensively reviewed by (Du et al., 2006) and
(Luczak and Leinwand, 2009)]. Thus, there is a clear need for a more comprehensive
understanding of gender-specific differences in a setting of cardiac disease. Pre-
menopausal women are generally more protected against cardiovascular disease than
aged-matched men and this protection has been attributed to the actions of estrogen
(Mikkola and Clarkson, 2002; Sullivan, 2003). Interestingly, settings of diabetes and
hypertension are associated with greater risk of cardiovascular disease in women
compared with men (Regitz-Zagrosek, 2006) and PI3K (p110a) signalling can be
defective in these settings (Chen et al., 2005; Hansen et al., 2001; Kim et al., 1999;
Mauvais-Jarvis et al., 2002; Ohanian and Heagerty, 1992). Previous studies have linked
estrogen with the PI3K (p110a)-Akt pathway. Estrogen can activate Akt in cardiac
myocytes through a direct non-nuclear pathway involving the regulatory subunit of
PI3K (i.e. p85) (Simoncini et al., 2000), and it is known that female hearts have
increased levels of Akt compared with males (Camper-Kirby et al.,, 2001). Studies
described in Chapter 3 of this thesis showed that female mice with depressed cardiac
PI3K (p110a) in a setting of dilated cardiomyopathy developed more severe disease
than their male counterparts (see Figure 28, Figure 31, Figure 32, and Figure 33 pages
110-127). This suggested that the cardioprotection seen in females may be mediated
through an interaction between PI3K (p110a) and estrogen. As such, the final aim of
this thesis was to examine the contribution of PI3K (p110a) in mediating the
cardioprotection attributed to estrogen. It was hypothesised that there would be an
association between PI3K (p110a) and ERa in the heart, and that this association

would be critical for mediating the cardioprotective properties of estrogen in females.
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5.2. Methods

5.2.1 Technigues used in this study

The following techniques were used for the studies described in this chapter:

e Transgenic mouse model generation (as described in Chapter 2, pages 63)

e Transgenic mouse model genotyping (as described in Chapter 2, pages 66-68)

e Ovariectomy surgery and estrogen replacement therapy (as described in Chapter
2, pages 77-79)

e Echocardiography (as described in Chapter 2, page 68)

e Tissue harvesting and tibia length measurement (as described in Chapter 2, page
80)

e Protein extraction, measurement of protein concentration, immunoprecipitation,

and Western blotting (as described in Chapter 2, pages 81-87)

5.2.2. Animals

All animals used in the studies described in this chapter were female Ntg, caPI3K,
dnPI3K, Mstl, caPI3K-Mstl and dnPI3K-Mst1l mice at 3-4.5 months of age (dnPI3K-
Mst1 mice have a mean lifespan of 4.5 months; see Section 3.3.1.). Animals underwent
either ovariectomy or a sham operation (as described in Section 2.5.), and differences
associated with ovariectomy are shown in comparison to sham-operated control mice
of the same genotype. Due to breeding difficulties, only four dnPI3K mice were
available for this study. All four dnPI3K mice were ovariectomised. Since no sham-
operated mice were available for comparison, all measurements were shown in
comparison with non-operated control female dnPI3K mice at 4.5 months of age (as
previously characterised in Chapter 3, see pages 117-127).

A subset of mice was also subjected to estrogen replacement therapy or
placebo treatment (as described in Section 2.5.) at the time of ovariectomy or the
sham operation. Differences associated with estrogen replacement therapy are shown
in comparison to mice that underwent either the ovariectomy operation alone or the

sham-operation alone.
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5.3. Results

5.3.1. Interaction between the requlatory subunit of PI3K (p110a) and

estrogen receptor o in the heart

To determine whether PI3K interacts with ERat in the adult heart, immunoprecipitation
experiments were performed as previously described (see Section 2.7.5.). Control
heart (Ntg) samples were immunoprecipitated with a PI3K p85 antibody and then
probed with an ERa antibody (see Table 11, page 85). Detection of ERa in those
samples immunoprecipitated with a PI3K (p85) antibody indicates that PI3K associates

with ERa in the adult heart (Figure 65).

1 2 3 4 5 6 7 8
Adult heart

IP: PI3K IP: ERa

Figure 65. Estrogen receptor a is associated with the regulatory subunit of

phosphoinositide 3-kinase (p110a) in the heart.

Phosphoinositide 3-kinase (p110a) (PI3K) interacts with estrogen receptor o (ERa) in the adult
heart (non-transgenic mice; n=6). Lane 1: negative (-ve) control (heart lysate without antibody),
Lanes 2-7: heart lysate (cytosolic fraction) from 6 different non-transgenic mice
immunoprecipitated with an antibody against the p85 regulatory subunit of PI3K, and Lane 8:
positive (+ve) control (heart sample immunoprecipitated with 1ul of ERa antibody). IP:

immunoprecipitate, and IB: immunoblot.

5.3.2. Effectiveness of ovariectomy surgery

Uterus weight was measured to confirm that the ovariectomy operation had been
successful (Figure 66). Uterus weight [expressed as uterus weight to tibia length ratio
(UW/TL)] was significantly decreased (91% decrease) in mice that underwent

ovariectomy surgery compared with sham-operated mice (Figure 66).
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Figure 66. Uterus weight of ovariectomised and sham-operated mice.
Ovariectomised Ntg mice (n=12) have a 91% reduction in uterus weight / tibia length ratio
(UW/TL) compared with sham-operated Ntg mice (n=11), confirming the effectiveness of the

ovariectomy surgery. * p<0.0001 compared with sham.
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5.3.3. Phenotype of ovariectomised mice

5.3.3.1. Cardiac chamber dimensions and systolic function

Cardiac chamber dimensions and wall thicknesses were assessed from echocardio-
graphic images as described earlier (see Section 2.4.1.). Tibia lengths and heart rates
were comparable between all groups (Table 29). Sham-operated Mst1, caPI3K-Mst1
and dnPI3K-Mst1l mice had significantly larger LVESD compared with Ntg, caPI3K or
dnPI3K mice (Table 29), as previously shown in non-operated mice (see Chapter 3).
Ovariectomy tended to decrease LVESD in the Mstl mice (p=0.16) compared with
sham-operated controls, but did not affect LVESD in any of the other groups (Table 29).
No significant difference was seen in LVEDD or wall thicknesses in any of the groups
following ovariectomy (Table 29).

Systolic function was assessed as previously described (see Section 2.4.1.).
As previously shown in Chapter 3 (see Table 16 and Figure 29, pages 112 and 115),
Mstl mice had depressed fractional shortening compared with Ntg mice under
control/sham conditions. caPI3K-Mst1 mice had improved fractional shortening, while
dnPI3K-Mst1 mice had reduced fractional shortening, compared with Mst1 mice alone
(see Chapter 3, Table 16). While statistically insignificant (due to small numbers in the
caPI3K-Mstl sham group; n=4), similar differences/trends were seen in the sham-
operated caPI3K-Mst1l and dnPI3K-Mst1l mice (Table 29). Interestingly, there was a
small but significant improvement in fractional shortening in the ovariectomised Mst1
mice (Table 29, Figure 67). Ovariectomy had no significant effect on fractional

shortening in any of the other groups (Table 29, Figure 67).

5.3.3.2. Morphology

Increased body weight following ovariectomy was reported by Holt and colleagues
(Holt et al., 1936), and has since been well documented in other studies [reviewed in
(Butera, 2010)]. Similar to previous studies, there was also a significant increase in
body weight following ovariectomy in the current study (Figure 68, Table 30).

Organ weights at autopsy (4-4.5 months of age) were assessed and are

shown in Table 30. UW/TL was significantly reduced in all ovariectomised groups
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Table 29. Effect of ovariectomy on cardiac chamber dimensions and left ventricular wall thicknesses at 4-4.5 months of age.

LVESD: left ventricular end-systolic dimension; LVEDD: left ventricular end-diastolic dimension; LVPW: left ventricular posterior wall thickness; and IVS: interventricular
septal width; Non-op: non-operated control. ~ p<0.05 compared with sham of the same genotype; * p<0.05 compared with Ntg that underwent the same procedure; ¥
p<0.05 compared with caPI3K that underwent the same procedure; * p<0.05 compared with dnPI3K that underwent the same procedure; # p<0.05 compared with Mst1
that underwent the same procedure; § p=0.09 compared with Mst1 that underwent the same procedure; and 1 p<0.05 compared with caPI3K-Mst1 that underwent the

same procedure.

