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Abstract

It has been suggested that a failure of angiogenesis (capillary growth) to keep pace with myocyte
expansion is the driving force which pushes hypertrophied hearts into a state of failure marked by
contractile dysfunction and alterations in the mechanisms governing energy production. The aims of
this study were to investigate how alterations in ventricular capillarity affect contractile performance
and substrate metabolism in the isolated rat heart. It was hypothesised that, if cardiac contractile
performance and substrate utilisation are directly related to ventricular capillarity then methods to
alter the number and distribution of capillaries within the ventricle could be utilised to demonstrate
this relationship. Treatment regimes were split into those aimed at inducing new capillary growth
(e.g. chronic bradycardia and exposure to cold environments) and those aimed at reducing
ventricular capillarity (e.g. hypertension and B-adrenoceptor stimulation). In contrast to previous
reports, capillary growth within the ventricle was very limited in animals exposed to a chronic
increase in energy demand (e.g. cold environments) and those subjected to extended periods of
mechanical stimulation (e.g. bradycardia). Ventricular remodeling appears to accommodate for
alterations in the load and/or energy demand without the need for an expansion of the existing
capillary network. Experiments conducted in B-adrenoceptor mediated hypertrophy demonstrate
that capillary rarefaction has little effect on cardiac contractile performance and experiments with
hypertensive animals show no capillary growth despite the dramatic increase in energy demand
placed on the heart in these conditions. In conclusion these data demonstrate surprising plasticity in
the response of the myocardium to a number of physiological and pathological stimuli and indicate
that adequate compensation occurs without the need for expansion of the existing capillary bed.
The limited angiongenic capacity of the myocardium may therefore indicate that the capillary supply

of the ventricle is not limiting to the function of the heart.
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Chapter One: Introduction

In simple physical terms the heart provides the hydraulic energy required to circulate blood around
the body. The performance of the heart, be it as a measure of output or of contractile strength, is
dependent upon physical factors (preload and afterload), hormonal and neuronal influences and
upon the availability of oxygen and oxidisable substrates to provide the chemical energy for
contraction. This Introduction will give an overview of how basic cardiac mechanics links to energy
and oxygen consumption within the myocardium and how metabolic mechanisms regulate energy
supply during changes to cardiac workload. Finally the focus will shift to the remodelling response to
a chronic increase in stress, the contractile and metabolic dysfunction associated with heart failure

and the possible role that impaired oxygen delivery plays in this pathological process.

Preload and afterload

The concept of preload and afterload is an important principle governing myocardial performance
and cardiac output. Preload describes the load present before contraction provided by the venous
return of blood to the atrium and ventricles. Preload is related to the stretch of the cardiac myocytes
in response to this loading and so is related to sarcomere length (the contractile unit of the
myocytes). Increases in preload will result in ventricular filling and will dramatically affect stroke
volume through the Frank-Starling mechanism of the heart. These length induced increases in the

force of contraction occur in the absence of altered calcium release but increased Ca** sensitivity.

Preload is affected by a number of factors including central venous pressure, heart rate, atrial

contractility, ventricular compliance and aortic pressure.

e Increased central venous pressure: acting through either decreased venous compliance

(mediated through sympathetic venoconstriction) or increased venous return (augmented



by increased respiratory and skeletal muscle pump activities or gravity), results in a greater
preload. Increases in venous return can also activate stretch receptors in the atrium
activating parasympathetic neurons which reduce heart rate (the Bainbridge reflex).

e Decreases in heart rate will increase ventricular filling time and so increase preload.

e Sympathetic stimulation of atrial contractility or increased atrial filling will pump more blood
into the left ventricle per beat.

e Ventricular compliance describes the relationship between the change in pressure and the
resulting change in ventricular lumen size, conditions such as ventricular fibrosis will reduce
compliance and therefore reduce preload.

e Preload is elevated by increases in aortic pressure which reduce ejection from the left

ventricle as a result of the increased afterload it now has to overcome.

Afterload describes the load which the heart must eject blood against. Simply afterload can be

related to the aortic pressure, however more precisely it is related to ventricular wall stress (),

which describes the amount of force experienced per unit area of tissue.

This relationship is known as the law of LaPlace, which states that wall tension is proportionate to
the pressure (P) multiplied by the radius (r) for a thin walled sphere. Therefore, wall stress (0) is wall
tension divided by wall thickness (W). Afterload is increased when aortic pressure is greater, when
there is an increase in systemic, or pulmonary, vascular resistance (SVR/PVR) and by ventricular
dilation (an increase in ventricle lumen volume). In a closed system when afterload increases the
heart has to generate a greater force per unit area of tissue in order to eject the same quantity of
blood into the systemic or pulmonary circulation. Therefore in the absence of modification of the
contractile state of the myocardium, change of preload or altered vascular resistance there will be a

reduction in the volume of blood ejected per contractile cycle (stroke volume). Note; in this setting



incomplete emptying of the ventricle can indirectly elevate preload as the remaining volume of
blood in the ventricle is added to the preload during diastole. We will see later that wall stress is a

major determinant of the substrate metabolism and oxygen consumption of the heart. [1-3]

Catecholamines, calcium and excitation contraction coupling

The theory of excitation-contraction (E-C) coupling provides an understanding of how the
movement of calcium ions between intracellular stores controls the contractile cycle of the
myocardium. The illustration of this process in Figure 1.1 can be summarised as per the bullet points

listed below.

1. During the cardiac action potential calcium ions (Ca®*) enter the cell via depolarisation
sensitive channels, primarily L-Type voltage sensitive channels in the myocyte. This is known
as the inward calcium current (Ic,) and is a major contributor to the action potential plateau.
Ca®* entry triggers calcium release from the sarcoplasmic reticulum (SR) through the
ryanodine receptor (RyR).

2. The net result of both these initial processes in an increase in free intracellular calcium
which through binding to troponin C switches on the contractile machinery.

3. For relaxation to occur intracellular calcium must decline allowing disassociation of calcium
from the troponin complex. This involves the extrusion of calcium from the cytosol via the SR
Ca —ATPase (SERCA), the sarcolemma Na‘/Ca®* exchanger (NCX), the sarcolemma Ca®'-

ATPase and mitochondrial Ca** uniport. [4]

In the rat heart SERCA accounts for some 92% of calcium flux during cardiac relaxation, around 7% of
calcium is extruded through NXC while the relatively slow sarcolemmal and mitochondrial ATPases
account for the remaining 1%. [5] While detailed understanding of the mechanics of excitation-
contraction coupling is beyond the scope of this thesis it is important to appreciate the energy

dependent nature of this process and that of the contractile cycle.



Adenosine triphosphate (ATP) and the energetics of cardiac function

The hydrolysis of ATP to inorganic phosphate (Pi) and adenosine diphosphate (ADP) provides a
release of stored chemical energy which is used to drive the muscular action of the cardiac
contractile proteins as well as the various energy dependent ion pumps of the sarcoplasmic
reticulum and sarcolemma. Two processes, 1) the contractile work of the myofilaments and 2) the
active pumping of calcium ions through SERCA, account for the majority of ATP consumption in the

myocardium.

Cross-bridge cycling

The theory of cross-bridge cycling forms the molecular basis for the production of movement and
force within cardiac muscle and can be summarised in a number of steps (Figure 1.2 corresponds to
the bullet points below). Note; prior to entering this cycle the rise in cytosolic calcium has removed

the inhibitory effect of the troponin complex on myofilament interaction.

1. Hydrolysis of ATP primes the myosin head of the cross bridge for attachment to the thin
filament (actin fibres).

2. Myosin binds to actin.

3. The products of ATP hydrolysis (ADP and Pi) are released resulting in a conformational
change of structure in the myosin head. This process is thought to provide the force of
contraction, often referred to as the ‘power stroke’.

4. Myosin detaches from actin upon binding of ATP.

5. ATP is hydrolysed returning the cross bridge to its original formation.

SERCA
SERCA is the second major site of ATP utilisation within the myocardium. As with the cross-bridge

cycle the transfer of phosphate groups from ATP to the pump results in a conformational change in



structure and a change in the affinity of the calcium binding sites promoting the release of calcium
ions into the sarcoplasmic reticulum while preventing their dissociation back into the cell cytosol.
There is a net movement of two calcium ions per mole of ATP consumed by the hydrolytic site of
SERCA [5]. SERCA activity is regulated by prevailing intracellular calcium content and by the actions
of its endogenous inhibitor protein phospholamban (PLB). The role for PLB in the control of SERCA
activity is demonstrated by the enhanced contractile function of hearts from mice lacking the gene
encoding for PLB [6]. SERCA-PLB interaction is modulated through adrenergic signalling representing
an important mechanism relating an increase in neural sympathetic drive to an increase in cardiac

output (see below).

Energy consumption - Contractile state and the Frank-Starling mechanism

The Frank-Starling mechanism describes how an increase in fibre stretch (lumen dilation), due to
greater preload, can enhance contractile force and so elevates stroke volume. In order to generate
more force there must be a greater number of ‘power strokes’ and therefore the ATP requirement
of each contraction is increased. Changes in contractility can also occur in the absence to changes in
cardiac preload and afterload either augmenting or depressing performance. The sympathetic
nervous system represents one mechanism whereby inotropy, lusitropy and chronotropy can be
increased in the myocardium. Where inotropy defines the force muscular contraction, lusitropy
relates to the rate of muscular relaxation and chronotropy describes to the rate of contractile
cycling. Noradrenaline released from sympathetic nerve terminals in the heart stimulates rapid
changes in myocardial contractility under physiological conditions. In addition adrenaline released
from the adrenal medulla can circulate in the blood and exert effects at the heart. Catecholamines (a
term encapsulating both noradrenaline and adrenaline) exert their actions through binding to the
o and B-adrenoceptors of the cell sarcolemma. The B-adrenoceptors can be further divided into
three subtypes; two with similar functional roles (f1and 2) and one inhibitory isoform (3). Binding
to the 1 and B2 receptors results in increases in cardiac contraction, calcium transient amplitudes

and rates of relaxation. These effects are mediated primarily through stimulation of adenylate
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cyclase which elevates intracellular cyclic adenosine monophosphate (cCAMP) in turn activating cAMP
dependent protein kinase (PKA). PKA phosphorylates a number of key contractile proteins including
1) troponin | (reducing myofilament calcium sensitivity) 2) sarcolemma calcium channels (increased
calcium entry), 3) phospholamban (reducing its inhibition of calcium reuptake into the SR through
SERCA) and 4) SR calcium release channels (alterations in RyR gating). While the decreased
sensitivity of the myofilaments to calcium appears counterproductive the dramatic increase in
calcium transients more than compensates promoting an increase in contractility. Increases in
cytosolic calcium concentrations will promote cross-bridge cycling and SERCA activity enhancing
cardiac rate, inotropy and lusitropy and as such elevates myocardial ATP utilisation. B3 activation
produces negatively inotropic effects thought to be mediated through the production of nitric oxide
from locally bound neuronal nitric oxide synthase (nNOS). The role of nitric oxide in the control of
contractile function will be discussed in more detail in Chapter 5. The B-adrenoceptors represent the
primary mechanism whereby catecholamines enhance force production in the heart however it is
worth noting that binding of catecholamines to o, promotes calcium uptake through the sodium
calcium exchanger elevating intracellular calcium and increasing contractile force. In addition
activation of the alpha adrenergic signalling pathway increases myofilament calcium sensitivity. [3,

5]
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Figure 1.1. Excitation-contraction coupling in the heart. See main text for discussion. Legend: ATPase= sarcolemma Ca”* ATPase, NXC=sarcolemma sodium potassium
exchanger, ATPase2= sodium-potassium pump, NaHX=Sodium-hydrogen exchanger, B-AR=Beta-adrenoceptor, L-T=L-type calcium channel, SERCA=Sarcoplasmic reticulum
Ca’* ATPase, PLB=Phospholamban, TRPI- Troponin complex. Red lines represent calcium induced calcium release and resulting contraction. Green lines represent the
active lowering of intracellular free calcium to bring about relaxation. Note the energy consuming processes indicated through ATP breakdown to ADP and inorganic

phosphate. * Beta-adrenergic stimulation actually reduces the sensitivity of the myofilaments to calcium but inotropy is promoted through the significant rise in cytosolic
calcium.
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Cardiac work and oxygen consumption

Cardiac contractile work is closely related to oxygen consumption and Sarnoff et al. In 1958
demonstrated a classic example of this relationship [7]. Sarnoff’s preparation utilized a blood
perfusion consisting of an isolated dog’s heart supported by a second heart from a donor dog. Blood
from the left ventricle of the isolated heart is ejected through an adjustable resistance tube and
turbine flow meter into a reservoir which drains into the left atrium through a second adjustable
resistance tube. Blood from the coronary circulation drains into the right ventricle which ejects
blood into the jugular veins of the support dog. Re-oxygenated blood is returned to the reservoir
from the support dog at the rate at which it was removed. This elegant method provided a heart
with maintained cardiac performance and allowed the assessment of the effects of varying heart
rate (through electrical stimulation), preload and afterload on cardiac oxygen consumption.
Adjustment of outflow and inflow resistances allowed for precise modification of cardiac preload
and afterload. O, and CO, contents of arterial and venous blood were estimated gasometrically and
blood oxygen saturation was constantly measured through densitometry. Oxygen consumption was
calculated by applying the Fick principle, whereby oxygen consumption is equal to the product of
coronary blood flow and the difference between coronary arterial and venous oxygen content.
Sarnoff et al demonstrated that pressure work (afterload) increased oxygen consumption in a
manner that was paralleled by the increase in aortic pressure but with little or no change to cardiac
output. During pressure work the increase in oxygen consumption results from the increase in
internal tension development (wall stress) and the length of time in this state before ejection occurs.
During volume work a small increase in oxygen consumption occurred along with an increase in
cardiac output resulting from activation of the Frank-Starling mechanism. Volume work therefore
improves cardiac efficiency (work per unit oxygen) whereas pressure work significantly decreases it.
Increases in rate work (achieved through electrical pacing of the heart) were also associated with an

increase in oxygen consumption relative to the increase in the peak systolic pressure-time integral.



These relationships were similarly described by Neely et al (1967) in experiments performed in the

isolated beating rat heart [8].