Tibia Length

Heart Rate (beats

Fractional shortening

Procedure LVESD (mm) LVEDD (mm) LVPW (mm) IVS (mm)
(mm) per minute)
Nt Sham 17.1+0.1 536+4 1.88 £0.12 3.77+0.21 0.74 +£0.07 0.93+0.03 50+1
’ Ovariectomy 16.9+0.3 535+19 1.66+0.14 3.56 +0.08 0.76 +0.04 0.95 +0.04 54 +3
aPI3K Sham 17.2+0.1 532+6 1.86 £ 0.04 4.08 £0.08 0.78 +0.11 1.02+0.11 54 +0.2
‘ Ovariectomy 17.0+0.1 543 +11 1.77 £0.12 3.88+0.12 0.76 +0.08 1.10 £ 0.07 54 +2
dnPI3K Non-op 174 +0.1 502 +11 1.89 +£0.09 3.71+0.12 0.54 £ 0.03 *# 0.70 £ 0.05 *# 49+ 2
Ovariectomy 17.0+0.3 505+ 20 1.76 £0.12 3.50+0.18 0.59 +0.07 *# 0.63+£0.04 *# 50+2
Mst1 Sham 17.3+0.1 504 + 22 2.83 £0.13 *f~ 4.10+£0.13 *A 0.73+0.05~7 0.66 £ 0.09 *% 31+1 *%A
i Ovariectomy 17.1+£0.2 523+14 2.65+£0.17 *f~ 4,19 +£0.19 *~ 0.77+£0.057 0.68 £ 0.07 *# 37 £ 2 ~*fA
caPI3K- Sham 17.2+0.1 491+ 4 2.88 £0.20 *f~ 4.54 +0.26 *~ 0.75+0.11 47 0.80+0.13 37 £ 2 *A
Mst1 (n=3)
Ovariectomy 17.1+£0.2 547 + 19 2.76 £ 0.14 *§~ 4.21+£0.17 *~ 0.86+0.07 ~ 0.73+£0.11 *¢ 34 +1 *%A
FPETE Sham 17.140.2 503 + 16 3.59 # 0.29 *$A# 4.80 +0.16 *$# 0.54 + 0.07 *$#T 0.60 £0.07 *#t 26 + 4 *}Agt
-Mst1 Ovariectomy 17.6£0.1 528 +11 3.28 £ 0.31 *iM# 4.63 £0.29 *tM# 0.50 + 0.05 *+#t 0.67 £ 0.08 *% 30 £ 2 *$0H
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Figure 67. Fractional shortening in transgenic mice at 4-4.5 months of age that

caPI3K-Mstl . .
I underwent ovariectomy or a sham operation.

* p<0.05 compared with Ntg that underwent the same procedure; ¥ p<0.05 compared with caPI3K
that underwent the same procedure; * p<0.05 compared with dnPI3K that underwent the same
procedure; # p<0.05 compared with Mstl that underwent the same procedure; and 1t p<0.05

dnPI3K-Mst1
compared with caPI3K-Mst1 that underwent the same procedure. n=3-8 in each group.
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Figure 68. Body weight gain in mice following ovariectomy.

Left panel: An ovariectomised non-transgenic mouse displayed increased body weight
compared with a sham-operated non-transgenic littermate. Right panel: Quantitative analysis
of body weight from Ntg mice at 3.5-4 weeks of age (baseline weight), and at monthly intervals
following ovariectomy (n=13, red) or sham (n=11, blue) surgery (1 month post-surgery weight,
2 months post-surgery weight, and 3 months post-surgery weight). * p<0.05 compared with
sham-operated mice of the same age, and # p=0.08 compared with sham-operated mice of the

same age.
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Table 30. Effect of ovariectomy on organ weights of transgenic mice at 4-4.5 months of age.

OVX: ovariectomy (4-4.5 months of age); Non-op: non-operated control (4 months of age); N/A: not assessed; BW - Start: body weight prior to surgery; BW — End: body
weight at end of study; TL: tibia length; HW/BW: heart weight/body weight ratio; HW/TL: heart weight/tibia length ratio; AW/TL: atrial weight/tibia length ratio; LW/TL:
lung weight/tibia length ratio; and UW/TL: uterus weight/tibia length ratio. For simplicity this table highlights significant differences with Ntg mice that underwent the
same procedure (* p<0.05), and significant differences of ovariectomised mice compared with sham or non-operated control mice (~ p<0.05). A table showing all
significant differences is presented in Appendix 1.

Sham 11 | 16.4+0.7 | 29.2+1.4 | 17.0+0.1 | 116.6+2.9 6.84+0.15 6.4+0.3 0.38+0.02 154.04£3.9 9.04+0.21 122.1£16.5 7.17+0.97
OvX 13 | 16.0£0.6 | 35.6£1.5~ | 17.1+0.1 | 112.943.5 6.59+0.17 5.6£0.2 0.33+0.01 153.043.5 8.93+0.16 11.0+0.7~ 0.64+0.04~
5 Sham 7 15.2+0.5 | 26.3+0.8 | 17.0+0.1 | 137.3+2.4* 8.07+0.12* 5.9+0.3 0.35+0.02 154.2+5.6 9.07+0.31 92.2+10.8* 5.43+0.64*
OvX 5 14.9+0.5 | 34.8+1.4~ | 16.9+0.1 | 131.943.3* 7.80+0.16* 5.910.4 0.35+0.02 150.5£2.6 8.90+0.13 9.2+0.8~ 0.54+0.05~

inE Non-op | 10 | N/A 25.2+0.3 17.0£0.1 | 88.6+1.2* 5.21+£0.06* | 4.2+0.2 0.25+0.01 143.1£1.7 8.42+0.12 N/A N/A
OvX 4 15.8+0.5 | 31.8+2.2~ | 17.0+0.3 | 80.9+1.5* 4.76+0.06* 3.9£0.5 0.23+0.03 148.5+6.8 8.73+0.28 10.7+1.4 0.63+0.09
Sham 5 17.3+1.1 | 30.4£1.3 17.3+0.1 | 136.1+2.8* 7.89+0.14* 14.4+1.5* 0.83+0.09* 180.7+7.6* 10.48+0.43* | 106.6%8.1 6.18+0.46
OvX 9 15.4+0.6 | 35.5£1.7~ | 17.240.2 | 122.2+4.9~ 7.08+0.23~* | 12.6+0.9* 0.73+0.05* 161.8+8.2~ 9.38+0.43~ 12.4+1.2~ 0.72+0.07~
aP Sham 3 15.7+1.2 | 27.2+0.7 17.2+0.1 | 132.3+2.1* 7.69+0.12* 13.5+0.5* 0.79+0.03* 172.8+2.9* 10.05+0.23* | 83.1+4.6* 4.84+0.30*
OvX 6 15.5+0.7 | 34.7+2.0~ | 17.2#0.1 | 125.945.1* 7.33+0.28* 12.3+0.6* 0.72+0.04* 166.1+4.2 9.68+0.23 8.4+1.2~ 0.49+0.07~
dnP Sham 5 16.0£1.0 | 27.3+£0.9 17.1+0.2 | 125.045.8 7.29+0.27 14.6+1.6* 0.85+0.08* 182.8+10.3* | 10.67+0.52* | 128.6%6.8 7.51+0.38
OvX 7 16.4+0.7 | 39.1+1.9~ | 17.5%0.1 | 130.1+6.9* 7.42+0.37* 16.5+1.7* 0.94+0.09* 176.9+6.6* 10.10+0.35* | 13.7#1.5~ 0.78+0.08~
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(Table 30). Ovariectomy did not significantly alter HW/TL, AW/TL, or LW/TL in Ntg,
caPI3K or dnPI3K mice (Table 30). Ovariectomy improved fractional shortening in the
Mst1 mice (see Figure 67), and this was associated with a decrease in HW/TL, LW/TL,
and a trend for a decrease in AW/TL (Figure 69, Table 30). Ovariectomy had no
significant effect on HW/TL, AW/TL, or LW/TL in caPI3K-Mst1 or dnPI3K-Mstl mice

(Table 30).
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Figure 69. Mst1 mice show an improved cardiac phenotype following ovariectomy.