Catecholamines, which enhance contractile force, lusitropy and rate, dramatically elevate
myocardial oxygen consumption. Vasu et al (1978) showed in the donor supported dog heart (as
described above) that a range of natural and synthetic catecholamines cause an increase in oxygen
consumption that can be directly related to the increase in the peak systolic-time integral [9].
Therefore catecholamines do not alter the energetic cost of work but merely augment contractile
force and heart rate. Feinberg and Katz (1958) utilised an open chest dog preparation to investigate
the effects of noradrenaline and adrenaline on coronary flow rates, cardiac work and oxygen
consumption. Treatment with both of these adrenergic agents resulted in a dramatic increase in
myocardial oxygen consumption, cardiac output, coronary flow and coronary sinus oxygen content.
The increase in sinus oxygen content implies that while oxygen delivery is improved through
increased coronary flow rates the rate of oxygen extraction is reduced [10]. Note; at times of
reduced oxygen availability and/or elevated vessel shear stress (see later definition), as occurs when
hearts are perfused with oxygenated crystalloid buffer solutions instead of blood, the ability to
increase coronary blood flow is reduced and in these circumstances there is greater extraction of

oxygen per unit perfusate [11].

Molecular mechanisms linking ATP and oxygen consumption

The relationship between oxygen consumption and cardiac workload is directly linked to the oxygen
dependent metabolism of FAs and glucose to provide the energy for mitochondrial synthesis of ATP,
providing the energy for both the contractile cycle of the myofilaments and the movement of ions by
various channels and pumps. These molecular mechanisms are well described and immensely
intricate and complex. The balance and flux through these metabolic pathways closely links changes

in myocardial energy demand to changes in substrate oxidation and energy production. The
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following discussion provides an overview of the processes involved in myocardial glucose and FA

uptake, oxidation and utilisation in the heart (Figure 1.3 and 1.4 respectively).

Uptake of carbon substrates

Glucose

Two transporters control the uptake of glucose from the blood stream across the sarcolemma into
the cells of the heart: GLUT 4 and GLUT 1. GLUT 1 is constitutively expressed in all cells and thought
to control basal levels whereas GLUT 4 is recycled between cytosolic and plasma membrane pools as
in response to changes in afterload [12], catecholamines [13, 14], oxygen availability and insulin [15].
The transport of glucose into the cardiac myocytes is regulated by the content of glucose

transporters in the sarcolemma.

The first step of glucose metabolism

There is very little free glucose found within the cytosol of the cell as after its uptake glucose is
rapidly converted to glucose-6-phosphate by hexokinase at the cost of one molecule of ATP. This
rapid conversion effectively traps the phosphorylated glucose in the cell for entry in to citrate and

glycogen cycles while preserving the inward glucose gradient across the sarcolemma [15].

Fatty Acids

As with glucose the uptake of long chain FA appears to be governed by specific transport proteins
which can translocate the sarcolemmal membrane in response to alterations in workload [16]. FA
translocase (CD36) is one important component of this process and hearts from mice engineered to

lack the gene encoding for CD36 demonstrate a 50% reduction in FA uptake [17].

The first step in FA metabolism

The first step of FA metabolism results in the formation of long-chain Acyl-CoA (LCAC) maintaining

cytosolic free FA at low concentrations.

Glycolysis and glucose oxidation
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Glycolysis is the metabolic pathway that converts glucose into pyruvate. The free energy released in
this process is used to form ATP and reduced nicotinamide adenine dinucleotide (NADH). NADH,
along with FADH, acts as an electron donor in the electron transport chain (Figure 1.5). Raising
cardiac mechanical workload by elevating afterload is associated with increased rates of glycolysis, a
potential result of the accumulation of fructose-2,6-biphosphate (fru-2,6-Bi) in the cytosol [12, 18,
19]. Fru-2,6-Bi is synthesised by 6-phosphofruckto-2kinase (PFK-2) and stimulates 6-phosphofructo-
2-kinase (PFK-1) a key regulatory enzyme of the glycolytic pathway. Mechanical work it thought to
signal through a phosphatidylinositol 3-kinase dependent pathway resulting in the activation of
protein kinase B (PKB) which mediates the phosphorylation of these target proteins [12]. Citrate acts
as a negative allosteric regulator of PFK-2 activity linking changes in mitochondrial energy
metabolism to glycolysis and provides a mechanism whereby accumulation of intracellular free FA
inhibits this process [20]. PKA and protein kinase C (PKC) have also been shown to regulate glycolytic

flux at PFK-2 (promoters) highlighting the importance of this site in the control of glycolytic flux [15].

Decarboxylation of the pyruvate formed during glycolysis is the key irreversible step of carbohydrate
oxidation. Pryruvate dehydrogenase (PDH), located within the mitochondria, is responsible for
catalysing this reaction. Phosphorylation of the PDH complex by a specific PDH kinase results in
inactivation whereas dephosphorylation via a PDH phosphatase produces activation [15]. PDH
activity is increased when the intracellular concentration of calcium ions increases such as during
adrenergic stimulation. The net shift in kinase and phosphatase activity promotes the conversion of
pyruvate to acetyl CoA and so provides a metabolic link between the energy demand of the
myocardium and the metabolism of substrates for ATP production. FAs promote the activity of PDK
and so are able to suppress glucose oxidation when circulating concentrations are high (the glucose-

FA cycle) [21].

Excess pyruvate unable to enter the TCA cycle is converted to lactate by the reversible actions of

lactate dehydrogenase. The oxidation of NADH to NAD" during this process is of importance in times
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of reduced oxygen supply, such as ischaemia resulting from vascular occlusion. During the 6"
reaction of the glycolytic pathway glyceraldehyde phosphate dehydrogenase (GADPH) catalyses the
conversion of glyceraldehyde 3-phosphate to 1,3-biphosphoglycerate reducing 2 molecules of NAD+
to NADH in the process [22]. As the NADH/NAD" ratio is an important mechanism regulating GADPH
(feedback inhibition) it is possible to envisage how when oxidative metabolism is unable to proceed
(i.e. low oxygen availability) that the function of glycolysis would also cease. The conversion of
pyruvate to lactate and the oxidation of NADH to NAD" provides a mechanism for the continuation
of the glycolytic pathway allowing for the production of a small but limited amount of ATP
(anaerobic). In the normal well-oxygenated myocardium the heart is able to import and oxidise

lactate, in this situation lactate dehydrogenase catalyses the conversion of lactate back to pyruvate

Beta-oxidation

[-Oxidation occurs in the mitochondria and requires the transport of LCAC into the mitochondrial
matrix. This is achieved through a carnitine-dependent transport system found within the inner and
outer mitochondrial membranes. Carnitine palmitoyl-transferase | (CPT-I) catalyses the conversion of
LCAC to long-chain acylcarnitine, which is shuttled into the inner mitochondrial space. Acyl carnitine
crosses into the mitochondrial matrix via the carnitine/acylcarnitine translocase complex. Carnitine
palmitoyl-transferase Il (CPT-II), found bound to the inner mitochondrial membrane, catalyses the
transesterification of fatty acyl carnitine to acyl CoA, which is an activated substrate for beta-
oxidation. This system allows the separation of CoA and carnitine in the cytosol and mitochondria so

the pathways can continue to function in unison.

Malonyl-CoA is the rate-limiting regulator of long chain FA entry into the mitochondria, an allosteric
inhibitor of CPT-1. Acetyl-CoA carboxylase (ACC), in particular the beta isoform, is the enzyme
responsible for the carboxylation of cytosolic acetyl-CoA to form malonyl-CoA. This system allows
the switching off of FA metabolism in the face of excess acetyl-CoA in the cytosol. Importantly

malonyl-CoA production appears to occur using only acetyl-CoA formed from glucose. This means
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that malonyl CoA may act to inhibit FA oxidation in times when carbohydrates are in ready supply.
The level of malonyl-CoA within the cell is regulated by the balance between its synthesis by ACC
and its breakdown by malonyl-CoA decarboxylase (MCD). A study by Goodwin and Taegtmeyer
(1999) investigated how malonyl-CoA regulates FA oxidation during contractile stimulation
(adrenaline + 40% increase in afterload) in the isolated beating rat heart [23]. During contractile
stimulation ACC activity was unaffected despite an increase in total FA oxidation (exogenous +
endogenous). MCD activity was, however, some 55% greater than controls, suggesting that an
increase in degradation of malonyl CoA occurs during an increase in workload and that this drives
the higher rates of total f—oxidation noted in this and other studies [23, 24]. After entry into the
mitochondria activated FAs (bound to coenzyme A) are cleaved into multiple two-carbon acetyl CoA
units (removed from the carboxyl end of the FA chain). This produces one molecule of acetyl CoA,
one molecule of NADH and one molecule of FADH, per turn of the cycle. Specific enzymes exist to
hydrolyse FAs of varying chain length. The two carbon acetyl CoA fragments produced are free to

enter the citrate cycle.

The citrate cycle, oxidative phosphorylation and the oxygen cost of metabolism

During the tricarboxylic acid cycle acetyl CoA from the glycolytic breakdown of glucose and B-
oxidation of FAs is used to drive the reduction of nicotinamide adenine dinucleotide (NAD) and flavin
adenine dinucleotide (FAD). These coenzymes act as electron donors taking electrons released in the
citrate cycle and donating them to the electron transport chain where they are used to form ATP.
The process of energy production through the five complexes of the mitochondria is known as
oxidative phosphorylation. A simplified diagram of this process is presented in Figure 1.5 however
detailed discussion of the mechanisms involved is beyond the scope of this thesis. It is important to
note that oxygen acts as the final electron acceptor where it is converted with free H* to water. Each
electron donated to the oxidative chain from reduced NAD (NADH) provides enough energy for the
production of 2.5 ATP molecules. Each electron donated from reduced FAD (FADH,) provides enough
energy for the production of 1.5 ATP molecules. Therefore the classical yield of ATP for each
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molecule of glucose is 38 (12 NADH=30 ATP, 4 NADH=6 ATP + 2 ATP from glycolysis). During B
oxidation the breakdown of the 16 carbon FA palmitic acid produces 7 NADH, 7 FADH, and 8 acetyl-
CoA molecules and uses 2 molecules of ATP in the activation of the FA. Therefore the net gain of ATP
per molecule of palmic acid is 106 molcules of ATP [25]. In terms of ATP yield per mole of oxygen
utilised glucose metabolism is relatively more efficient with a ratio of 3.17 compared to 2.83 for
palmitate. Therefore the oxygen cost of ATP production from FAs is greater than that of glucose
despite greater yields per mole of substrate. Oxygen consumption is elevated at all workloads when
hearts are perfused with FAs [26, 27]. This idea of metabolic efficiency will be discussed later in

terms of the late stage metabolic changes associated with heart failure [1].

Phosphotransfer networks

Optimal operation of the myocytes bioenergetic system requires that high energy phosphoryls are
synthesised and delivered to the energy consuming processes of the myocardium at a rate
comparable to their rate of degradation. Additionally the breakdown products of ATP hydrolysis
(namely ADP, free Pi and H') require removal in order to prevent hindrance of ATPase activity.
Diffusional exchange of adenine nucleotides has been shown to be kinetically inefficient requiring
the existence of large concentrations gradients which do not exist in normal cells [28]. Inefficient
transfer would result in an inability to sustain hydrolysis of ATP at the sites of energy production as
well as a build up of ATP hydrolytic end products resulting in ATPase inhibition. It has been
suggested that sequential rapidly equilibrating biochemical reactions provide a means whereby
reaction ligands are able to transverse relatively large spaces quickly and without the need for a
significant concentration gradient [28, 29]. According to this model, incoming ligands on one end of
the system push adjacent molecules triggering a propagation of a signal flux through a network of
rapidly catalysing enzymes. Therefore ligands do not travel the entire length of the pathway but
rather the molecules arriving at the distal site are equivalent but not the same as the molecule
generated at the site of origin. The phosphocreatine and adenylate kinase reactions of the myocytes
represent two of these important phosphotransfer networks. In addition to its roles in NADH
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reduction glycolysis is now often viewed as a phosphotransfer mechanism, whereby a series of
interlinked reactions spread across the myocyte provide a system for rapid ATP regeneration from
ADP and Pi. Detailed discussion of the phosphocreatine and adenylate kinase systems is perhaps
beyond the scope of this introduction, but it is important to recognise the role of these systems in
energy transfer and their potential theorised importance in maintaining local ATP concentrations

during an increase in energy demand.

Endogenous energy stores

Glycogen

Cardiac glycogen is a polysaccharide molecule made up from a number of smaller glucose units.
Stored in granules in the cell cytosol this molecule provides a reserve of energy shown to be of
particular importance during times of cardiac stress (e.g. a jump in the work rate requirement of the
heart or during B-adrenoceptor stimulation [15]). While acting as an energy store, glycogen is also
thought to play an important role in normal glucose metabolism; acting as a thoroughfare for
glucose 6-phosphate entering the glycolysis pathway (i.e. large turnover of the glycogen pool) [30].
The glycogen pool is in a constant state of flux, with variable rates of production and breakdown.
Intracellular glycogen concentration is therefore determined by the balance between rates of
synthesis and degradation. Glycogen production takes place through the actions of the enzyme
glycogen synthase. Glycogen synthesis is known to increase by both the activity of insulin during the
fed state and via depletion of the cardiac stores (as seen in periods of increased workload and
ischaemia) [15]. In the fasted (low circulating glucose concentrations) state glycogen production still
occurs but at a slower rate than that seen in the fed state. During these fasted periods glycogen
synthase can be stimulated through increasing intracellular glucose 6-phosphate concentrations
(allosteric activator) resulting from the free FA induced blockade of glycolysis. Breakdown of
glycogen occurs through the actions of phophorylase and occurs during periods of increased need,

as seen with beta-adrenergic stimulation. Increased calcium ion release and beta adrenergic
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stimulation lead to the conversion of the inactive phosphorylase B to the active form phosphorylase

A[31].

Triglycerides

Triacyglycerol (TAG) is formed of three FAs bound to a glycerol backbone and provides andimportant
energy reserve in the heart. Studies in isolated rodent hearts have shown that turnover of the
triglyceride pool is large even in hearts provided with high circulating free FA concentrations,
contributing some 8 to 11% of the calculated oxidative ATP production [32]. Reductions in circulating
FA concentrations results in a higher contribution of the TAG pool to ATP production (up to 50%
during perfusion with glucose alone) with a depletion of intracellular TAG content over time.
Synthesis of triglycerides is carried out by a series of enzymes in both the outer mitochondrial
membrane and in the endoplasmic reticulum (the Kennedy pathway) [15, 33]. Glycerol 3-phosphate
acyltransferase (GPAT) catalyses the rate limiting first step of this pathway. It has been speculated
that the co localisation of GPAT with CPTIl on the outer mitochondrial membrane represents a site of
competition for acyl CoA substrates. Flux through either pathway may be regulated by energy

demand but the experiments to look at this in the heart have not been performed.

Breakdown of intracellular triglycerides occurs through the actions of hormone sensitive lipase (HSL),
lysosomal lipase (LAL), a microsomal diacylglycerol (DAG) hydrolase and a monoaacylglycerol (MAG)
hydrolase. As the rates of breakdown of DAG and MAG dramatically exceed those of TAG it is
thought that HSL and/or LAL regulate TAG content at the first step in the hydrolytic pathway [33].
Several studies have demonstrated that free FA and acyl-CoAs inhibit these lipases providing a link
between energy demand and energy utilisation whereby lypolysis is promoted when intracellular
concentrations of these substrates fall [34-36]. HSL may also be regulated through phosphorylation

by cAMP dependent protein kinase during exposure to catecholamines.
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Cardiac responses to chronic stress

Cardiac hypertrophy describes the process whereby the heart is able to respond to an increase in
demand placed upon it by increasing muscle mass to normalise wall stress and maintain the rate and
force of contraction. An increase of muscle mass in the heart must occur primarily through
enlargement of the existing cell size as the myocytes of the adult myocardium are fully differentiated
and unable to undergo hyperplasia (an increase in cell number mediated by splitting of existing
cells). Cardiac hypertrophy is defined by increased cardiomyocyte size, enhanced protein synthesis
and sarcomere reorganisation. The form of the inciting stress is a major determinant of the type of
remodelling that occurs. Changes in pressure (as seen in aortic stenosis and hypertension) or volume
(as seen in valvular insufficiencies) result in differential adaptations in cardiac geometry. Grossman
et al (1975) first described how, in humans, examples of pressure and volume overload induce
differential models of adaptive growth [37]. The increase in valvular or vascular resistance seen in
patients with aortic stenosis and hypertension elevates ventricular afterload promoting a concentric
model of hypertrophic growth. Parallel replication of the sarcomeres and an increase in the cross
sectional area of the myocytes results in ventricular wall thickening. This can be viewed as an
attempt to normalise ventricular wall stress and in this setting total cardiac oxygen consumption
remains elevated while tension development and oxygen consumption are normalised per unit mass
of tissue. Alternatively patients with mitral or aortic valvular insufficiency demonstrate myocyte
fibre elongation; a result of blood flow back into the ventricles after ejection is complete. Volume
overload promotes serial sarcomere replication, an increase in ventricular lumen volume and a
modest increase in pressure development. Chamber enlargement also elevates systolic wall stress
and so a small degree of wall thickening usually occurs normalising stress at the ventricular wall.
These characteristics of human disease can be readily replicated in experimental animal models.
Aortic banding (or transient aortic constriction), involving partial tie-occlusion of the descending
aorta, increases vascular resistance and elevates cardiac afterload providing a model of pressure

overload which reflects human states of hypertension or aortic stenosis. Aortic banding promotes
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concentric left ventricular remodeling in a variety of animals, including rats and rabbits [38-41].
Experimental volume overload can be produced through the formation of a fistula between the
descending aorta and vena cava. This opening allows oxygenated blood to flow directly into the
venous circulation back to the heart. The harder the heart works to overcome the reduction in
oxygen supply to other tissues the greater the return of oxygenated blood to the heart and the
greater the increase in diastolic preload. This perpetual cycle results in rapid progression from a well

adapted state to insufficiency and failure [42, 43].

Pathological hypertrophy and heart failure

Contractile dysfunction

Pathophysiological stimuli include mechanical forces (pressure or volume) and neurohumoral stimuli
(e.g. renin-angiotensin Il, endothelin, adrenergic). In general hypertrophy may be viewed as an
adaptive process helping the heart deal with an increased workload through compensatory
remodeling. At some point the compensation fails to meet the demands of the body and there is a
progression to heart failure (HF). HF is defined as an inability to meet the metabolic demands of an
organism due to insufficient cardiac output and is an increasing health problem in the western world
with over 2 million reported cases per year in the U.S. alone. A certain part of the pathology of HF
may ascribed to insufficient geometric remodeling which fails to adapt to the altered stress placed
upon the heart. Again, using the law of LaPlace, we can see that an increase in arterial pressure or
ventricular radius (dilation) must be met by a concurrent increase in wall thickness if cardiac output
is to be maintained. Prolonged exposure to pressure overload, as with aortic banding or human
hypertension, results in a decompensated form of hypertrophy with impaired contractile function.
Incidentally prolonged exposure to a volume overload stimuli, as seen in the aortocaval fistula model
of human valvular insufficiency, results in excessive myocyte lengthening and chamber dilation. In
dilation, the ventricle volume is extremely large, but the cross sectional area of the myocytes has

minimally increased and so pressure development and pump function can be severely impaired.
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Geometric insufficiency does not however tell the whole story. Data accrued over the last 30 years
suggests that molecular alterations are responsible for the contractile dysfunction associated with
heart failure. Changes in calcium transient amplitudes appear to play a prominent role in the
molecular mechanisms of heart failure. Bastie et al (1990) were the first to show that SERCA gene
and protein expression is down-regulated in the pressure overloaded hypertrophied rat heart.
Whole heart homogenates showed a reduction in the capacity for calcium uptake into the SR which
could be directly related to a lower expression of SERCA2a [44]. Since this early report a tremendous
number of studies have measured SERCA2a expression and function in models of pressure overload,
pacing induced heart failure, volume overload and catecholamine exposure. It seems clear that
SERCA expression is functionally decreased in heart failure [4, 5, 45-48]. There is also evidence that
the phosphorylation state of PLB is altered in HF leading to a disproportionately high depression of
SERCA activity. Schwinger et al (1999) published work showing impaired SERCA activity in human
heart failure biopsies despite the preserved expression of SERCA and PLB [49]. It was found that
patients with heart failure had a significant reduction in the phosphorylated form of PLB compared
with controls. Adenoviral introduction of the SERCA2a gene into pressure overload (aortic banded)
induced failing rat hearts has been used to completely restore the loss of contractile performance
associated with these hearts [50]. Increased expression of the sodium calcium exchanger (NCX) has
also been noted in a number of human and experimental studies of HF [51-53]. When combined with
a down-regulation of SERCA these data suggest that there may be a shift in calcium handling away
from the energy dependent processes of the sarcoplasmic reticulum to favour greter extrusion of
intracellular calcium through the sarcolemmal NCX. Such changes may precipitate a reduction in SR
calcium load resulting in reduced intracellular calcium transients and impaired myocyte contractility

[4, 5].

Energy metabolism during hypertrophy and heart failure

Alterations in energy metabolism have been noted in both human experimental models of
hypertrophic and dilated cardiac failure suggesting that changes in the pathways responsible for the
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production, transfer and utilisation of ATP underlie the development of heart disease of several
aetiologies. A time line of changes appears to occur in the pathways involved in ATP synthesis as
hypertrophy develops from the compensated to decompensated form. Initially flux through the CK
reaction falls as a demonstrable reduction in both total cellular creatine content and CK activity.
Glucose uptake and utilisation are stimulated while FA metabolism is either suppressed or remains
unchanged. Decompensated hypertrophy is marked by a further decrease in CK flux and a
suppression of FA oxidation. At this stage increases in glucose utilisation (primarily occurring through
increased glycolytic rates) is insufficient to meet the energy demands of the myocardium and ATP
content falls. The fall in energetic reserve is thought to further impair cardiac contractile reserve (i.e.
limited ATP supply when workload is elevated). The following headings will discuss in greater detail

the metabolic alterations associated with HF.

High energy phosphates

Analysis of biopsy samples taken from humans with end stage heart failure has demonstrated a 25
to 30% reduction in ATP content [54]. Results confirmed by more recent *'P nuclear magnetic
spectroscopy measures of ATP content in patients with hypertensive heart disease, aortic stenosis
and dilated cardiomyopathy [55] as well as longitudinal studies of pacing induced heart failure in the
dog (demonstrating a progressive loss of both ATP and the total content of adenine nucleotides)
[56]. Linear correlations have been demonstrated between tissue ATP content and measures of
systolic and diastolic dysfunction in both experimental (62) and clinical (61) studies. Other
investigators have reported correlations between diastolic dysfunction but not with systolic

dysfunction in humans with end stage heart failure (60).

Dramatic reductions of intracellular creatine content in biopsies taken from patients with aortic
stenosis [57] and severe heart failure [58] have been reported and confirmed in studies utilising
nuclear magnetic spectroscopy techniques [59]. Given the rapidly equilibrating nature of the CK

reaction these data tell us that PCr will be also be reduced in the failing heart and several *'P NMR
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studies in the early 1990’s confirmed this and reported a fall in the PCr to ATP ratio in patients with
HF [60, 61]. Interestingly the fall in PCR/ATP ratios occurs in well compensated hypertrophic models
and as such may represent one of the earliest energetic abnormalities preceding the contractile
dysfunction and later changes in ATP content and substrate metabolism [61]. Over the last decade
the PCr to ATP ratio has proven to be a more accurate predictor of cardiovascular mortality than
traditional indicators (the New York Heart Association Class and LV ejection fraction) [62]. Changes
in the activity and expression of the CK enzymes co-localised to the myofibril and the mitrochondria
and decreased numbers of creatine transporters may play a role in these changes in phophotransfer

capacity [62].

Changes in the phosphorylation potential form the basis of arguments that the failing heart is energy
‘starved’ possibly through inadequate matching between ATP supply and ATP demand or by

impairment in the systems through which energy transfer occurs.

Substrate metabolism

Table 1.1 summarises the major finding of a number of studies looking at rates of metabolism in the
hearts with models of experimental hypertrophy and heart failure. The first conclusion from these
data is that alterations in the metabolic profile of hypertrophic hearts are preceded by contractile
dysfunction. For example Chandler et al (2004) showed no significant alteration in substrate
oxidation despite a decrease in contractile performance in their model of micro-embolism induced
cardiac failure [63]. These data are supported by time-course studies in pacing induced heart failure
which show that alterations in metabolism occur around 20 days after the onset of decreased
contractile performance [64]. Despite the impairment of contractile force in these models of early
failure, cardiac metabolism is not concurrently depressed resulting in higher oxygen consumption
per unit work. It is generally accepted that during the switch from compensated to de-compensated
hypertrophy there is significant down-regulation of long-chain FA oxidation with a concurrent

increase in the rates of glycolysis and glucose oxidation. Increased rates of glucose oxidation have

25



been reported at just 14 days in the rat aortic banding model suggesting that an increase in glucose
utilisation is one of the earliest metabolic alterations [40]. Suppression of FA metabolism along with
increased rates of glucose oxidation has been reported in spontaneously hypertensive rats [65] and
in pacing induced failure in the dog [64, 66] and seems to represent a mid stage alteration in
metabolic phenotype during heart failure, increasing the heart’s reliance upon glucose metabolism
to provide the energy for ATP synthesis. Referring back to the earlier discussion of metabolic
efficiency this could normalise for the decrease in efficiency (less oxygen consumption per ATP
molecule synthesised from glucose than FA). Late stage heart failure appears to be associated with
an uncoupling of the glycolytic and glucose oxidative metabolic pathways. Allard et al (1994) have
demonstrated that significant uncoupling occurs at just 8 weeks in the aortic banded rat [38]. In this
study glycolytic rates of glucose utilisation were significantly higher in the hypertrophied hearts
whereas glucose oxidation was comparable to controls (FA rates were also significantly depressed).
In the rat aortic banding model, the uncoupling of glycolytic activity is marked by an elevation of
pefusate lactate, suggesting an impaired ability to perform oxidative metabolism in these hearts [38,
67]. There are very few data on substrate metabolism in humans and the results of these studies are
somewhat conflicting. Both increased [68] and decreased rates [69] of FA uptake have been
reported in studies utilising positron emission tomography to compare heart failure patients to age
matched healthy controls. It has been proposed that a similar temporal pattern relating metabolic
alterations to disease severity can explain the conflict in these data [15]. Human studies suffer from
their inability to assess glucose oxidation directly; relying instead upon the rate of uptake of tracer

compounds.
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Table 1.1. Summary of studies looking at the effects of models of cardiac hypertrophy and failure on contractile performance and rates of metabolism in the heart.

Investigators Model Perceived severity of Performance/Contractility Glucose metabolism FA metabolism
model.
Taegtmeyer et al (1988) Rabbit Non failing. N Pressure development M Glucose utilisation -
[70] Unilateral nephrotemy Slow developing

and renal artery

hypertension.

stenosis No hypertrophy.
Allard et al (1994) [38] Rat Severe. { Pressure development N Glycolysis at low workloads. Suppressed FA oxidation
Aortic banding Hypertrophy at low workloads. Comparable to controls at high

Comparable to controls at
high workloads.

workloads.
Comparable rates of glucose
and lactate oxidation between

groups.
Chandler et al (2004) Dog. Mild-Moderate. J Contractile No change in rates of glucose No change in rates of FA
[63] Microembolism induced Hypertrophy performance metabolism. metabolism.
failure.
Christe and Rodgers Spontaneously Moderate. - N Glucose oxidation { FA oxidation
(1994) [65] hypertensive rats Hypertrophy
Masie et al (1995) Swine Moderate. - N Glucose oxidation -
Aortic banding Hypertrophy N Glycolysis
Lei et al (2004) [66] Dog Severe { Pressure development N Glucose oxidation { FA oxidation

Pacing induced failure

Dilated cardiomyopathy

and rate of force
production.
N End diastolic volume

El Aloaoui-Talibi et al
(1992) [42]

Rat
Aortocaval fistula.

Moderate
Hypertrophy

J Cardiac output and
pressure work

{ FA oxidation at high
workloads (1 afterload)

Recchia et al (1998) [64] Dogs - { Contractility recorded M Glucose uptake seen after { FA uptake seen after 22
Pacing induced failure from day 7 to day 28 26 days days
Allard et al (2000) [39] Rat Severe hypertrophy

Aortic banding

Doenst et al (2001) [40]

Rat
Aortic banding
14 Days

Mild-Moderate

Impaired baseline
contractile performance.
Preserved response

™ Glucose oxidation at 14 days

FA oxidation rate comparable
to controls at 14 days.