Mstl mice that underwent ovariectomy (OVX, n=7-9) have improved systolic function
(fractional shortening) and displayed reduced heart weight, and lung weight, as well as a trend
for decreased atrial weight, compared with Mst1 mice that underwent a sham operation (n=5).

* p<0.05 compared with Mst1 sham; and § p=0.12 compared with Mst1 Sham.
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5.3.4. Protein expression in heart tissue following ovariectomy

Heart tissue was obtained from ovariectomised or sham-operated transgenic mice and
protein expression of pAkt, pERK, and pp38 was analysed as previously described (see
Section 2.7.). There was a strong trend for a decrease in pAkt expression between
sham-operated and ovariectomised Ntg mice (p=0.06; Figure 70). As seen with the
initial characterisation of the transgenic mice (see Figure 43, page 139), sham-
operated caPI3K and caPI3K-Mstl mice showed a significant increase in pAkt
expression compared with sham-operated Ntg mice (Figure 70). Non-operated dnPI3K
mice had decreased pAkt expression compared with sham-operated Ntg mice (Figure
70). There was no difference in pAkt expression between sham-operated Ntg, Mst1,
and dnPI3K-Mst1 mice (Figure 70). Ovariectomy did not affect pAkt expression in the
caPI3K, dnPI3K, Mstl, or dnPI3K-Mstl mice compared with sham-operated mice
(Figure 70). Interestingly, there was a reduction in pAkt expression in the
ovariectomised caPI3K-Mst1l mice compared with sham-operated caPI3K-Mst1l mice
(Figure 70).

There was no difference in pERK expression between sham-operated or
ovariectomised Ntg mice (Figure 70). As previously found (see Figure 43, page 139),
sham-operated caPI3K mice displayed decreased pERK expression compared with
sham-operated Ntg mice, while non-operated dnPI3K mice had increased pERK
expression compared with sham-operated Ntg mice (Figure 70). Sham-operated
dnPI3K-Mstl had greater pERK expression compared with sham-operated Ntg mice
(Figure 70). Ovariectomy reduced pERK expression in the dnPI3K mice and dnPI3K-
Mst1 mice (Figure 70).

As observed with the initial characterisation of the transgenic mice (see
Figure 43, page 139), sham-operated Mst1 and dnPI13K-Mst1l mice had increased pp38
expression compared with sham-operated Ntg mice (Figure 70). Ovariectomy reduced
pp38 in hearts of Ntg, caPI3K, Mstl, and caPI3K-Mst1l mice (Figure 70). In contrast,
ovariectomy increased pp38 in hearts of dnPI3K and dnPI3K-Mst1 mice (Figure 70).

The significance of the changes in protein expression is currently unclear.
The relationship between expression of signalling proteins in the hearts of
ovariectomised Mstl mice with the observed improvement in cardiac parameters

(Figure 69) is complex and will require further investigation.
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Figure 70. Protein expression in hearts from transgenic mice
that underwent ovariectomy or a sham operation. %
op 0
n=3 in all groups; * p<0.05 compared with sham-operated mice of the same s 3_
genotype; ¢ p=0.06 compared with sham-operated mice of the same genotype; S x
°
# p<0.05 compared with Ntg that underwent the same procedure; ¥ p<0.05 ° oy
(V5
compared with caPI3K that underwent the same procedure; § p<0.05
compared with Mst1 that underwent the same procedure; [ p<0.05 compared

with caPI3K-Mst1 that underwent the same procedure; and = p<0.05 compared
with all genotypes that underwent the same procedure.
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5.3.5. Effect of estrogen replacement following ovariectomy

To determine whether estrogen replacement could reverse the effects of ovariectomy,
a subset of transgenic mice were subjected to ovariectomy and estrogen replacement

therapy simultaneously, as previously described (see Section 2.5.).

5.3.5.1. Effectiveness of estrogen replacement

To confirm that estrogen replacement had been successful, uterus weights from sham-
operated Ntg mice that received a placebo pellet were compared with ovariectomised
Ntg mice that received estrogen pellets (Figure 71). Uterus weight was not different

between the two groups (Figure 71).

Not significant

UW/TL (mg/mm)
N w H u (@) ~N

[N
]

o

Sham + Placebo Ovariectomy + Estrogen
Replacement

Figure 71. Uterus weight/tibia length in sham-operated mice that received placebo
pellets compared with ovariectomised mice that received estrogen pellets.

No difference in uterus weight/tibia length (UW/TL) was observed between sham-operated
mice that received placebo treatment (n=4) and ovariectomised mice that received estrogen

replacement (n=4).
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5.3.5.2. Unexpected adverse effect of estrogen replacement therapy

Estrogen replacement at the time of ovariectomy induced unexpected side effects in
the transgenic mice. Initially, a dose of 27.8ug/day 17B-estradiol (90-day pellet, 2.5mg)
was administered subcutaneously as had previously been reported (Cavasin et al.,
2003; Lekgabe et al., 2006). At approximately 4 months of age (3 months following
ovariectomy surgery and estrogen replacement), it was observed that 3 of 9 mice had
swollen abdomens and appeared to be in some discomfort. Upon autopsy, swelling of
the bladder due to urinary retention was found in all of the mice. These side-effects
have only been previously reported in immune compromised mice (Pearse et al., 2009;
Walker et al., 1992) or mice receiving estrogen pellets for over 4 months (Levin-
Allerhand et al., 2003).

Since the supra-physiological concentration of 17B-estradiol was suspected
to be the cause of the observed side-effects, the dose was halved in a subsequent
subset of mice. Six mice in a cohort of 17 were ovariectomised and received the half
estrogen dose (1.25mg, 90-day release 17B-estradiol pellet; dose restored uterus
weights to sham values). The other 11 mice in the cohort served as controls (included
ovariectomy alone, sham mice, and ovariectomy plus placebo pellet). At 3 months of
age (2 months following surgery) bladder enlargement was identified by palpitation
and echocardiography. At autopsy, 5 of the 6 mice that had been ovariectomised and
received half an estrogen pellet had noticeably enlarged bladders. Based on pathology
results, this did not lead to abnormal pathology of the bladder or back pressure on the
kidney. However, if these mice had been left for the time frame proposed in my
studies (approximately 3 months) abnormal pathology may have developed. The Ntg
mice that received a placebo pellet following sham surgery did not develop any of the
above-noted side effects. As a result of these side effects and to remain compliant with
the Alfred Medical Research and Education Precinct Animal Ethics Committee it was
necessary to cease the estrogen replacement study. Consequently, mouse numbers in
these experimental groups are lower than initially planned. Furthermore, comparison
between the estrogen replacement and ovariectomy mice is not ideal, because the
majority of the estrogen replacement mice were dissected at 3-3.5 months of age,

whereas the majority of the ovariectomy mice were dissected at 4-4.5 months of age.
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5.3.5.3. Cardiac chamber dimensions and fractional shortening following

estrogen replacement

Tibia lengths were smaller in the mice that underwent ovariectomy and received
estrogen replacement, but this can be explained by the younger age of these mice (3-
3.5 months compared with 4-4.5 months; see Table 34 in Appendix 3). As previously
shown, ovariectomy seemed to improve LVESD and fractional shortening in Mst1 mice
(Table 29), but had no significant impact in any other group. Estrogen replacement
appeared to reverse the effect of ovariectomy in the Mstl mice, leading to a cardiac
phenotype similar to sham-operated Mst1 mice (Figure 72). Estrogen replacement had
no apparent effect on the cardiac phenotype of the Ntg, caPI3K-Mst1, or dnPI3K-Mst1

mice (see Table 34 in Appendix 3).
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Figure 72. Mst1l mice show improved cardiac function following ovariectomy, which

appears to be reversed by estrogen replacement.

Mst1l mice that underwent ovariectomy (OVX, red colour, n=7) tended to have reduced left
ventricular end systolic dimension (LVESD, see Table 29) and had improved systolic function
(fractional shortening) compared with Mstl mice that underwent a sham operation (Sham,
blue colour, n=5). Estrogen replacement (ERT, yellow colour, n=2) appeared to reverse these

effects. * p<0.05 compared with sham.
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5.3.5.4. Morphology of ovariectomised mice with or without estrogen

replacement

The effect of estrogen replacement on organ weights of ovariectomised mice is
presented in Table 31. Of note, due to the complications associated with
administration of estrogen pellets, the sham and ovariectomised mice are
approximately 4-4.5 months of age. In contrast, the ovariectomised mice that received
estrogen pellets were approximately 3 months of age. Furthermore, numbers are low
in the ovariectomy plus estrogen replacement groups. Consequently, interpretation of
this data is complicated and should be examined with caution, but provides some
insight for future studies (as discussed in Section 5.5.).