See main text for discussion. Severity was assessed from known indicators of the severity of cardiac failure (i.e. pulmonary edema, contractile dysfunction).
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Table 1.2. Expression of key glucose and FA enzymes in human and experimental heart failure.

Study Model Molecular alterations

Razeghi et al (2001) [71] Human end stage heart failure Reduced expression of mRNA for:

e GLUT1and GLUT4

e LCAD and MCAD

e CPT1b (muscle isoform)

e PDK2 (liver isoform) and
PDK4 (heart isoform)

Lei et al (2004) [66] Pacing-induced heart failure (Dog) Reduced mRNA encoding for
GLUT1, GLUT4, PDK4, CPT1b.
Taegtmeyer (1988) [70] Unilateral nephrotemy and renal | Increased activity of PFK-1,
artery stenosis (Rabbit) hexokinase and lactate

dehydrogenase. No change in the
activity of enzymes involved in the
citrate cycle.

Sack et al (1996) [72] Human HF and spontaneously Reduced mRNA and protein levels
hypertensive rats. for MCAD in both failing human
hearts and spontaneously
hypertensive rats.
Osorio et al (2002) [73] Pacing-induced heart failure (Dog) | 40% decrease in MCAD espression
and activity.

40% decreased CPT1 activity.

Legend: mRNA = messenger ribonucleic acid, GLUT= glucose transporter, PDK = pyruvate
dehydrogenase kinase, CPT= carnitine palmitotransferase, LCAD = Long chain acyl dehydrogenase,
MCAD = Medium chain acyl dehydrogenase.

Table 1.2 summarises the alterations in metabolic enzyme protein and gene expression associated
with hypertrophy and heart failure. These data show convincing evidence that the pathways for FA
oxidation are suppressed in the failing heart. Particularly convincing are the consistent findings of
reduced expression of acyl dehydrogenases involved in the beta oxidative cycle. In contrast the data
for an increase of enzymes involved in glucose metabolism is not so clear cut with a number of
contradictory reports. Apparent paradoxical reports of an increase activity of PDK4 despite increase
glucose oxidative rates add further confusion to the issue [66]. These data may well represent
activation of glucose metabolism occurring secondary to the suppression of FA metabolism (through

removal of the inhibitory actions of FAs upon the glucose metabolic pathways).
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Myocardial hypoxia as a potential cause of hypertrophic de-compensation

and cardiac failure

Despite the vast amount of data upon the issue of contractile and energetic impairment during heart
failure little is known about the underlying causes of these dysfunctional processes. It has been
hypothesised that this energetic and contractile remodelling represents a state of ‘energy starvation’
where the heart is unable to keep up with an increase in energy demand by an increase in energy
supply. One potential cause of this paradigm is a low oxygen tension environment. Presented below
are arguments both in support and against a theory of hypoxia in hypertrophy. Investigations into
the potential hypoxic environment of the hypertrophied heart and its effects on contractility and

metabolism will form the basis of this thesis.

Arguments for hypoxia in hypertrophy

Altered energy status, substrate utilisation and contractile remodelling

Changes in the PCr/ATP ratio infer that energy production is inhibited in some way and the
suppression of FA metabolism in favour of glucose utilisation suggests that there is a significant drive
to increase the oxygen efficiency of ATP production. Down-regulation of energy consuming
contractile processes (i.e. SERCA) and up regulation of the energy independent systems (i.e. NCX)

suggests mechanical remodelling has an oxygen sparing role.

Capillary growth and supply demand mismatch

Capillaries represent the point of oxygen delivery to the myocardium. The movement of oxygen from

the blood to the myocytes occurs through diffusion. Diffusion can be simply described as:

This is known as Fick’s law of diffusion and it describes how the mass of solute diffusion per unit

time is related to concentration difference driving force (&%) and the distance across which this
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transfer is occurring (&x]. % is known as the concentration gradient. The surface area for transfer

(S) and diffusion coefficient (D) both impact on the rate of solute transfer. The diffusion coefficient
depends on the viscosity and size of each solute as well as on temperature. As the concentration of
coronary blood oxygen content changes little then diffusion distances become the primary
determinant of oxygen diffusion in the heart. Histological assessment of capillary density (number
of capillaries per mm?) in cardiac tissue therefore gives an inverse representation of this relationship
while the ratio of capillary number to myocyte number gives a true measure of changing capillary

number even when there is a change in myocyte cross sectional surface area.

Evidence that capillary growth occurs in response to normal physiological stimuli is controversial
with reports of modestly increased, unchanged and decreased ventricular capillary density following
chronic exercise training [74-76] [77]. Several explanations have been proposed to underlie the
differences between these studies. Firstly there appears to be an age dependent response in which
young rats are able to increase capillary number during chronic treadmill training while this
angiogenic response is lost in older animals [74-76]. Secondly the intensity of exercise may be of
important with reports of capillary growth during moderate intensity but not vigorous training
regimes [77]. Thirdly attempts to assess capillary growth in the heart without assessment of myocyte
size may have introduced methodological errors to some of the studies by failing to account for any
hypertrophic response in the myocardium. Some more direct evidence of angiogenesis following
swim training in rats is provided by measures of DNA replication i.e. *H-Thymidine incorporation into
ventricular endothelial cells and capillary pericytes [78]. Capillary growth has also been noted in
animals exposed to low oxygen for extended periods of time and in animals raised in cold
environments for generations (demonstrating right and left ventricular hypertrophy respectively)
[79, 80]. If capillary growth does occur in the physiological model it most likely occurs in response to
changes in the mechanical stress experienced on the luminal (shear stress and wall tension) and

abluminal (capillary stretch) sides of the vessel. Shear stress (T) describes the tangential drag force
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experienced at the vessel wall during flow and is proportional the viscosity of the blood (n), the

velocity of the blood (V) and inversely related to lumen vessel radius ().

T=T1

)

"

Chronic increases in coronary blood flow induced by long term administration of adenosine [81] or

dipyridamole (which inhibits adenosine uptake into red blood cells potentiating its biological
effects) [82, 83] result in a significant increase in both subepicardial and subendocardial
capillary density in adult rabbit hearts. These vasodilators increase lumen radius and elevate
luminal shear stress in accordance with the equation presented above. Chronic vasodilation
in skeletal muscle through dietary supplementation of prazosin removes the pressor effect
of alpha adrenergic signalling, elevates vessel shear stress and promotes new capillary
growth [84]. These studies provide some insight into the process linking a change in shear
with new vessel formation. Shear induces a form of blood vessel growth known as splitting
angiogenesis which is marked by thickening of the capillary endothelium and protrusion of
cytoplasmic processes down the centre of the lumen. These protrusions eventually fuse with
the opposite end forming two individual vessels. Experiments to confirm the involvement of
similar mechanisms in myocardial shear induced capillary growth have not yet been

performed.

The most extensive increases in capillary numbers have been reported in studies of long-term

bradycardial pacing. Wright and Hudlickd (1981) demonstrated that electrical pacing of rabbit hearts

to 60% their normal rate results in a significant increase in capillary number (20-40%) [85] and

similar findings have been reported in electrically paced pigs [86] and during pharmacologically

induced negative chronotropy in the rat [87]. These changes occur on a background of comparable

coronary blood flow implying that changes in shear stress do not underlie this growth. Two factors

have been proposed to underlie bradycardia induced angiogenesis; 1) changes in the intra-luminal
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wall tension and 2) an increase in stretch of the vessel wall. Capillaries have been observed to be
wider during the diastolic period of the cardiac cycle and while the velocity of red blood cell flow is
reduced the pressure in these vessels does not change significantly. Therefore by applying LaPlace’s
law, which we have discussed previously in the context of ventricular wall stress, we can see that the
tension acting at the capillary wall is much greater during diastole (increase in lumen radius).

Fxr
H

i:r=

Wall tension is proportionate to the pressure (P) multiplied by the radius (r) for a thin walled sphere. Wall stress (0) is wall
tension divided by wall thickness (W).
Therefore regimes which lower heart rate will increase the length of times spent in diastole and
increase wall tension/stress. In addition a prolonged diastole will expose the capillaries to an
increase in stretch, a result of an increase in end diastolic filling. The ensuing contraction will also be
greater (Frank-Starling law) and may play a role in this form of capillary growth. Skeletal muscle
experiments during which extirpation of the postural tibialis anterior muscle results in a stretch/load
induced hypertrophy and hyperplasia of the extensor digitorum longus muscle provides an insight
into how stretch-induced vessel growth may occur [88]. During so called sprouting angiogenesis,
proteases cause the degradation of the basement membrane close to the site of extra vascular
stimulus. Endothelial cell proliferation occurs in the surrounding matrix leading to the formation of
sprouts connected to surrounding capillary vessels. These sprouts migrate towards the source of the
extra vascular stimulus in tandem with endothelial cells. Blind-ended sprouts connect together
forming a lumen through which blood can flow. Finally a pericyte layer forms beneath the

endothelial cells and lays down a new basement membrane [88].

Importantly experimental evidence suggests a correlation between ventricular capillarity and cardiac
performance. Chronic electrical bradycardia induced capillary growth in rabbits and pigs has been

associated with an increase in the cardiac output [85, 86] while the pharmacological bradycardic
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agents alinidine (inhibitor of I current) [89] and metropolol (a B1 selective adrenoceptor antagonist)
attenuate the contractile dysfunction associated with myocardial infarction and HF respectively and

this occurs on a background of increased capillary number (see Chapter 7).

There is evidence that during pathological hypertrophy growth of the capillary bed is unable to keep
pace with the hypertrophy of the myocytes. According to Fick’s law an increase in the size of the
myocytes and the resulting decrease in capillary density would impact upon the diffusion of oxygen
into the tissue. Reductions in capillary density have been noted in models of pressure overload
induced by aortic banding and during prolonged exposure to adrenergic agonists, angiotensin Il and
endothelin. It has been hypothesised that the combination of increased oxygen demand and altered
oxygen delivery may play a role in the contractile and metabolic dysfunction of heart failure.
Pressure overload increases myocardial oxygen consumption and may result in inadequate coronary
perfusion (due to vessel remodelling, myocyte expansion and increased intra-ventricular pressures).
Greater demand for perfusion, an increase in vascular resistance and greater distances over which
oxygen must diffuse may contribute to a mismatch between coronary perfusion and oxygen supply
in the hypertrophied heart. Two studies in the mouse have highlighted a possible link between
inadequate neovascularisation and heart failure in experimental models of heart failure. Shiojima et
al (2005) induced hypertrophy in the mouse heart through transduction of an activated Akt (protein
kinase B) gene [90]. Akt signalling is thought to be involved in the development of a number of
models of hypertrophy including exercise and pressure overload. Shiojima et al found that in the
acute stage of hypertrophy development there was a concurrent increase in new capillary growth
which was associated with the up regulation of specific vascular growth factors known to be
involved in angiogenesis (vascular endothelial growth factor (VEGF) and angiopoeitin (ANG-1)).
Inhibition of angiogenesis through adenoviral insertion of a gene coding for a decoy receptor of
VEGF prevented the increase in capillary number, retarded cardiac growth and resulted in
contractile dysfunction during induction of Akt hypertrophy. Sano et al (2007) published data

demonstrating how chronic pressure overload initially promotes angiogenesis and latter suppresses
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capillary growth in the mouse [91]. The authors noted an increase in ventricular capillary growth in
the first 14 days following banding associated with an increase in the expression of angiogenic
factors (VEGF and ANG-1). In prolonged pressure overload this increase in vessel number was
prevented by the accumulation of P53 a known inhibitor of hypoxia inducible factor 1 stabilisation
(HIF1, see below). Conversely, promotion of angiogenesis through adenoviral mediated induction of

VEGF and ANG-1 prevented the development of heart failure in treated mice.

Altered gene and protein expression

HIF1 is composed of one a and one [ subunit and regulates the adaptation of cells to low oxygen
environments (e.g. increased anaerobic metabolism and new blood vessel formation). In normoxic
conditions specific proline residues in HIFlo, are hydroxylated allowing its ubiqutination and
resulting proteolytic degradation [92-94]. In hypoxia the lack of oxygen inhibits this process allowing
for o and B subunit dimerisation and the resulting activation of hypoxia driven gene expression.
Chronic pressure overload in rats is associated with an up-regulation of HIFla protein content in
homogenates of cardiac tissue [80]. HIF1a is known to increase the transcription of genes involved
in the regulation of capillary and arteriolar growth and, as such tissue, VEGF content is up-regulated
in homogenate extractions from aortic banded hypertrophied rat hearts [80]. The apparent drive to
improve both capillary and arteriolar supply suggests that there is significant demand for improved

oxygen delivery in the hypertrophied myocardium.

Arguments against hypoxia in hypertrophy

Markers of hypoxia

Reports from isolated myocytes suggest that the critical PO, below which mitochondrial oxidative
phosphorylation will be impaired is between 1 and 2 mmHg. Measuring intracellular PO, in the
whole heart is not feasible with modern methods and as such a number of alternative oxygen
dependent markers are used in the assessment of oxygen tension. Perfusion of hypoxyprobe

(pimonidazole hydrochloride), a histological marker of hypoxia, in the hearts of rats with an aortic
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banding model of failure show no significant hypoxia in a study by Choi et al (2008) [80].
Hypoxyprobe detects any PO, below 10 mmHg and has been utilised to show the effects of exposure
to environmental hypoxic environments on myocardial oxygenation. Nuclear magnetic resonance
spectroscopy can measure the amount of deoxymyoglobin found within the heart. Deoxymyoglobin
is formed when the intracellular PO, falls below 4 mmHg and studies in failing rat hearts have failed
to show significant alterations in the state of this molecule even when hearts were stressed to high
workloads with the B1 specific adrenoceptor agonist dobutamine [95]. These indirect measures of
oxygen tension are supported by mathematical modelling studies of capillary oxygen supply in the
heart. Rakushan et al (1984) showed that hypertrophic growth itself should not produce a hypoxic
environment within the myocytes but rather changes in the distribution of capillaries towards a

more heterogeneous state could produce focal areas of tissue hypoxia [96].

In contrast to the evidence in mice, Flanagan et al (1991) have shown that inhibition of angiogenesis
during LV pressure overload in the lamb is not associated with any change in ventricular function,
compared with sham operated or banded controls [97]. Flanagan et al (1991) reported that
angiogenesis was important for the maintenance of maximal LV coronary flow, but did not find any
change of in vivo contractile performance (using intra-ventricular catheter measurements) following

the inhibition of of angiogensis with protamine (a reversible inhibitor of bFGF binding).