A subset of Ntg mice were subjected to the sham operation and received
placebo pellets. There was no difference in cardiac function or organ weights in these
mice compared with Ntg sham operated mice without a pellet. Estrogen replacement
significantly increased UW/TL ratios compared with ovariectomised mice (Table 31).
Interestingly, estrogen replacement was less effective in the dnPI3K-Mst1l mice in
terms of restoring uterus weight (Table 31). The reason for this is unclear. Despite the
ovariectomy plus estrogen replacement groups being younger than sham or
ovariectomised mice alone, estrogen pellets seemed to prevent the weight gain
observed in ovariectomised mice (Table 31). Differences in tibial length can be
explained by the different ages of the mice (Table 31).

In Mst1 mice, ovariectomy decreased HW/TL, AW/TL, and LW/TL (Table 31,
see also Appendix 2). Estrogen replacement seemed to reverse this effect (Table 31,
Figure 73). Though, this data should be treated with some caution because there were
only two mice in the ovariectomy plus estrogen replacement Mstl group. Neither
ovariectomy nor estrogen replacement therapy altered the cardiac phenotype of the

caPI3K-Mst1 or dnPI3K-Mst1 mice (see Table 31, Appendix 2, and Appendix 3).
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Table 31. Effect of estrogen replacement on organ weights of ovariectomised transgenic mice.

OVX: ovariectomy (4-4.5 months of age); OVX+ERT: ovariectomy followed by estrogen replacement therapy (3-3.5 months of age); N/A: not assessed; BW - Start: body
weight prior to surgery; BW — End: body weight at end of study; TL: tibia length; HW/BW: heart weight/body weight ratio; HW/TL: heart weight/tibia length ratio; AW/TL:
atrial weight/tibia length ratio; LW/TL: lung weight/tibia length ratio; and UW/TL: uterus weight/tibia length ratio. ~ p<0.05 compared with sham; and § p<0.05
compared with OVX. The statistics for the Mst1l OVX group are the same as in Table 30, as a comparison with the Mstl OVX+ERT group could not be made (n=2). For
simplicity this table only highlights significant differences compared with sham-operated, OVX, and OVX+ERT mice. A table showing all significant differences is presented

in Appendix 2.
Sham 11 | 16.4+0.7 29.2+1.4 17.0+0.1 116.6%2.9 6.8410.15 6.4+0.3 0.38+0.02 154.0+3.9 9.04+0.21 122.1+16.5 7.17+0.97
OvX 13 | 16.0+0.6 35.6+1.5~ 17.1+0.1 112.943.5 6.59+0.17 5.6+0.2 0.3340.01 153.0+3.5 8.93+0.16 11.0+0.7~ 0.64+0.04~
OVX+ERT 3 16.2+0.7 21.5+0.8~§ 15.5+0.1~§ | 88.1+2.7~§ 5.6910.12 5.2+0.9 0.3310.06 124.0+4.7~§ 8.02+0.23 84.0+18.1§ 5.42+1.15§
Sham 5 17.3+1.1 30.4+1.3 17.310.1 136.1+2.8 7.8910.14 14.4+1.5 0.8310.09 180.7+7.6 10.48+0.43 106.6%8.1 6.18+0.46
OvX 9 15.4+0.6 35.5+1.7~ 17.2+0.2 122.2+4.9~ 7.084+0.23~ | 12.6+0.9 0.7340.05 161.8+8.2~ 9.38+0.43~ 12.4+1.2~ 0.72+0.07~
OVX+ERT 2 16.8 25.9 15.9 134.5 8.50 15.1 0.94 196.6 12.44 95.6 5.95
i Sham 3 15.7+£1.2 27.240.7 17.240.1 132.3+2.1 7.6910.12 13.5+0.5 0.7940.03 172.8+2.9 10.05+0.23 83.1+4.6 4.84+0.30

OvX 6 15.5+0.7 34.7+2.0~ 17.240.1 125.945.1 7.3310.28 12.3+0.6 0.7210.04 166.1+4.2 9.68+0.23 8.4+1.2~ 0.49+0.07~
OVX+ERT 6 14.4+1.1 22.610.6§ 15.4+0.3~§ | 111.1+4.2 7.2210.23 11.7+0.8 0.76%0.05 142.2+4.6~§ 9.24+0.23 96.6+21.0§ 6.27+1.53§
Sham 5 16.0+1.0 27.310.9 17.1+0.2 125.045.8 7.2910.27 14.6+1.6 0.85+0.08 182.8+10.3 10.67+0.52 128.6+6.8 7.51+0.38

cn® OvX 7 16.4+0.7 39.1+1.9~ 17.5+0.1 130.146.9 7.4210.37 16.5+1.7 0.9410.09 176.916.6 10.10+0.35 13.7+1.5~ 0.78+0.08~
OVX+ERT | 4 | 18.3+1.5 | 23.0%0.8§ 15.7£0.2~§ | 141.1¥18.5 9.01+1.19 | 21.37.1 1.3520.43 165.3£16.5 10.53+0.96 54.1+4.2~§ 3.45+0.24~§

Note: Data for sham and OVX mice from each group are the same as shown in Table 30.
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Figure 73. Mstl mice show an improved cardiac phenotype following ovariectomy,
which appears to be reversed by estrogen replacement.

Mst1 mice that underwent ovariectomy (OVX, red colour, n=9) have reduced heart weight,
atrial weight, and lung weight compared with Mst1l mice that underwent a sham operation
(Sham, blue colour, n=5). Estrogen replacement (ERT, yellow colour, n=2) appeared to reverse

these effects. * p<0.05 compared with sham.
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5.4. Discussion

5.4.1. Summary of major findings

Experiments in this chapter were designed to investigate the role of an interaction
between estrogen and PI3K (p110a) in mediating cardioprotection in the female heart
in a setting of dilated cardiomyopathy. | was able to demonstrate that the regulatory
subunit of PI3K (p110a) complexes with ERa in the adult mouse heart. The initial
hypothesis was that ovariectomy would have an adverse effect on cardiac parameters
in Mst1 mice. In contrast, ovariectomy improved cardiac function in the Mst1 mice and
estrogen replacement seemed to reverse this effect. It was also hypothesised that if
the effects of estrogen were largely mediated via PI3K (p110a), ovariectomy and
estrogen replacement would have little effect in the caPI3K-Mst1l or dnPI3K-Mst1
mice, because PI3K (p110a) is already constitutively activated or depressed,
respectively. Consistent with this hypothesis, ovariectomy with or without estrogen
replacement had no significant effect in caPI3K-Mstl or dnPI3K-Mstl mice. This
suggests the phenotype observed in ovariectomised Mst1 mice was dependent on PI3K

(p110a).

5.4.2. Interaction between estrogen receptor o and PI3K (p110a) in the

adult heart

An unanticipated and novel finding from Chapter 3 of this thesis showed that female
mice with depressed cardiac PI3K (p110a) in a setting of HF developed more severe
cardiac disease compared with their male counterparts. As previously described (see
Section 1.5.7.2.), settings of diabetes and hypertension are associated with increased
cardiovascular risk in females (Regitz-Zagrosek, 2006), and both conditions can be
associated with depressed or defective PI3K (p110a) signalling (Chen et al., 2005;
Hansen et al., 2001; Kim et al., 1999; Mauvais-Jarvis et al.,, 2002; Ohanian and
Heagerty, 1992). Previous investigators have shown that estrogen can activate Akt in
neonatal rat cardiac myocytes (Patten and Karas, 2006; Simoncini et al., 2000), and
that female hearts have increased Akt expression (Camper-Kirby et al., 2001). These
studies suggest that cardioprotection in females may be mediated through an

interaction between estrogen and the PI3K (p110a) — Akt pathway.
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To assess a possible link between ERa and PI3K (pl110a), immuno-
precipitation experiments were performed. | was able to show that ERa associates
with the regulatory subunit of PI3K (p110a) in the heart of the adult mouse (i.e. p85;
Figure 65). In vitro studies using human endothelial cells previously demonstrated that
ERa can activate the PI3K signalling pathway (Patten and Karas, 2006; Simoncini et al.,
2000). To assess the functional significance of the ERa-PI3K interaction in the heart in
an in vivo model, ovariectomy surgery was performed in the PI3K (p110a), Mst1 and
double-transgenic mice. It was hypothesised that PI3K (p110a) plays a critical role in
mediating the cardioprotective properties of estrogen via an interaction with ERa in

the female heart (Figure 74).

Estrogen

@~ Estrogen receptor a

p85

PI3K (p110a)

Cardioprotection

Figure 74. Possible mechanism via which an interaction between ERa and PI3K

(p110a) mediates cardioprotection in females.

5.4.3. Impact of ovariectomy and estrogen replacement in Mstl mice

with or without manipulation of PI3K (p110a)

Numerous studies have demonstrated that ovariectomy in cardiac disease models has

an adverse effect on cardiac function in female mice (Bhuiyan et al., 2007; Du et al.,
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2006; Lekgabe et al.,, 2006; Mendelsohn and Karas, 1999; Sharkey et al., 1998;
Shinmura et al., 2008; Xu et al., 2003). Thus, it was hypothesised that ovariectomy
would have an adverse effect in the Mstl mice. Interestingly however, ovariectomy
improved the cardiac phenotype of the Mstl mice compared with sham-operated
Mst1 mice (improved systolic function, reduced heart weight, atrial weight and lung
weight, see Figure 73). Furthermore, estrogen replacement therapy appeared to
reverse this effect (see Figure 73). The mechanisms for this apparent benefit of
ovariectomy remain unclear. One previous study showed improved lifespan following
ovariectomy in B2-adrenergic receptor over-expressing female mice (Gao et al.,
2003b). Further investigation of the molecular mechanisms responsible for the
apparent benefit of ovariectomy in the Mstl mice is warranted. The unexpected
improvement in Mstl mice after ovariectomy was not observed in either
ovariectomised caPI3K-Mstl or dnPI3K-Mstl mice. Thus, constitutive activation or
depressed activation of PI3K (p110a) in a setting of Mstl over-expression appears to

prevent the occurrence of an ovariectomy-induced phenotype in the Mst1 mice.

5.5. Limitations and future studies

Due to unexpected complications with the estrogen replacement studies, further
experiments examining the interaction of ERa and PI3K (p110a) signalling will be
required. The observed side effects with estrogen pellets (i.e. urine retention) were
also observed in a study by Levin-Allarhand and colleagues. These investigators
showed that use of subcutaneous 17B-estradiol pellets resulted in urine retention, and
ultimately premature death (Levin-Allerhand et al, 2003). In contrast, a
supraphysiological or physiological dose (1000nM and 200nM, respectively) in the
drinking water was shown to be effective and free of the observed side-effects (Levin-
Allerhand et al., 2003). The authors were unable to totally explain why administration
via the drinking water was safer than via a subcutaneous pellet (with similar increases
in uterus weight with estrogen treatment). However, the authors commented that
possible reasons may be associated with different pharmacokinetics of the oral versus
subcutaneously administered 17B-estradiol (with oral administration susceptible to

first-pass clearance by the liver, thereby suppressing estrogen levels sufficiently to
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prevent urine retention but still yield a uterotrophic response), the production of
biologically active estrogen catabolites, or the more fluctuating pattern of 17pB-
estradiol administration using drinking water as opposed to pellets. In future studies, it
would be advisable to administer estrogen via the drinking water.

Given the unexpected protection observed in ovariectomised Mst1 mice, it
would be interesting to conduct ovariectomy studies in another cardiac disease model
(such as pressure overload), in which ovariectomy has previously been shown to have
an adverse effect (Bhuiyan et al., 2007). Additionally, the interaction of PI3K (p110a)
and ERa will also be investigated in our laboratory via the generation and
characterisation of cardiac-specific ERa knockout mice utilising the Cre-lox-based
conditional knockout approach. ERa floxed mice have previously been characterised
(Feng et al., 2007). ERa will be deleted specifically from adult cardiac myocytes by
crossing the ERa floxed mice with cardiac-specific Cre recombinase transgenic mice
using the a-MHC promoter, allowing for the examination of the role of ERa specifically
in the heart. These ERa knockout mice will be crossed with the PI3K (p110a) transgenic
mice (i.e. caPI3K or dnPI3K) to further examine ERa-mediated PI3K (p110a) activation

in the male and female heart.

5.6. Conclusion

Results from this chapter further highlight the complexities and limited knowledge
surrounding signalling mechanisms in males and females, and the relationship with sex
hormones. In contrast to the majority of studies in the literature, ovariectomy had a
beneficial impact in Mstl mice and estrogen had an adverse effect. Studies
investigating the functional significance of the ERa — PI3K (p110a) interaction in the
heart should improve our general understanding of signalling mechanisms responsible

for mediating cardiac protection in different cardiac disease models and genders.
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Chapter 6 - General discussion

The three main aims of my thesis were to:

1. To investigate the protective effects of PI3K (p110a) in an in vivo mouse model

of dilated cardiomyopathy and to elucidate the mechanisms responsible.

2. To assess whether reduced activation of PI3K (p110a) makes the compromised

heart more susceptible to cardiac conduction abnormalities and AF.

3. To examine the contribution of PI3K (p110a) in mediating cardioprotection

induced by estrogen in the adult heart.

A summary of the overall findings of my thesis are presented in Figure 75.
This thesis showed that increased PI3K (p110a) activity is beneficial in a setting of
dilated cardiomyopathy (Mstl mouse model), while decreased PI3K (p110a) activity
accelerated the heart failure phenotype (Figure 75). The Mstl mouse model is
associated with a reduction in lifespan, a fall in cardiac function, lung congestion,
cardiac fibrosis, increased apoptosis and ECG abnormalities (Figure 75). Expression of
the caPI3K transgene in the Mst1 mice (i.e. caPI3K-Mst1) was able to improve all these
parameters, partly through the action of Akt (Figure 75). In contrast, expression of the
dnPI3K transgene in the Mst1 mice (i.e. dnPI3K-Mst1) further reduced lifespan as well
as cardiac function, and increased lung congestion, fibrosis, apoptosis, and ECG
abnormalities (Figure 75). Furthermore, the reduced PI3K (p110a) activity in the Mst1
mice increased the heart’s susceptibility to atrial fibrillation (Figure 75). Finally, there
were gender differences associated with the accelerated heart failure phenotype of
the dnPI3K-Mst1 mice. Female dnPI3K-Mstl mice displayed a more severe phenotype
compared with males, indicated by increased atrial weight and lung weight, as well as

reduced lifespan and cardiac function (Figure 75).
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Mstl mouse model

caPI3K mouse dnPI3K mouse
model model
PI3K (p110a) LPI3K (p110a)
activity Dilated cardiomyopathy activity
Heart failure phenotype
J, Lifespan
I J Cardiac function +
I| T Lung congestion
‘M Fibrosis
1~ Apoptosis
ECG abnormalities

caPI3K- (e.g. TP-Rinterval) dnPI3K-

Improved cardiac Accelerated heart
phenotype failure phenotype

™ Lifespan J- Lifespan
‘M Cardiac function J» Cardiac function
Jr Lung congestion ‘™ Lung congestion
{- Fibrosis ‘™ Fibrosis
J Apoptosis ‘™ Apoptosis
J» ECG abnormalities ‘™ ECG abnormalities
Cardiac protection in
part mediated by Akt

Gender differences
‘P Disease severity
in females;
™ AW & LW; |, Lifespan
J Cardiac function

Heart failure

complications
e.g. Atrial Fibrillation

Figure 75. Summary of the novel findings from my PhD project.

Mice over-expressing mammalian sterile 20-like kinase 1 [Mstl1] develop dilated cardio-
myopathy and a heart failure phenotype. Increasing PI3K (p110a) activity [by using the
constitutively active PI3K (p110a) (caPI3K) mouse] improved the cardiac phenotype in the Mst1
mice (caPI3K-Mst1). In contrast, reducing PI3K (p110a) activity [by using the dominant negative
PI3K (p110a) (dnPI3K) mouse] accelerated the heart failure phenotype and increased the
heart’s susceptibility to atrial fibrillation in the Mst1 mice (dnPI3K-Mst1). Gender differences
were observed in the dnPI3K-Mst1 mice, with female mice showing increased atrial weight
(AW) and lung weight (LW), as well as reduced lifespan and cardiac function compared with

males.