Net importer of lactate and the effect of workload on substrate uncoupling

Despite the increased rates of glycolysis noted in more severe models of hypertrophy there does not
appear to be a concurrent suppression of glucose oxidation. Allard et al (1994) have shown that
aortic banded hypertrophied hearts oxidise a comparable amount of lactate as controls suggesting
that there is no suppression of oxidative metabolism as would occur in a hypoxic environment (due
to inhibition of the citrate cycle and the oxidative chain) [38]. In addition Allard and colleagues found
that an increase in cardiac afterload both elevates the rates of glucose oxidation and normalises

rates of glycolysis between the groups. These data suggest that the uncoupling of glycolysis and
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glucose oxidation is not related to low oxygen availability but rather reflect specific alterations to the
glycolytic metabolic pathway. The role of various enzymes of glycolysis in the rapid equilibrating
transfer of ATP and its hydrolytic products throughout the cell could reflect compensation for the

loss of flux through the CK system not necessarily the result of hypoxia.

Non-hypoxic mechanisms drive changes to gene and protein expression

In addition to the oxygen dependent mechanisms regulating HIF-1 activity there is growing evidence
of oxygen independent regulation. Of interest to the present study is the induction of HIFla in
response to changes in mechanical stress. Kim et al (2002) found that induction of an aortocaval
shunt (volume overload) resulted in the ventricular accumulation of VEGF and HIF1a protein within 1
hour of the operation, changes which were preserved during the 48 hour follow up period [98].
Isolated hearts exposed to ex vivo stretch through the inflation of an intra-ventricular balloon also
demonstrated increased expression of HIF1a and VEGF after 1 to 2 hours. Similar results were noted
in the non ischemic border regions of rat hearts 2 to 48 hours following left anterior descending
coronary artery ligation. In all three of these models these changes in expression appear to be
regulated by degree of wall stretch rather than oxygen availability due to their prevention by the
stretch activated channel inhibitor gadolinium. Therefore it cannot be assumed that the activation of
HIF-1 in hypertrophy is directly related to low oxygen availability as mechanical factors may well

underlie these changes.

Thesis aims and layout

The question of what process drives the de-compensation of hypertrophy to heart failure remains to
be answered. Despite speculation that mechanical and metabolic remodelling in the heart is an
attempt to reduce energy consumption, it is unclear whether this reflects poor oxygenation (a
hypoxic environment). On the contrary cardiac oxygenation never appears to be reduced to the
critical level which would impact upon mitochondrial oxidative phosphorylation [79, 95]. Despite this

there appears to be a drive to increase capillary density during hypertrophy and there is evidence
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that inhibition of this process drives well compensated geometric remodelling into a state of failure
[90] [91]. This raises the possibility that alterations in oxygen diffusion and/or regional under-
perfusion, resulting from the expansion of the myocytes without concurrent vessel adaptation, are
responsible for the metabolic and contractile derangement associated with HF. However, no study
to date has directly assessed whether modification of these parameters in normal animals can mimic
the derangements associated with HF. Studies utilising methods to induce capillary growth in both
normal and ischemic hearts also suggest there may be some relationship between cardiac
performance and ventricular capillarity, though these studies suffer from their use of in vivo
measures of performance which are influenced by homeostatic, hormonal and neuronal
mechanisms and in which loading conditions cannot be controlled. This aims of the present study
were to investigate the impact of alterations in ventricular capillarity on the functional and

metabolic characteristics of the isolated perfused beating rat heart.

It was hypothesised that, if cardiac contractile performance and substrate utilisation are directly
related to ventricular capillarity then methods to alter the number and distribution of capillaries

within theventricle could be utilised to demonstrate this relationship.

This study utilised the Langendorff isolated rat heart. Rats were selected due to their availability,
relatively low cost and, most importantly, the vast amount of literature published on the species.
The Langendorff preparation allows for the isolation of the heart from confounding neuronal and
hormonal factors and permits for strict control of substrate availability and of ventricular workload.
The use of crystalloid buffers, which have a low oxygen carrying capacity in comparison to blood,
limits the ability of the myocardium to increase oxygen delivery through greater coronary flow (CF)
and provides optimal experimental conditions. Despite this it is important to note that oxygen
availability exceeds oxygen consumption in these preparations and that the hearts are able to
respond for prolonged periods of time to stimuli that dramatically elevate oxygen consumption (e.g.

dobutamine). Data supporting these statements are presented in the following chapters. Alterations
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in ventricular capillarity were achieved through both chronic pharmacological and/or environmental
treatment regimes and acute arteriolar occlusion experiments. Quantification of capillary density

and cardiac performance was carried out in the same hearts.

Hearts from the treatment groups were compared to controls over a range of different workloads
achieved through modifications in the volume of a fluid filled intra-ventricular balloon (effectively
preload and afterload) and also through adrenergic stimulation using dobutamine (a B1 specific
agonist). Stressing hearts at high workloads should highlight any differences between the treated

and untreated groups.

Due to the apparent importance of SERCA down-regulation in heart failure a number of chapters
utilised molecular techniques to investigate the impacts of alterations in capillary supply upon SERCA
protein expression levels. Treatments were also investigated in terms of their effect on the variance
of capillary spacing as mathematical modelling suggests that alterations in the uniformity of capillary
spacing will have a greater impact upon oxygenation than uniform cellular growth [38]. Such
heterogeneity may upset the carefully controlled balance of supply and demand in the heart
whereby some areas of cardiac tissue will have poorer oxygenation than others (i.e. greater diffusion
distances). Tissue collagen content has been assessed due to its influence on cardiac contractile
performance through modifications of ventricular compliance. Additionally collagen accumulation
may impair regional coronary blood flow impacting upon oxygen delivery. Metabolic rates have been
assessed using radiolabelled tracer studies which allow accurate quantifiable measurement of
substrate oxidation. Histological analysis of capillary supply in certain experiments was also
performed in hearts isolated from mice on similar treatment regime and offer support to the

primary findings in the rat.

Experimental chapters will be broken down:
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Effects of reduced capillarity on cardiac performance and metabolism. Part 1:
Microspheres — This chapter provides evidence of the link between capillary perfusion,
contractile performance and rates of metabolism. Acute capillary blockade was achieved
through infusion of 15 um microspheres in the isolated heart. Parameters of contractile
performance and metabolic rate before and after microsphere infusion were compared
retrospectively to the degree of terminal arteriolar blockade (assessed using histological
methods). These experiments look at the relevance of using the crystalloid perfused
isolated rat heart in meeting of the primary aims of this thesis.

Effects of reduced capillarity on cardiac performance and metabolism. Part 2:
Isoprenaline — This chapter presents data regarding the chronic effect of reduced
capillarity on cardiac contractile performance. Rapid left ventricular hypertrophy was
induced in rats through the injection of isoprenaline (a B adrenoceptor agonist). The
rapid nature of this model allows for comparison of hearts from a short (3-day) and long
term (10-day) treatment regimes before and after capillary growth has had time to
occur.

Effects of reduced capillarity on cardiac performance and metabolism. Part 2: L-NAME —
Data is presented on the effects of supplementation of animal drinking water with N (G)-
nitro-L- arginine methyl ester (L-NAME), a non-specific nitric oxide synthase blocker, on
cardiac morphology and contractile performance.

Effects of increased capillarity on cardiac performance and metabolism. Part 1: Cold
acclimation — Data is presented on the effects of 4 weeks of cold acclimation on cardiac
morphology and ex vivo contractile performance.

Effects of increased capillarity on cardiac performance and metabolism. Part 2: Atenolol
— In this chapter chronic B adrenoceptor blockade was utilised to promote capillary
growth in the left ventricular wall of the rat heart. The impact of these changes on

contractile function and metabolic rates at a number of workloads was investigated.
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Modulating substrate metabolism and capillary supply in the hypertrophied heart — This
chapter presents data on attempts to modify substrate metabolism and ventricle
capillarity in the cold acclimated model of hypertrophy and their effects on ventricular

contractile function and substrate metabolism.
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Chapter Two: Material and Methods

Animal welfare and regulations

Animals for this study were used in accordance with the animal welfare regulations of the U.K
Animal (Scientific Procedures) Act of 1986. Experiments were performed on male Wistar rats (an
albino strain of Rattus novegicus) or male C57/BL6 mice (Charles Rivers). All animals were provided
with food pellets (SDS RM3 diet, Lillico) and water ad libitum. Cage temperature was maintained at
21 + 2°C. Photoperiod was maintained in a 12:12 light:dark cycle. Animal weights were recorded

twice weekly during which cage cleaning took place.

Treatment regimes

Water dissolved treatments were based on an average water consumption of 10 ml water per 100
grams body weight per day [99, 100]. These values are applicable to both rats and mice. Details of
specific treatments will be reported in the relevant chapters along with references to support dose
selection. Sucrose was added to all water-based treatments at a concentration of 5g/L drinking

water (0.5% w/v) in a bid to disguise the taste of the drugs used.

Experiments in the rat

Surgical Procedures

Anaesthesia
Animals were anaesthetised using Isoflurane® at a concentration of 5% in O, Initial of anaesthesia
gas chamber was carried out using flow rates of 4 I/min; this was reduced to between 1.5 and 2

I/min for the maintenance of anaesthesia on the mask.

Assessment of heart rate and arterial blood pressure (in vivo)
In vivo parameters of heart rate and arterial blood pressure were assessed through cannulation of

the right femoral artery. The right femoral artery and vein were then located and isolated from one
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another and the surrounding connective tissue. The right femoral artery was cannulated with a vinyl
cannula (OD = 0.80 mm, ID = 0.40 mm, Portex) containing normal saline (0.9% NaCl w/v), which was
inserted until the tip of the cannula lay at the bifurcation of the inferior vena cava. This cannula was
used to allow direct measurement of arterial blood pressure via a pressure transducer (type 4-4222
Bell & Howell Ltd., UK). The blood pressure transducer was calibrated regularly with a mercury

sphygmomanometer.

Thoracotomy

An initial incision was made from the midline, inferior to the sternum, to expose the diaphragm and
abdominal cavity. Bilateral incisions were made in the diaphragm to allow access to the thoracic
cavity. The thorax was opened by removing the rib cage from the level of the diaphragm to the level
of the clavicle. Using the tissues of the lung and oesophagus as support the heart was excised the
thoracic cavity and these tissues were quickly placed in ice-cold Kreb Hensleit solution (in mM, 120
NaCl, 4.8 KCI, 25 NaHCOs, 1.2 MgS0,, 1.2 KH,PO,4, 1.3 CaCl,, 11 mM glucose) for the remaining
surgery. 0.5 ml of heparin sulphate (500 Units) was added to each 25 ml of buffer used. The tissues
were dissected to remove the lungs, oesophagus and thymus exposing the heart and great vessel

architecture.

Langendorf{f perfusion
The heart was isolated and any excess tissues (e.g. lungs) were trimmed away. In order to expose

the underlying aorta arch the thymus was split in two and carefully removed from the heart. The
aortic arch was de-roofed allowing the aorta to be cannulated. The heart was secured using clips and
then suture material and was perfused, at a constant head of pressure (80 mmHg), with a warmed
(37°C) Krebs Hensleit buffer containing (in mM) 120 NaCl, 4.8 KCl, 25 NaHCO;, 1.2 MgS0,, 1.2
KH,POQ,, 1.3 CaCl,, 11 glucose and gassed with 95% O,, 5% CO, (pH = 7.4). A small incision was made
through the right ventricular wall in order to aid drainage. Adipose tissue was carefully trimmed
away in order to uncover the left atrial appendage. The appendage was removed to allow the

passage of a water filled balloon through the atrial-ventricular valve into the left ventricular (LV)
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lumen. The balloon was attached to a solid-state pressure transducer and a bridge amplifier for
recording of LV performance. Balloon volume was adjusted to give the minimum balloon volume
required to record a left ventricular developed pressure (LVDP) of above 10 mmHg. Data from the
pressure transducer was recorded at 1 kHz at a sensitivity of 10 mV using a 4 channel MacLab system

in combination with the bundled Chart software (Version 5.0, ADI Instruments).

Assessment of LV contractile performance
For assessment of ex vivo cardiac performance at different workloads, the balloon volume was

increased at 50 pL increments until a maximal systolic pressure of 200 mmHg was reached.
Functional recordings were made until the trace had adjusted to a new baseline for a period of 1
minute (i.e. constant measures of diastolic and systolic pressure). Data from the pressure transducer
allowed measurements of heart rate (HR), LV peak systolic pressure, LV end diastolic pressure
(LVEDP), LV developed pressure (LVDP), rate-systolic pressure pressure product (RPP) and the rate of
change of pressure (+dP/dt and -dP/dt). RPP is simply the product of the heart rate multiplied by the
peak systolic pressure and is a measure of the total external work. The rate of change of pressure
(dP/dt) can be calculated from the slope of the lines produced on the pressure traces (Figure 2.1).
+dP/dt, being independent of changes in preload and afterload, provides information on the intrinsic
contractility of the LV and is related to heart rate, developed pressure and ventricular compliance
(Figure 2.1). —dP/dt can be used as a measure of the active relaxation component of the cardiac
cycle, largely reflecting calcium handling, but also ventricular compliance. A minimum period of 30
seconds was used in the calculation of each functional parameter. Total coronary flow was
estimated from the perfusate outflow from the heart and was calculated from the time taken to fill a
known volume (0.93 ml). The curve produced from plotting diastolic pressure against balloon
volume allows for the estimation of LV unstressed lumen volume, from the x intercept of the linear
portion of this relationship (Figure 2.3) [101], as well as a measure of LV stiffness,
Apressure/Avolume, from the same region (Figure 2.3) [5]. Values of unstressed ventricular volume

utilising this method are similar to those obtained by serial cine-magnetic resonance imaging [102].
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LV systolic stress-strain
By definition the Langendorff protocol measures LV chamber function and as such is affected by

both the intrinsic contractility of the myocardium and also the geometric arrangement of the
myocardial fibres. Systolic stress strain relationships allow for an estimate of the true contractile
function of the myocardium normalizing for wall thickness and chamber dimension. Circumferential
systolic wall stress (o) and Langrangrian strain (g) can be calculated from the following equations

assuming a spherical geometry of the left ventricle.