- 207 -



Chapter 6 - General discussion

6.1. Research approaches leading to the experimental findings

Approaches to specifically manipulate PI3K (p110a) activity in the heart

The studies described in this thesis used caPI3K and dnPI3K transgenic mouse models
[previously described by Shioi and colleagues (Shioi et al., 2000)], that allowed for
detailed examination of the role of PI3K (p110a) activity specifically in cardiac
myocytes [transgene expression driven by the a-MHC promoter (Gulick et al., 1991)].
caPI3K transgenic mice have increased cardiac PI3K (p110a) activity (6.5-fold), and
enlarged hearts (physiological hypertrophy). In contrast, dnPI3K transgenics have
decreased cardiac PI3K (p110a) activity (reduced by approximately 77%), and small
hearts (Shioi et al., 2000). Together, these models (gain of function and loss/reduction
of function) represent a powerful approach to accurately assess the role of PI3K
(p110a) in the heart under different settings. In general, studies utilising transgenic
mouse models in which signalling proteins have been activated and inhibited (e.g.
caPI3K and dnPI3K) have not been common. Rather, studies often focus on a single
manipulation of a gene of interest (Cook et al., 2009; Molkentin and Robbins, 2009).
The distinct advantage of the approach used in this study is that PI3K (p110a) —
regulated processes of functional significance should present as opposite phenotypes
in the two models (caPI13K and dnPI3K).

This thesis describes the generation of two unique double-transgenic
mouse models with altered PI3K (p110a) activity. caPI3K-Mst1 and dnPI3K-Mst1 mice
were generated by crossing the PI3K (p110a) transgenic mice [i.e. caPI3K or dnPI3K
(Shioi et al., 2000)] with mice over-expressing Mstl (Yamamoto et al., 2003). The
caPI3K-Mst1l mice had increased PI3K (p110a) activity in a setting of cardiac stress
(dilated cardiomyopathy). Conversely, the dnPI3K-Mstl mice had decreased PI3K
(p110a) activity in a setting of dilated cardiomyopathy. This cardiac-specific gene
complementation approach proved a powerful tool for examining the role of PI3K
(p1100a) in a disease setting. Increasing PI3K (p110a) activity improved the phenotype

of Mstl mice, whereas decreasing PI3K (p110a) activity made the phenotype worse.

Integrated measurements to assess the phenotype of transgenic mice

The phenotypes of the double-transgenic mice were determined using a variety of

integrated physiological and molecular approaches. Cardiac function was assessed
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using echocardiography and catheterisation. Echocardiography provides a measure of
systolic function (fractional shortening) as well as an indication of gross cardiac
morphology (e.g. remodelling), while catheterisation provides detailed measures of
cardiac function and ventricular pressures. Additionally, electrophysiology parameters
were examined in anaesthetised mice (ECG and ECG catheterisation), as well as
conscious ambulatory mice (telemetry). Importantly, cardiac function parameters were
also correlated with morphological and biomolecular markers of pathology.
Assessment of fibrosis and apoptosis (characteristic of cardiac disease) was performed
through histology staining, as well as microarray analysis of gene expression.
Hypertrophy was correlated with hypertrophic and heart failure gene expression
markers, (including ANP, BNP, B-MHC, and a-skeletal actin), as well as protein
expression changes associated with hypertrophy (Akt, ERK, p38). The identification of
differential protein expression in the transgenic models provided a means to assess
the functional significance of targets downstream of PI3K (p110a). The increased
phosphorylation of Akt in caPI3K and caPI3K-Mst1 mice in comparison with Ntg mice,
together with decreased phosphorylation of Akt in the dnPI3K mice lead to the
generation of caPI3K-Mst1-kdAkt mice. These studies demonstrated that Akt is only in
part responsible for the cardioprotection induced by caPI3K in the Mstl mice.
Together, these physiological and molecular approaches allowed for a comprehensive

examination of the cardiac phenotype of the transgenic mice.

6.2. PI3K (p110a) as a potential therapeutic target

Translation of mouse studies to the clinical setting

Results from the dnPI3K-Mstl mouse studies suggested that reduced PI3K (p110a)
activity increased the susceptibility of the stressed heart to AF. To examine whether
this laboratory finding has the potential to be translated into a clinical setting, tissue
biopsies from patients with or without AF were analysed for PI3K (p110a) activity.
Findings showed that both acute and chronic AF patients had reduced activity of PI3K
(p110a) activity in their atrial appendages. These results suggest there may be

therapeutic potential of targeting the PI3K (p110a) pathway in a clinical setting.
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Previous studies have demonstrated that translation of findings from
mouse studies to human clinical studies is possible (Araujo et al., 2005; Hilfiker-Kleiner
et al.,, 2007). Female mice with cardiac-specific deletion of Stat3 developed
postpartum cardiomyopathy, and this was associated with increased presence of the
hormone prolactin (Hilfiker-Kleiner et al., 2007). Treatment of the Stat3 knockout mice
with an inhibitor of prolatin secretion (normally used to stop lactation postpartum in
patients) prevented postpartum cardiomyopathy, while increased prolactin generation
by over-expressing the enzyme Cathepsin D (a key enzyme required to cleave prolactin
into its active form) recapitulated the postpartum cardiomyopathy phenotype
(Hilfiker-Kleiner et al., 2007). Preliminary studies in postpartum cardiomyopathy
patients showed reduced Stat3 expression and increased presence of prolactin
compared with control patients (Hilfiker-Kleiner et al., 2007), suggesting that inhibition
of prolactin release may be of therapeutic benefit in these patients. As a result of these
findings, and the fact that the prolactin inhibitor had previously been shown to be safe
in patients, the authors were able to start a small-scale clinical trial (extensive
experimentation using larger pre-clinical animal models was not required). The
investigators were able to show that the inhibitor of prolactin secretion in addition to
standard heart failure treatment was successful in preventing the recurrence of
postpartum cardiomyopathy in patients who had previously developed postpartum
cardiomyopathy after delivery [improved cardiac function and dimensions and 100%
survival (Hilfiker-Kleiner et al.,, 2007)]. In contrast, those patients receiving only
standard heart failure treatment had reduced cardiac function and a 50% mortality
rate (Hilfiker-Kleiner et al., 2007).

In another study, mice with a genetic mutation for cardiac troponin T
developed hypertrophic cardiomyopathy, characterised by marked increases in
interstitial fibrosis (Lim et al., 2001). The level of interstitial fibrosis is a major predictor
of sudden death in patients with hypertrophic cardiomyopathy (Lim et al., 2001). Lim
and colleagues showed that treatment with the ARB, losartan, reversed interstitial
fibrosis in cardiac troponin T mutant mice (Lim et al., 2001). As a result of these
findings, and the fact that losartan has been shown to be safe in patients, the
therapeutic benefit of losartan in human non-obstructive hypertrophic

cardiomyopathy was assessed in a small-scale clinical trial by Aruajo and colleagues
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(Araujo et al., 2005). The investigators were able to show that administration of
losartan for a six-month period significantly improved left ventricular diastolic function
in patients with non-obstructive hypertrophic cardiomyopathy (Araujo et al., 2005). A
subsequent randomised controlled trial showed that treatment of patients with non-
obstructive hypertrophic cardiomyopathy with losartan for a period of one year
reduced left ventricular mass in these patients (Yamazaki et al., 2007). Losartan is
currently in Phase 2 clinical trials for the treatment of patients with hypertrophic non-
obstructive cardiomyopathy, but results have not yet been reported (see

http://clinicaltrials.gov/ct2/show/study/NCT01150461).

Rationale for the concept that PI3K (p110a) could be a therapeutic target

for heart disease

Results presented in this thesis and previous studies (see Section 1.5.1.4.) have
suggested that activation of the IGF1-PI3K-Akt signalling pathway can be beneficial in a
setting of cardiac disease, while decreased PI3K (p110a) or Akt1 activity has an adverse
effect (see Table 5, page 38). The studies described in Chapter 3 of this thesis clearly
demonstrate that increased PI3K (p110a) activity specifically in the heart is beneficial
in a setting of dilated cardiomyopathy, improving lifespan and cardiac function, while
decreasing fibrosis and apoptosis. In contrast, reducing PI3K (p110a) activity
specifically in the heart was detrimental in a setting of dilated cardiomyopathy,
reducing lifespan and cardiac function, while increasing fibrosis and apoptosis.
Additionally, in Chapter 4 of this thesis, it was shown that decreased PI3K (p110a)
activity increased the susceptibility to AF in a setting of dilated cardiomyopathy. Taken
together, these studies suggest that targeting PI3K (p110a) may be a therapeutic

target in the treatment of HF and AF.

Potential risk factors associated with PI3K (p110a) therapeutics

The major challenge in targeting PI3K (p110a), arises from the diverse actions of PI3K
(p110a) in numerous cell types, leading to potential off-target effects (McMullen and
Jay, 2007). Studies suggest that mutations in PI3K (p110a) play critical roles in two of

the six essential physiological changes required for the development of cancer (namely
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self-sufficiency in growth signals, and evasion of apoptosis) (Hanahan and Weinberg,
2000). Additionally, mutations leading to increased PI3K (p110a) activity have been
associated with a diverse range of cancers (Campbell et al., 2004; Li et al., 1997a; Liaw
et al., 1997, Samuels et al., 2004). Consequently, activation of PI3K (p110a) to treat
cardiac disease may lead to increased cancer risk in other tissues.

Conversely, while inhibition of PI3K (p110a) may be beneficial in a setting of
cancer, it is important to consider the heart when devising therapeutic strategies.
Expression of the dnPI3K transgene in the transgenic mouse did not affect cardiac
function or lifespan under basal conditions (Shioi et al.,, 2000), suggesting that
inhibitors of the PI3K (p110a) signalling pathway may be safe in the heart under
normal conditions. However, previous studies in mice (McMullen et al., 2003;
McMullen et al., 2007) and the studies described in Chapters 3 and 4 of this thesis
raise concerns regarding the use of PI3K (p110a) or tyrosine kinase inhibitors as
anticancer agents, particularly in patients with underlying cardiac conditions. Results
presented in this thesis suggest that decreased PI3K (p110a) activity increases the
susceptibility to the development of HF and AF. A recent clinicial trial of lapatinib, a
novel tyrosine kinase inhibitor that acts in part by inhibiting PI3K (p110a), showed
increased incidence of AF (Blackwell et al., 2009). Similarly, there has also been a
reported association of HF in cancer patients given the tyrosine kinase inhibitors
traztuzumab or imatinib mesylate (Crone et al., 2002; Kerkela et al., 2006). Thus, it
would be important to minimise any additional stress on the heart (such as
hypertension or drugs that have cardiotoxic effects) when patients are given PI3K

(p110a) or tyrosine kinase inhibitors.

Technical approaches for targeting PI3K (p110a)

The diverse actions of PI3K (p110a) in various tissues makes the development of
treatment strategies difficult. As such, it would be of interest to identify downstream
targets regulated by PI3K (p110a) that may represent more cardiac-specific
therapeutic targets. Recent studies in our laboratory have identified several cardiac-
selective mRNAs and microRNAs that are regulated by PI3K (p110a) (Lin et al., 2010). It
is thought that these targets may be a useful tool to target PI3K (p110a) signalling

directly in the heart.
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Another approach would be to specifically increase PI3K (p110a) in the
heart by combining gene therapy with novel delivery systems. Cardiac surgical
procedures and novel delivery systems that allow efficient vector delivery to the heart
alone have been successful in large animals in vivo (Bridges et al., 2005; Byrne et al.,
2008; Kaye et al., 2007). Kaye and colleagues have developed a novel V-Focus circuit
and catheter system that provides safe, efficient, and targeted delivery of therapeutics
to the beating heart of a conscious patient. This device was shown to substantially
improve heart function in the failing heart of animals when a virus was used to deliver
the SERCA-2a gene (Byrne et al., 2008; Kaye et al., 2007), and has now entered pre-

clinical trials. As such, it is applicable to gene therapy.

6.3. Conclusion

Cardiac hypertrophy can be classified as either physiological or pathological.
Recognition of the distinct mechanisms responsible for these two forms of
hypertrophy has provided new therapeutic targets for HF. This thesis presents
compelling data to support further investigation of the pharmacological potential of
activating components of the PI3K (p110a) pathway in a setting of cardiac stress.
Increased PI3K (p110a) activity protected the heart against cardiac dysfunction,
increased lifespan, and reduced the pathological consequences of HF. In contrast,
reduced PI3K (p110a) activity further reduced cardiac function and lifespan, and
increased the pathological consequences of HF. Reduced PI3K (p110a) activity also
predisposed the stressed heart to cardiac conduction abnormalities and AF. While a
better understanding of the mechanisms responsible for gender differences in cardiac
hypertrophy and HF is required, the data presented in this thesis suggests that the PI3K
(p110a) pathway plays a particularly important role in mediating cardioprotection in
females. Taken together, these studies support further investigation of the potential

therapeutic benefit of increasing PI3K (p110a) activity in a setting of HF.
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Appendices

Appendix 1

Table 32. Effect of ovariectomy on organ weights of transgenic mice at 4-4.5 months of age (complete statistics presented).

OVX: ovariectomy (4-4.5 months of age); Non-op: non-operated control (4 months of age); N/A: not assessed; BW - Start: body weight prior to surgery; BW — End: body
weight at end of study; TL: tibia length; HW/BW: heart weight/body weight ratio; HW/TL: heart weight/tibia length ratio; AW/TL: atrial weight/tibia length ratio; LW/TL:
lung weight/tibia length ratio; and UW/TL: uterus weight/tibia length ratio. ~ p<0.05 compared with sham or Non-op control; * p<0.05 compared with Ntg that
underwent the same procedure; ¥ p<0.05 compared with caPI3K that underwent the same procedure; * p<0.05 compared with dnPI3K Non-OVX control; € p<0.05
compared with dnPI3K OVX; # p<0.05 compared with Mst1 that underwent the same procedure; and t p<0.05 compared with caPI3K-Mst1 that underwent the same

procedure.
Sham 11 | 16.4+0.7 29.2+1.4 17.0+0.1 | 116.6%2.9 6.8410.15 6.4+0.3 0.38+0.02 154.0+3.9 9.04+0.21 122.1+16.5 7.17+0.97
OvX 13 | 16.0+0.6 35.6+1.5~ | 17.1+0.1 | 112.9+3.5 6.5910.17 5.6+0.2 0.3310.01 153.0+3.5 8.9340.16 11.0+0.7~ 0.64+0.04~
i Sham 7 15.2+0.5 26.310.8 17.0+0.1 | 137.3+2.4* 8.07+0.12* 5.9+0.3 0.35+0.02 154.215.6 9.0740.31 92.2+10.8* 5.4310.64*
OvX 5 14.9+0.5 34.8+1.4~ | 16.940.1 | 131.943.3* 7.80+0.16* 5.9+0.4 0.35+0.02 150.5+2.6 8.90+0.13 9.2+0.8~ 0.54+0.05~
Non- 10 | N/A 25.240.3 17.0+0.1 | 88.6+1.2*% 5.21+0.06*% 4.2+0.2 0.254+0.01 143.1+1.7 8.42+0.12 N/A N/A
dnP o)
Or\)/X 4 15.8+0.5 31.842.2~ | 17.0£0.3 | 80.9+1.5*% 4.7610.06* % 3.940.5 0.2340.03 148.5+6.8 8.7340.28 10.7+1.4 0.63+0.09
Sham 5 17.3+1.1 30.4£1.30 | 17.320.1 | 136.1+2.8%7 7.8910.14*A 14.4+1.5%fA 0.8310.09*f7 180.7+7.6%A 10.48+0.43*f~ | 106.618.1 6.18+0.46
OvX 9 15.4+0.6 35.5+1.7~ | 17.210.2 | 122.2+4.9~*¢ 7.08£0.23~*18 | 12.6+0.9§*18 0.73£0.05§*18 | 161.8+8.2~ 9.38+0.43~ 12.4+1.2~ 0.72+0.07~
aP Sham 3 15.7+1.2 27.210.7 17.2+0.1 | 132.3+2.1*/ 7.6910.12*A 13.5+0.5*f7 0.79+0.03*%~ 172.8+2.9%¢A 10.05+£0.23*fA | 83.1+4.6* 4.84+0.30*
OvX 6 15.5+0.7 34.74¢2.0~ | 17.240.1 | 125.94+5.1*%¢ 7.3310.28*¢ 12.3+0.6*18 0.72+0.04*%¢ 166.1+4.2 9.68+0.23 8.4+1.2~ 0.49+0.07~
dnP Sham 5 16.0£1.0 27.310.9 17.1+0.2 | 125.0+5.8" 7.29+0.27%7 14.611.6*A 0.85+0.08* %~ 182.8+10.3*#~ | 10.67+0.52*f" | 128.616.8%t 7.51+0.38%t
OVX 7 | 16.4£0.7 | 39.1#1.9~ | 17.5£+0.1 | 130.1#6.9*" 7.42+0.37%A 16.5+1.7*8 0.94+0.09*#f | 176.9+6.6*#¢ | 10.10£0.35*#¢ | 13.7+1.5~ 0.78+0.08~
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Appendix 2

Table 33. Effect of estrogen replacement on organ weights of ovariectomised transgenic mice (complete statistics presented).