6=[136 P V?]/[(V + V)" -V¥]
£ = {[VIB + (V+Vm)1/3] / [VOI/S + (V0+ Vm)1/3]}

[103]
Where V,, is equal to muscle volume (=0.943 LV mass), V is equal to intraventricular balloon volume
and P to isovolumetric LVDP. Systolic function is assessed from the slope of this relationship (Figure
2.4).
Dobutamine inotropic challenge
Balloon volumes were adjusted to give a constant diastolic pressure (20mmHg) and performance
was recorded. Perfusate was then switched to one containing dobutamine (final concentration 150
nM) and performance characteristics were again recorded until a steady state response was
achieved. An example trace of the inotropic response to dobutamine simulation is shown in Figure
2.2. Following completion of the protocol hearts were frozen either for metabolic studies, protein

analysis or histology (see relevant protocols).
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Figure 2.1. Factors measured during assessment of left ventricular contractile performance. The
pressure trace was recorded directly from the transducer and allowed calculations of various
variables. HR was assessed by mean average of the number of peaks in at least a 1-minute of trace.
LVDP was measured difference between the diastolic and systolic pressures. Maximal (+dP/dt) and
minimal (—dP/dt) rate of change of pressure was calculated from the first order derivative of the
pressure wave.
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Figure 2.2 Example raw data trace following addition of dobutamine (150nM) to the perfusate of a
Langendorffisolated beating rat heart preparation. Legend: LVP = Left ventricular pressure, dP/dt=
rate of change of pressure.
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Figure 2.3 Calculation of intraventricular volume and ventricular chamber stiffness from the
diastolic pressure-volume relationship. Ventricle volume is calculated from x intercept of the linear
portion of this relationship and ventricular chamber stiffness as the change in pressure divided by
the change in volume in the same region.

47



40-
g
2z 307
v =
»n o
o =
S 0
> 2
- = 10-
£
y= 92.285x - 63.852
C v v v v L}
0/\ Qc’b Qq '»Q '\I‘» '\rq/
LV Strain

Figure 2.4 Systolic stress-strain relationship. Myocardial contractility is measured from the slope of

this relationship.
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Assessment of substrate metabolism

Assessment of rates of metabolism and tissue concentrations of specific metabolites have been

carried out according to previously described methods [104-106] or using commercial available kits.

Where kits have been used reference is made to the supplier, product code and protocol used.

Glucose and FA substrate preparation

In order to prevent cardiac toxicity the FAs used in this experiment were pre-bound to albumin. The

following protocol explains the steps taken to prepare the glucose and FA substrates used for

estimating metabolism in the isolated heart.

1)

2)

3)

4)

5)

6)

1-gram of fatty-acid free bovine albumin (A6003, Sigma) was dissolved in 10 ml Krebs-
Hensleit buffer.

16.92 mg of Oleate FA sodium salt was added to 2 ml saline solution (0.9%w/v NaCl) and
gently heated to solution (60°C).

The albumin and heated FA were mixed together and left for 15 minutes to allow the
albumin and FAs to bind.

25 uL of radiolabelled FA (5.1 mCi) (*H-oleic acid, Amersham) was transferred to a dry test
tube and the solvent component allowed to evaporate. 200 uL alkali (0.1M potassium
hydroxide) was added to the dry tube to saponify the FAs.

The FA labelled tracer component and the albumin-FA mixture were mixed and allowed to
bind for 15 minutes.

50 uL of radio-labelled glucose (D-[**C)Glucose, Amersham (250 uCi)) was added to the

solution.

This procedure provides a physiologically relevant final FA concentration of 0.4 mM (in 150 ml of

perfusate). Glucose was provided in the Krebs Hensliet buffer at a concentration of 11 mM.
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Experimental Protocol

Starting with a perfusate volume of 200 ml (Krebs Hensliet buffer containing 10 mM glucose/1.6 mM
CaCly) the heart was perfused as described previously. A fluid filled balloon was inserted into the LV
and its volume adjusted to give a stable resting diastolic pressure of 20 mmHg (stabilisation period of
10 to 20 minutes). Perfusate volume was then adjusted to 150 ml. A gas collection apparatus was set
up to draw air out of the apparatus into the CO, trap, for sampling during the protocol. All entry and
exit points in the apparatus were sealed to prevent gas exchange with the environment. The FA and
labelled glucose were added to the reservoir and allowed to mix throughout the apparatus (5 to 10

minutes were allowed for adequate mixing).

Over the 60 min course of this experiment a number of different samples were taken (starting at
time point zero and at 10 minute intervals for 60 minutes). At time point zero 3 x 0.5 ml samples of
perfusate were transferred to individual scintillation vials and mixed with 5 ml of scintillation
cocktail. These samples were used for the calculation of specific activity (SA) for both glucose and FA
in the perfusate. Activity counts from each protocol described below were used in the calculation of
total oleate and glucose oxidation at each time point with corrections for any dilution steps and for
the reduction in perfusate volume. The slope of the linear regression of all time points over the 60-

minute period gives the rates of oxidation for each sample.

Estimation of FA metabolism through the production of tritiated water

Complete oxidation of H-labelled lipids during metabolism results in the production of tritiated
water (3H20), and this can be used to determine rates of FA metabolism within the heart. Before this
can be achieved it is vital to isolate the tritiated water from the remaining tritium-labelled lipids

within the perfusate. This is achieved by use of a simple solvent extraction [38, 107, 108]

(1) At ten-minute intervals (starting at time point 0) 1 ml of perfusate is extracted to

clean dry solvent tubes.
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(2) A total of 20 ml of Folch reagent (choloroform:methanol, 2:1) was added to each
sample and mixed vigorously.

(3) Following this 4 ml of distilled water were added to each sample and mixed
vigorously to produce an emulsion that separated into two distinct stages.

(4) The aqueous layer (top) contained the tritiated water component and was decanted
in 0.5 ml samples to scintillation vials. Scintillation cocktail was added to the vials at
a ratio of 10:1 (5 ml).

(5) The activity of each sample was then analysed using a scintillation counter

(BetaScint 2500, Perkin Elmer).

Estimation of glucose metabolism from 14C-labelled substrates.

Measurement of the breakdown products from **C-labelled substrate in this experiment gave a
direct measurement of glucose oxidation rate. Use of the aqueous perfusate presents a problem in
that CO, can either be extracted as a gas or can be buffered in the perfusate to HCO;". In order to
properly estimate the amount of glucose metabolism that had occurred we therefore had to
measure both components of this equilibrium. Total glucose metabolism can be calculated by
addition of the bicarbonate values to the cumulative value produced for CO, extraction (see below).

[38, 108]

Measurement of glucose metabolism from gaseous effluent

Over the course of the 60 min experiment exhaust gas was extracted and bubbled through
150 ml of CO, trapping agent (ethnolamine/ethelene glycol mixture (2:1)). Two 0.5 ml
samples of CO, trapping agent were taken at 10 min intervals (starting at time point zero)
and added to 5ml of scintillation cocktail. Analysis of these vials using a scintillation counter
allows quantification of the CO, production during the experiment, and directly related to
the metabolic breakdown of radiolabelled glucose. As the total starting glucose
concentration was known, we used these scintillation counts and the SA to estimate the

oxidation of glucose at various time points.
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Measurement of glucose metabolism from aqueous HCO3-

Seven Erlenmeyer flasks were prepared for each experiment; these are conical flasks with a
separate central well. The central well was filled with 1 ml of CO, trapping agent and the
area outside the well with 2.0 ml of 7M H,SO,. The Erlenmeyer flasks were sealed from the
external environment using a rubber septum. Starting at time point zero, and at proceeding
10 min intervals, 1 ml of perfusate was rapidly transferred from the Langendorff preparation
into the acid surrounding the central well. This leads to acidification of the perfusate and the
conversion of any H*CO; to '*CO, which diffuses into the trapping solution. Following
completion of the experiment, the Erlenmeyer flasks were incubated for at least two hours
(37°C) before recovering the trapping agent from the central well. This solution was
transferred to a scintillation vial and mixed with 10 ml of scintillation cocktail and analysed

for its radioactive content.

Tissue grinding (for tissue lipids)

Sample preparation

e Using a pestle and mortar, pre-cooled with liquid nitrogen, an aliquot of the tissue was
ground into a fine powder.

e Between 100 and 150 mg of this powder were decanted into a glass extraction tube and
mixed vigorously with 20 ml Folch solvent (chloroform/methanol 2:1).

e To ensure adequate breakdown of the tissue each sample was homogenised using a
Polytron blade homogeniser. The blade was washed in Folch solution following each
sample to prevent contamination.

e Atotal of 5 mls of water were then added to each of the samples. The resulting solution
was vigorously mixed and left to stand until it had separated into 2 phases.

e The lower solvent fraction was then recovered and transferred to a clean dry test tube.
This solvent layer was allowed to evaporate off leaving the dried sample at the bottom

of the test tube.

52



Preparative Thin Layer Chromatography (TLC) [107]

Preparing and running the plate

Solvent with a composition of: hexane/diethyl ether/acetic acid (70:30:1.6) was
prepared and left to equilibrate with the atmosphere in the TLC tank.

Silica gel chromatography plates (thickness 250 um) (Whatman, Cat. 4860-820) were
scored to provide 7 lanes. 6 samples and a final lane for the TLC standard.

Samples were re-suspended in 200 plL chloroform and spotted across the entire width of
one lane, 2 cm from the bottom of the plate.

Each sample was further washed with 200 uL of chloroform and spotted again on the
appropriate sample lane.

A total of 20 uL of standard consisting of diacylglycerol, FA, triacylglycerol and
cholesterol esters at a concentration of 0.1mg/ml was transferred to the final empty
lane.

The completed plate was placed in the TLC tank such that the sample spots remained
above the level of the solvent layer, preventing dissipation of loaded fats into the
solvent. The solvent was allowed to elute up the plate.

The plate was removed from the tank when the solvent had travelled % of the length of

the plate and allowed to dry in a fume cupboard.

Recovery of separated lipids from TLC plate

Each TLC plate was then minimally sprayed with pre-prepared rhodamine B solution.
Once dry, each plate was moved to a darkened room where a UV light source allowed
visualisation of the lipids.

TLC standard was used to identify lipids in the samples. These bands were found in the
order (from the origin upwards) phospholipids, diacylglycerol, FAs, triacylglycerol, and

cholesterol esters.
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Using a single sided razorblade each of the lipid fractions were mechanically recovered
and transferred to pre-labelled scintillation vials.

Then 10 ml of scintillation cocktail was added to each vial. These samples were shaken
and transferred to the liquid scintillation counter for analysis.

The incorporation of *H-oleate into each of the lipid components was calculated using

the SA for each sample with corrections for mass and for any dilution steps.

Total tissue triglyceride assay

Samples were prepared by the pre-described tissue grinding protocol and the extracted
lipids were evaporated to dryness. To the dry tubes 100% (v/v) ethanol was added to a
final tissue concentration of 100mg/ml of ethanol.

A commercial kit (Trinder method) was used for the estimation of total tissue
triglyceride concentration with minor alterations to the instructions provided (TR210,
Randox, Ireland). The assay was initiated with the enzymatic hydrolysis of the
triglycerides by lipase to produce glycerol and free FAs. The glycerol released was
subsequently measured by a coupled enzymatic reaction system with a colorimetric

readout at 540 nm.

A total of 200 uL of TAG reagent was added to each well of the 96-well plate along with
10 pL of sample, blank or standard (provided in the kit).
The plate was then incubated at room temperature for 10 minutes. Absorbance was

measure on the plate reader at 500 nm with reference to standard.

Total tissue glycogen assay

Between 25 to 50 mg of frozen tissue sample was alkali digested at 70°C in 200 pL of
30% KOH for two hours.
Then 4 volumes of absolute ethanol were added to each sample and left over night in

the fridge to allow the glycogen precipitation.
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e Samples were centrifuged at 10000 rpm for 10 min.

e The resulting supernatant was discarded. The pellet was re-dissolved in 200 pL distilled
water. 4 further volumes of absolute ethanol were added and the samples again left to
precipitate in the fridge before spinning the next day. This process was repeated 3 times
to remove all low weight molecular metabolites, leaving glycogen.

e After the final wash the air-dried pellet was re-dissolved in 200 uL of distilled water. An
aliquot (50 — 100 L) of this was counted directly for radioactivity in order to assess the
1 hour incorporation of **C-glucose into glycogen.

e The remaining sample was digested into glucose units through the addition of alpha-
amylo-glucosidase enzyme dissolved in sodium acetate solution (2000 U/ml and 50 pL
per sample, pH 4.5). These samples were left to digest over night.

e Total glucose concentration, and thus glycogen, was estimated using a commercial kit

(Glucose oxidase kit, Thermo-Electron, Australia), following the protocol as described.

Histological Procedures

Tissue Sampling

Following completion of the Langendorff protocol, hearts were perfused with KCl solution (200 mM)
to invoke contracture and the whole heart was cleaned of excess connective tissues and weighed.
The left ventricular free wall was excised and weighed. A segment of muscle from the LV free wall
(containing both endocardium and epicardium) was then taken and embedded on a pre-labelled
cork disk using an inert mounting medium (Tissue-Tek, OCT) and frozen in isopentane (2-
methylbutane) followed by cooling in liquid nitrogen (-190°C). For studies in the mouse the thoaracic
cavity was opened and the entire heart removed, weighed and embeded base down on a cork disk.
All tissues were stored at -80°C until they were used for histological analysis. Cryostat sections of 10

um thicknesses were cut at -20°C using a Bright 5030 microtome and were placed onto polylysine
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coated microscope slides. Sections were collected at 200 um intervals through the LV free wall

providing 8 to 10 slides per animal.

Histochemistry, staining procedures and image collection

Lectin

Lectins are plant proteins that bind to specific sugar residues, in this case to galactose residues,
which are found at high concentrations on the proteoglycans in the glycocalyx that lines the blood
vessels. Therefore fluorescent conjugated lectins can be used to assess capillary numbers in left
ventricular sections. The sarcolemma of muscle fibres is also faintly stained which allows
guantification of myocyte number and size. Lectin staining is visible as fluorescence when stimulated

by ultra violet light. [109]

Slides were left to dry for 30 min before being fixed in ice-cold acetone for 1 minute. A total of 10 pL
of 1 M calcium solution was added to 100 ml of phosphate buffered saline (PBS) solution (Sigma).
Fluorescence-conjugated Giffonia simplicifolica lectin (RL-1102, Vectorlabs, Ireland) was added to
this stock buffer at a ratio of 1:100. The slides were stained in this solution for one hour before being
rinsed in three times in PBS solution. Slides were mounted in Vectashield (H-1000, Vectorlabs,
Ireland) and sealed with a coverslip. Care was taken to avoid any unnecessary exposure to light
during and after this technique, due to the fluorescent nature of the stain. Pictures of the
subendocardial (n=8-10) and subepicardial (n=8-10) regions of the heart were captured digitally on a
Zeiss microscope system using the built in software (Axiovision v.4) at a total magnification of x500
(eyepiece x10, objective x40, and drawing arm x1.25). Images were only taken from areas cut in

good cross section.

Massons trichrome with aniline blue

Massons trichrome is a combination of four different stains which has been used in the present
study for the quantification of ventricular collagen content. Weigert’s iron haemotoxylin stains for

nuclei, picric acid for erythrocytes, a mixture of acid dyes highlight the cytosol and aniline blue
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allows visualization of the connective tissues. A pre-prepared kit (010902, Bio Optica, Italy) was

purchased and used according to the supplied instructions.

Sections were briefly submerged in distilled water. Equal amounts of hematoxylin solutions A and B
(3 to 4 drops of each) were added to each slide and left to act for 10 minutes. Without washing
slides were drained and covered with 3 to 4 drops of picric acid alcoholic solution (left for 4
minutes). The slides were quickly washed in distilled water and covered with 3 to 4 drops of
ponceau acid fuchsin solution (4 minutes). The slides were quickly washed in distilled water and
covered with 3 to 4 drops of phosphomolybdic acid solution (10 minutes). Without washing slides
were drained and covered with 3 to 4 drops of aniline blue solution (left for 5 minutes). Slides were
washed and rapidly dehydrated through ascending alcohols (70, 80, 90, 95, and 100%). Slides were
cleared in xylene (x2) and mounted in histomount (xylene based mounting solution). Pictures of the
subendocardial (n=6-8) regions of the heart were captured digitally on a Zeis microscope system
using the built in software (Axiovision v.4) at a total magnification of x125-250 (eyepiece x10,

objective x10 or x20, and drawing arm x1.25).

Quantification of images

Blinding of counts

Images were randomised before quantification in an attempt to reduce possible bias within the

sample populations.

Capillary density, capillary-to-fibre ratio and myocyte cross-sectional area

A square lattice of known area (calculated using a slide graticule) was superimposed on each image
(Figure 2.5). Capillaries and myocytes were counted within this region excluding those touching the
pre-defined bottom and left hand side of the lattice. This histological process is known as
Gundersens rule and is a useful correction when calculating the area of constituents within a
counting frame (this rule also reduces the possibility of double counting bias when serial images are

taken across the length of a tissue sample) [110]. A point count method was applied to correct for
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gaps in the section when appropriate and was performed on phase contrast images captured from
the same region as the fluorescent lectin stain. Capillary density (CD) defined as the number of

capillaries per unit area of tissue (capillaries/mm?) was calculated as...

T

€D = ——p—
Afl— {c—:)}

Where n is the number of capillaries, A the area of the counting lattice, Ct the total number of points
in the lattice (excluding the left and bottom edge) and Ce the number of points of the lattice

touching empty space. Myocyte cross-section area (CSA) was estimated as...
[
_au-(zD
CSAd= 7

Where {is the number of myocytes. Given that hyperplasia does not occur in the adult myocardium
the ratio of the number of capillaries to the number of myocytes was used in each section and gives
an indication of true capillary growth/regression. CD will be influenced by both changes in capillary

number and alterations in myocyte CSA.

Morphometric analysis of the capillary bed

In addition to the aforementioned histological techniques morphometric analysis was used to look at
the heterogeneity of capillary spacing within the ventricle and was carried out on in house software
(Oxygentransport, GA Gaffney, Oxford University). Binary images of capillary numbers were
produced from the digital images captured previously. The shortest point between each given
capillary and its surrounding capillaries were measured producing a Delaunay triangulation (Fig 2.6B)
and a value of mean nearest neighbour distance (mean NN). By taking the average squared deviation
of each NN distance from the mean we can get an estimated of how spread out a distribution is (i.e.
variance). Comparisons of the variance within a population of animals were used to estimate the

uniformity of capillary spacing and so compare the effects of treatment on this parameter.
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Ventricular collagen content

A coherent square lattice of known area was superimposed on each image and a point count
methodology utilised to assess the percentage of each sample occupied by collagen (Figure 2.7).

Collagen content (FIB) was calculated as...

o
FIB (%) = {ﬁ 100

Where Cf is the number of lattice points touching collagen.
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Figure 2.5. Example of lectin stain and counting procedure. Legend: 1=Myocyte, 2=Capillary. Region
of interest is defined by the white border. Capillaries and myocytes which interact with the bottom
and left hand border were excluded from counts in keeping with Gundersen’s edge-counting rule.
Magnification=x500.

FEEETE. |

Figure 2.6. Capillary distribution analysis. Example binary capillary count (A) and nearest neighbour
calculations (Delaunay triangulation) (B).
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Figure 2.7. Example of Massons trichrome stain and counting procedure. Region of interest is
defined by the black border. Collagen is shown in blue (see arrows) and the myocytes in red.
Magnification=x125.

0.5 1 Calculations:
0.45
0.4 4 Absorbance of sample = 0.417
& 0.35 -
g 031 0.417 = 0.3024x + 0.1553
£ 0.25 -
& 0.2
2 0.15 § y= 0.3024x + 0.1553 0.417-0.1553=0.2617
0.1 -
0.2617/0.3024 = 0.87 mg/ml
0.05 - / e/
0 ' ' 1in 8 dilution so 0.87 x 8 = 6.92 mg/ml
0 0.5 1
Concentration (mga/ml}

Figure 2.8. Example of BSA standard curve and calculations used to quantify sample protein
concentration.
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Assessment of SERCA2a protein expression
Gel electrophoresis was utilised to separate proteins based upon their molecular weight and
western immuno blotting was used to visualise the expression of SERCA2a with specific antibodies to

that protein. The methods used are described in detail below.

Protein extraction

Frozen tissue samples were ground to a fine powder on liquid nitrogen cooled metal block and
transferred to scintillation vials containing 1ml of sample buffer. This buffer contains a number of
salts (TRIS 25mM, NaCl 50 mM) and detergents (NP-40 1% (w/v), deoxycholate 1% (w/v), SDS 1%
(w/v)) employed to encourage lysis of cells and solubise the proteins. Also included in the buffer was
phenylmethanesulfonyl fluoride (PMSF, P7626, Sigma) a protease inhibitor which prevents
degradation of the proteins by the tissue’s own enzymes. Samples were quickly homogenised and
centrifuged for 10 minutes at 16000g (4°C). The supernatant was recovered and transferred to a
clean eppendorff before being frozen and stored at — 80°c. By performing all these steps on ice

protein denaturation should be kept to a minimum.

Protein concentration determination

Protein concentration determination is required to ensure that equal concentrations of protein are
loaded into the polyacrylamide gel. The bicinchonicinic acid (BCA) assay is an extremely sensitive
colorimetric assay used for this purpose. The first step of which is the chelation of copper with
proteins in an alkaline environment forming a light blue complex (known as the Beirut reaction).
Secondly BCA reacts with the reduced copper cation formed in step one to form a purple colored
reaction product. The BCA/copper complex is water-soluble and exhibits a strong linear absorbance
at 562 nm with increasing protein concentrations. Bovine serum albumin at concentrations of 0-0.5
mg/ml was added to a 96 well plate producing a standard curve of absorbance against
concentration. Then 10 pL of each protein sample was loaded into the plate in triplicate; these

samples were diluted to concentrations found within the linear portion of the BSA protein assay (a 1
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in 8 dilution from the stock concentration). Samples of protein extraction buffer blanks were also
quantified. A total of 200uL of working buffer were added to each well (1:50 copper sulphate
solution (4%):BCA), mixed gently and stored at 37°C for 30 minutes. Absorbance was read at a
wavelength of 562nm. Sample concentrations were calculated from the BSA standard curve using
absorbance values (taking into account any dilution factors) (Fig 2.8). Aliquots of sample were

prepared at a concentration of 2 mg/ml and frozen at -80°c until further use.

Gel electrophoresis

Gel selection

The range of separation of proteins that occurs in the SDS-polyacrylamide gels depends upon the
concentration of acrylamide used and so the number of cross-links formed. These factors affect the
size of the pore through which the protein complexes are passed. The size of the pore decreases as
the polyacrylamide:bis ratio increases meaning choosing the correct gel for a given polypeptide
length is very important. The gels used in this study were discontinuous, consisting of stacking and

resolving gel components (see gel preparation).

Gel preparation

The gels were mixed and poured into 1 mm plastic cassettes (NC2010, Invitrogen) with the following
composition (7.5% gel; Tris HCL 375 puM (Stock 1 M, pH 8.8), Tetramethyllethylenediamine (TEMED)
5.6 uM, Acrylamide/Bis-Acrylamide (ACR/BIS) 7.5 % (w/v), Ammonium persulfate (APS) 0.1 % (w/v),
Sodium dodecyl sulfate 0.1 % (w/v)). This gel mixture allows for adequate separation of proteins
assessed in this work. Gels were topped with isopropanol and left to polymerise for 45 minutes.
Isopropanol does not mix with the gel and produces a smooth surface free of imperfections at the
point the proteins will enter the resolving gel. Once the resolving gel had fully polymerised the
isopropanol was poured off and replaced with a 5% stacking gel (Tris HCL 130 uM, TEMED 8.6 uM,
ACR/BIS 5%, APS 0.1% (w/v), SDS 0.1% (w/v)), combs for the loading lanes were inserted before the

acrylamide completely polymerised.
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Loading and running the gels

Prior to assembly into the electrophoresis tank the combs were carefully removed. Two cassettes
were then assembled into the tank, which was filled with electrophoresis running buffer. Prior to
loading 10 ulL of sample was added to 5 ulL of loading buffer (TRIS 60mM, Glycerol 25% (v/v), SDS 2%
(v/v), Bl-mercaptoethanol 14.4mM, bromophenol blue). SDS an anionic detergent denatures the
secondary and non—disulfide—linked tertiary protein structures, and applies a negative charge to
each protein in proportion to its mass (allowing for a linear relationship between migration and mass
during electrophoresis). B-mecaptoethanol is included to reduce any disulphide bonding within the
sample. Glycerol increases the density of the sample ensuring it sinks to the bottom of the well.
Samples were then mixed and heated at 95°C for 3 minutes to restore the proteins to their primary
structure of discrete polypeptide chains. Samples were then transferred to ice and loaded into the
wells of the stacking gel (10 pL). One well in each gel was loaded with 10 pL of pre-prepared
standard containing proteins of known molecular weight. A voltage was then applied across the gel:
100V through the stacking gel and then 150V in the resolving gel until the bromophenol dye reaches

the bottom of the gel.

Protein transfer

While the gels were running a polyvinylidene difluoride (PVDF) membrane (pore size 0.4 um,
Millipore, Fisher) was cut to the dimensions of the gel and soaked in 100% methanol for 15 seconds.
Methanol is used as it promotes the adhesion of proteins to the PVDF membrane. The membranes,
scotch brite pads and filter paper were then equilibrated in the transfer buffer. When the running of
the gels was complete the plates were carefully separated and the stacking gel was gently removed
leaving on the resolving gel. The gel sandwich was then prepared. The blotting cassette was opened
and the negative cathode was placed down in the solution, one of the pre-soaked fibre pads were
placed down on this cassette and a sheet of filter paper was laid upon this. The gel was then
carefully placed on the filter paper and the PVDF membrane layered across the gel. A final piece of

filter paper was placed upon this and the cassette was further filled up with pre-soaked fibre pads
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until the cassette could be firmly closed. After the addition of every layer a pipette tip was rolled
across the surface in order to remove and air bubbles. The transfer tank was constructed, filled with
transfer buffer (TRIS 25 mM, Glycine 192 mM, methanol 20% (v/v)) and the whole apparatus was
placed in ice. The proteins were then transferred from the gel to the PVDF membrane at 25V for 12
hours. Once the transfer was complete the tank was dismantled and the membrane was used for
antibody incubation and immuno-detection (see below). The efficiency of the transfer process was
assessed using a Comassie stain on the remaining resolving gel. The remaining resolving gel was
stained for 30 minutes in Comassie blue staining solution (Comassie blue 300mM, glacial acetic acid
7.5% (v/v), ethanol 50% (v/v)). This gel was then soaked in de-stain solution (glacial acetic acid 7.5%
(v/v), methanol 10% (v/v)) for 10 to 30 minutes allowing visualisation of any remaining protein as an

indication of the quality of protein transfer.

Antibodies and immunodetection

Antibodies are generated when a host species is exposed to the protein of interest (or a part
thereof). Antibody production is part of the normal immune response and they can be harvested
and used as sensitive and specific detection tools that bind the protein directly. Commonly
secondary antibodies are raised against a species-specific portion of the primary antibody. These
secondary antibodies are conjugated to either horseradish peroxidise enzymes or fluorescent tags
depending upon their application. Secondary antibodies are raised in a different species of animal to

that of the primary antibody.

The SERCA2a antibody used in this study was bought from Santa Cruz (sc-8095) and raised in goats.
Mouse anti-goat conjugated with horseradish peroxidise was bought from Sigma-Aldrich (A9452).
Primary and secondary antibodies were diluted in blocking solution (TRIS 20mM, NaCl 20mM, Tween
20 0.05% (v/v), dry milk powder 5% (w/v)) and wash cycles also took place in this buffer. The
blocking buffer is used to reduce the amount of non-specific binding and improve the quality of the

blot. The initial primary SERCA2a antibody was diluted in blocking solution to a ratio of 1 in 2000.
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Membranes were exposed over night at 4°Cin a cold room and were placed on a rocking platform to
promote even binding. Following primary incubation membranes were washed three times for ten
minutes in blocking solution. Secondary incubation was carried out room temperature for 4 hours at
a dilution factor of 1 in 5000. Membranes were then washed again for three times in blocking

solution.

Signals were detected using an enhanced chemo luminescence (ECL) system (ECL detection system,
Roche). 1 ml of solution A was added to 10 pl solution B (Kit instructions). The membrane was
covered in this solution for 1 minute. The ECL fluid was drained off and the membranes were placed
in the plastic holder of an autoradiography cassette. The membranes were exposed to
autoradiography film (SIS, United Kingdom) for increasing time periods (from 30 seconds) to
visualise the protein bands. The film was then developed using a Kodak GBX developer and fixer

(Sigma-Aldritch, United Kingdom).