OVX: ovariectomy (4-4.5 months of age); OVX+ERT: ovariectomy followed by estrogen replacement therapy (3-3.5 months of age); N/A: not assessed; BW - Start: body
weight prior to surgery; BW — End: body weight at end of study; TL: tibia length; HW/BW: heart weight/body weight ratio; HW/TL: heart weight/tibia length ratio; AW/TL:
atrial weight/tibia length ratio; LW/TL: lung weight/tibia length ratio; and UW/TL: uterus weight/tibia length ratio. ~ p<0.05 compared with sham; § p<0.05 compared
with OVX; * p<0.05 compared with Ntg that underwent the same procedure; # p<0.05 compared with Mst1 that underwent the same procedure; and T p<0.05 compared

with caPI3K-Mst1 that underwent the same procedure.

Sham 11 | 16.4+0.7 | 29.2+1.4 17.0+0.1 116.6+2.9 6.84+0.15 6.4+0.3 0.38+0.02 154.0+3.9 9.04+0.21 122.1+16.5 7.17+0.97
OvX 13 | 16.0+0.6 | 35.6+1.5~ 17.1+0.1 112.943.5 6.59+0.17 5.6+0.2 0.33+0.01 153.043.5 8.93#0.16 11.0+0.7~ 0.64+0.04~
OVX+ERT | 3 16.2+0.7 | 21.5+0.8™§ 15.5#0.1~§ | 88.1+2.7~§ 5.69+0.12 5.2+0.9 0.33+0.06 124.0+4.7~§ 8.02+0.23 84.0+18.18 5.42+1.158
Sham 5 17.3+1.1 30.4+1.3 17.3+0.1 136.1+2.8* 7.89+0.14* 14.4+1.5* 0.83+0.09* 180.7+7.6* 10.48+0.43* 106.6+8.1 6.18+0.46
ovX 9 15.4+0.6 | 35.5%1.7~ 17.2+0.2 122.2+4.9~* 7.08+0.23~ 12.6+0.9* 0.73£0.05* 161.8+8.2~ 9.38+0.43~ 12.4+1.2~ 0.72+0.07~
OVX+ERT | 2 16.8 25.9 15.9 134.5 8.50 15.1 0.94 196.6 12.44 95.6 5.95
i Sham 3 15.7+1.2 27.2+0.7 17.2+0.1 132.3+2.1* 7.69£0.12* 13.5+0.5* 0.79£0.03* 172.8+2.9* 10.05+0.23* 83.1+4.6* 4.84+0.30*

ovX 6 15.5+0.7 | 34.7+2.0~ 17.2+0.1 125.945.1* 7.33£0.28* 12.3+0.6* 0.72+0.04* 166.1+4.2 9.6840.23 8.4+1.2~ 0.49+0.07~
OVX+ERT | 6 14.4+1.1 22.610.68 15.4+0.3~§ | 111.1+4.2 7.22+0.23* 11.7+0.8* 0.76+0.05* 142.2+4.6™§ 9.24+0.23 96.6+21.08 6.27+1.538
Sham 5 16.0+1.0 | 27.3+0.9 17.1+0.2 125.0+5.8 7.29+0.27 14.6+1.6* 0.85+0.08* 182.8+10.3* 10.67+0.52* 128.66.8F 7.51+0.38%

cn? ovX 7 16.4+0.7 | 39.1+1.9~ 17.5+0.1* 130.1+6.9* 7.42+0.37* 16.5+1.7* 0.94+0.09* 176.9+6.6* 10.10+0.35* 13.7+1.5~ 0.78+0.08~
OVX+ERT | 4 18.3+1.5 23.0+0.88 15.7+0.2~§ | 141.1+18.5*t | 9.01£1.19*t | 21.3+7.1*t 1.35+0.43*t 165.3+16.5*7 | 10.53+0.96*t | 54.1+4.2~§t 3.45+0.24~§t

Note: Data for sham and OVX mice from each group are the same as shown in Table 30.
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Appendices

Appendix 3

Table 34. Cardiac chamber dimensions of transgenic mice following ovariectomy and estrogen replacement.

OVX: ovariectomy; OVX+ERT: ovariectomy followed by estrogen replacement therapy; LVESD: left ventricular end-systolic dimension; LVEDD: left ventricular end-diastolic
dimension; LVPW: left ventricular posterior wall thickness; and IVS: interventricular septal width. ~ p<0.05 compared with sham; § p<0.05 compared with OVX; * p<0.05
compared Ntg mice that underwent the same procedure; and T p<0.05 compared with caPI3K-Mst1 that underwent the same procedure.

Tibia Length | Heart Rate (beats Fractional shortening

Procedure LVESD (mm) LVEDD (mm) LVPW (mm) IVS (mm)

(mm) per minute) (%)

Sham 17.1+0.1 536+ 4 1.88 +0.12 3.77 £+0.21 0.74 +0.07 0.93 +0.03 50+ 1
Ntg oVX 16.9+0.3 535+ 19 1.66 + 0.14 3.56 +0.08 0.76 + 0.04 0.95 + 0.04 54 +3
OVX+ERT 15.9+0.4~§ | 466+ 17~§ 1.91+0.14 3.89+0.14 0.87 +0.04 0.99 +0.02 51+2
Sham 17.3+0.1 504 + 22 2.83+0.13 * 4.10+0.13 0.73 £ 0.05 0.66 + 0.09 * 31+1*
Mst1 oVX 17.1+0.2 523+ 14 2.65+0.17 * 4.19+0.19 * 0.77 £ 0.05 0.68 +0.07 * 37+2~*
OVX+ERT 15.9 351 2.86 4.29 0.63 0.63 33
Sham 17.2£0.1 491+ 4 2.88+0.20 * 4.54+0.26 * 0.75+0.11 0.80+0.13 37+2%
caPI3K- (n=3)
Mst1 oVvX 17.1+0.2 547 + 19 2.76+0.14 * 4214017 * 0.86 + 0.07 0.73+0.11* 34+1*
OVX+ERT 15.4£0.3%8 | 3774+31~§ 2.82 +0.05 * 4.47 +0.08 & 0.70 £0.05 * 0.65 +0.04 * 37+1%
Sham 17.1+0.2 503 + 16 3.59 +0.29 *t 4.80+0.16 * 0.54 +0.07 *t 0.60 +0.07 * 26 + 4 *t
dnPI3K
Mst1 O 17.6+0.1* 528 + 11 3.28+0.31* 4.63+0.29 * 0.50 +0.05 *t 0.67 +0.08 * 30+2*
OVX+ERT 15.1 408 3.57 4.82 0.33 0.30 26

Note: Data for sham and OVX mice from each group are the same as shown in Table 29.
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Addendum

Page 90, Lines 13-15

The first 2 sentences of paragraph 2 are replaced with:

Chloroform (0.2ml per 1ml of Trizol) was added to each tube and the tubes shaken
vigorously. The tubes were incubated at RT for 3 minutes and centrifuged at 4°C for 15
minutes at 10,000 rpm. The aqueous phase (containing the RNA) was transferred into a
new tube (approximately 0.65ml per sample) and 0.5ml of isopropanol was added to each
tube to precipitate the RNA. The tubes were incubated at RT for 10 minutes and
centrifuged at 4°C for 10 minutes at 10,000 rpm.
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