To correct for errors in protein loading, all blots must be compared to a highly expressed control
protein (i.e. one expressed at a constant level in all treatment groups). For this purpose an aceylated
a—tubulin primary antibody and the appropriate secondary antibody were purchased from Sigma —
Aldrich (Primary T4026, Secondary A4789, United Kingdom). Before the membranes were re-probed
the previous antibodies were stripped off through immersion for 10 minutes in NaOH (25 mM). The
stripped membranes were washed in blocking buffer three times for a period of 10 minutes per
wash. Membranes were immersed in blocking solution containing the tubulin primary antibody at a
concentration of 1 in 3000 for 4 hours at room temperature. Secondary incubation following the
wash stages was carried out for 2 hours at room temperature (1 in 5000). After a final set of wash

stages the membranes were developed as described above.

Analysis of films

The images were scanned (Scan snap 121, AGFA, Fujitsu) at 300 dpi using the Scanwise programme

(AGFA, Fujitsu) and saved as tagged image file formats (TIFF). The band densities were quantified
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using the public domain Image) application (developed at the U.S. National Institute of Health).
Templates of the same shape were drawn around the individual bands of the blot and used to
measure the integrated density. The product of peak area and peak intensity was estimated to
guantify protein loading. The density of each band was presented in graphical form and the area
under each peak was calculated to give a numerical representation of protein expression. Each
antigen band was expressed as a ratio of the corresponding tubulin band or total protein loaded; this
provides a way of normalising for loading errors and provides accurate representation of protein

expression.

Statistical analysis

Two-way analysis of variance (ANOVA) was used in the comparison of contractile performance
between treatment groups over a range of balloon volumes. Statistical significance between groups
was computed using Fisher least significant difference (FLSD) post hoc tests. Simple comparisons
such as heart weight or ventricular volume were made with unpaired Student t-tests or one way
ANOVA with FLSD if more than 2 groups were included. Comparisons between treatment groups and
regions of the myocardium in histological studies were carried out with one way ANOVA and FLSD.

All data represent mean + SEM unless otherwise stated.
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Chapter Three: Effects of reduced capillarity on cardiac performance

and metabolism. Part 1: Microspheres

Oxygen consumption is directly related to oxygen demand in the beating myocardium and any
increases in cardiac workload are met through greater oxygen provision. The heart has a limited
ability of extract more oxygen from the coronary blood and as such greater oxygen delivery is
achieved through increases in coronary blood flow [111]. Large coronary conduit vessels and small
arteries extend into the epicardial portion of the myocardium and offer little resistance to blood
flow. As such these large vessels do not play an important role in the response of the coronary
circulation to changes in oxygen demand within the myocardium, such as that which occurs during
exercise. Control of coronary blood flow primarily occurs at the level of the coronary
microcirculation in vessels which offer significant vascular resistance. Small resistance arterioles (100
to 500 um diameter) represent a second mechanistically distinct population of blood vessels. The
function of these vessels is to maintain pressure at the site of origin of the arterioles [112, 113].
When coronary flow changes, shear stress is normalised by endothelium dependent dilatation (this
process also occurs in the arterioles themselves). Increases in coronary flow elevate shear stress and
result in the release of nitric oxide, a potent vasodilator which acts to reduce vessel shear stress.
Increases in aortic pressure result in myogenic contraction of the distal pre arterioles which
maintains a constant perfusion pressure at the level of the arterioles [112, 113]. The arterioles
represent vessels smaller than 100 pum in diameter and play a fundamental role in matching
coronary blood flow to cardiac oxygen consumption through metabolic regulation. These vessels
have a high resting tone and dilate in response to the release of metabolites (e.g. adenosine) from
the myocardium when rates of oxygen consumption increase. Dilatation of the arterioles in response
to workload or ischaemia will increase shear stress in larger pre-arterioles, resulting in nitric oxide

mediated dilatation of these vessels. This is the proposed mechanism whereby the arterioles
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regulate coronary blood flow through the entire coronary tree and allows the matching of oxygen

supply and demand [112, 113].

Coronary Flow Reserve

Coronary flow reserve (CFR) describes the magnitude of the increase in coronary blood flow from a
baseline state to a state of maximal coronary vessel dilatation. As coronary flow appears to be
regulated at the level of the microvasculature this measure provides some insight into the ability of
the microvasculature to respond to a given stimulus. Clinically, CFR is assessed by taking
measurement of myocardial blood flow at rest and then during ‘maximal’ hyperaemia induced
through infusion of either adenosine or dipyridamole — two potent coronary vasodilators [112, 114,
115]. Experimentally CFR can be estimated through the infusion of these and other vasodilators (e.g.
nitric oxide donors [116]) and through a comparison of CBF before and after transient complete
occlusion of the coronary vessels (around 10 to 30 seconds of occlusion are required) [117].
Assessment of CFR in the latter manner shows the true capacity for flow accommodation in the
coronary tree (i.e. maximal flow) but may not truly reflect flow which can be recruited in normal

physiological circumstances (e.g. exercise).

Microvascular dysfunction

Microvascular dysfunction represents abnormalities in the function and structure of the coronary
microciriculation exhibited clinically by a reduction in CFR. Alterations in CFR have been noted in
clinical and experimental studies of hypertension, cardiac hypertrophy and HF. Strong correlations
have been demonstrated between the degree of micro-vascular dysfunction and the progression of
HF indicating that poor oxygen delivery or supply/demand mismatch during times of increased

demand may an important role in the development of HF.

Systemic arterial hypertension
Abnormalities in CFR have been noted in patients with systemic arterial hypertension with or

without cardiac hypertrophy. Positron emission tomography (PET) imaging of the coronary
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microvasculature in clinical studies suggests that coronary flow can be either globally impaired
(reduced CFR in response to dipyridamole) or that patients exhibit a heterogeneous pattern of
regional micro-vascular dysfunction [118]. The latter appears to be closely associated with an
increase in ventricular mass, suggesting that non-uniform perfusion plays an important role in the
pathology of hypertensive heart disease. A reduction in CFR has been noted in several experimental
models of hypertension, including spontaneously hypertensive rats (SHR) [119] and chronic nitric
oxide synthase inhibition [120]. Hypertension induced microvascular dysfunction is often associated
with a reduction in diameter of the coronary vessels, occurring through hyperplasia of the smooth
muscle cells. SHR demonstrate a significant increase in intramyocardial pre-arteriolar wall thickness
compared with normotensive control animals [119]. Treatment with the angiotensin converting
enzyme inhibitor, lisinopril, normalised the arterial wall thickness/lumen ratio (a potential result of a
decrease in arterial wall stress and/or vessel shear stress). Intra-luminal hyperplasia appears to
represent an attempt to normalise arterial wall stress in response to an increased hemodynamic
load. A reduction in arteriolar density (vessel size; < 20 um) has been demonstrated in the SHR
model, despite normal measures of density for larger coronary vessels [120]. It has been proposed
that impaired flow through the pre-arterioles occurs as a result of intra-luminal hyperplasia, and that
this reduced flow drives remodelling of the arteriolar bed and may contribute to the reduction of
CFR associated with systemic arterial hypertension. Hypertension is known to be an important
clinical risk factor for HF, probably due to its pronounced effects on cardiac oxygen consumption
(elevated afterload). It seems likely that the combined effect of increased oxygen consumption and

poor coronary perfusion could play a role in the progression of HF.

Aortic stenosis

Aortic stenosis dramatically elevates left ventricular wall stress and is associated with a
compensatory hypertrophic remodelling. Patients with aortic stenosis demonstrate impaired CFR
despite normal coronary arteries (as assessed by angiography) [121]. Aortic stenosis is associated
with high left ventricular pressure development which may limit coronary flow through compression
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of the intra-ventricular vessels. The high pressures developed in the left ventricle are much greater
than coronary perfusion pressure and so the time during which flow can occur may also be
significantly reduced. Experimental studies in isolated hearts from aortic banded rats show impaired
CFR in response to adenosine infusion [122]. Impairment of the CFR in aortic banded hearts was
associated with remodelling of the resistance arteries (< 150 um diameter) resulting in a significant
increase in medial wall thickness with comparable lumen diameters (therefore representing a drive
to normalise vessel wall stress). Though this model represents some characteristics of clinical aortic
stenosis (i.e increased cardiac workload) it also elevates coronary perfusion pressure, and thus
discrimination between the effects of perfusion pressure and the effects of LV hypertrophy on
coronary flow is difficult to discern. As with hypertension, aortic banding dramatically elevates
oxygen consumption due to an increase in cardiac afterload. The contractile and metabolic
remodelling associated with the aortic banding model is well described (e.g. impaired performance
and a switch toward oxygen sparing metabolic pathways) and be a result of regional myocardial
hypoxia occurring due to supply/demand mismatch (i.e. microvascular dysfunction plus elevated

oxygen consumption).

Chapter aims

Micro-vascular dysfunction is closely correlated to the risk of serious cardiac events (i.e. atrial and
ventricular fibrillations) and to patient mortality in clinical studies [123]. Additionally, microvascular
dysfunction may play an important role in the progression from compensated hypertrophy to heart
failure, perhaps through regional tissue hypoxia at high workloads. Despite this, there has been no
direct assessment of the impact of microvascular occlusion on cardiac performance and rates of
metabolism. The principle aim of this chapter was to assess the acute influence of micro-vascular
blockade on the contractile performance and metabolic rates of the isolated rat heart. Current
literature has focussed upon models of macrovascular blockade where a large and predictable
portion of muscle is occluded through ligation of one of the coronary arteries. We describe a novel
model of microvascular blockade where isolated hearts are perfused with a known volume of 15
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micron diameter polyethylene microspheres. By altering the number of beads infused into the heart
we are able to measure cardiac performance and rates of substrate metabolism at varying degrees
of microvascular blockade. Given the potential role of microvascular dysfunction in the progression
of heart failure these data may have important clinical relevance. Especially important is the random
distribution of microvascular blockade that is achieved in this model perhaps representing the
heterogeneous nature of micro-vascular dysfunction in models of hypertrophy. This work provides
evidence that acute modification of oxygen delivery can directly influence cardiac contractile
performance as well as rates of glucose and FA metabolism in the isolated rat heart. Additionally,
data from this chapter regarding coronary reserve and oxygen consumption will provide supportive
evidence for the utilisation of the Langendorff isolated heart in the meeting of the primary aims of

this thesis.
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Materials and methods

The following protocols outline the steps taken to assess ventricular performance and metabolism
during micro-vascular blockade in the isolated hearts of age matched Wistar rats. Micro-vascular
blockade was induced by infusion of 15um diameter polyethylene microspheres into these hearts.
Differing degrees of blockade were achieved through the infusion of numbers of microspheres
ranging from 1 x10° to 10 x 10° per heart (see protocol 1). Ventricular performance and rates of
metabolism (where applicable) were assessed in the same hearts before and after microsphere
infusion. Histological assessment of the frozen tissue from these perfusions provided evidence of the

degree of micro-vascular blockade achieved.

Protocol 1: Assessment of the effects of acute micro-vascular blockade on left ventricular
contractile performance

An initial volume-response curve was performed in accordance with the protocols outlined in the
General Materials and Methods chapter. In all experiments the final balloon volume was limited to
350 uL to prevent mechanical injury to the hearts. Following completion of the initial volume-
response curve balloons were deflated to 0 pL (developed pressure of 10-20 mmHg) and hearts were

divided into 1 of 4 groups.

Group 1: Hearts were infused with 1% bovine serum albumin dissolved in Krebs Hensleit
buffer solution (300 uL). This group represents control conditions and provides evidence of

the repeatability of volume-response relationship. (Total 5 hearts)

Group 2: Hearts were infused with 1x10° microspheres suspended in 300 pL 1% bovine

serum albumin solution. (Total 4 hearts)

Group 3: Hearts were infused with 3x10° microspheres suspended in 300 pL 1% bovine

serum albumin solution. (Total 4 hearts)
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Group 4: Hearts were infused with 5x10° microspheres suspended in 300 pL 1% bovine

serum albumin solution. (Total 5 hearts)

Group 5: Hearts were infused with 3x10° microspheres suspended in 300 pL 1% bovine
serum albumin solution. 1 ml coronary effluent was collected from these hearts directly
after infusion and centrifuged at 10,000 RPM for 2 minutes. The supernatant was discarded
and the remaining microsphere pellet was re-suspended in 300 pL 1% bovine serum albumin

solution. Hearts were then infused with this second bolus of microspheres (Total 3 hearts)

Following a 5-minute acclimation period volume-response curves were repeated for all hearts.

Hearts were then frozen for histological analysis (see general materials and methods).

Analysis of protocol 1

Data are presented in terms of the absolute values of ventricular performance following blockade
and as ratios of performance before and after micro-vascular blockade. The second of these
methods allows for normalisation of data and the removal of a source of variability. All data are
plotted against micro-vascular blockade which is calculated from those protocols outlined under the

histological methods heading of this chapter.

Protocol 2: Assessment of the effects of acute micro-vascular blockade on left ventricular
substrate metabolism

Initial rates of glucose and FA oxidation were assessed over a 45-minute period in accordance with
the methods outlined in the general materials and methods. For these experiments samples of
effluent were collected at 7.5-minute intervals. Workload was kept constant at a set end diastolic of
20 mmHg. Following completion of this initial phase hearts were infused with 3x10° microspheres
suspended in 300 pL of 1% bovine serum albumin solution (w/v). Following a 5 minute acclimation
period rates of metabolism were again assessed over a 45 minute period. Hearts were snap frozen
for histological analysis following completion of this protocol (see general materials and methods).

Experiments were carried out in 8 hearts.
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Analysis of protocol 2

All performance data are presented as RPP as this was found to be the best correlate with micro-
vascular blockade during protocol 1. CF rates were estimated from the collection of coronary
effluent and the time taken to collect a known volume of perfusate. Rates of FA and glucose
oxidation were calculated in accordance with the protocols outlined in the General Materials and

Methods chapter (Chapter 2).

Histological methods

Tissue sampling was carried out as described in the general materials and methods (Chapter 2).

a-Smooth muscle actin

The a-smooth muscle actin stain (C6198, Sigma) is a monoclonal antibody that binds to the specific
isoform of actin found in smooth muscle and as such allows imaging of the arteriolar bed in cardiac
muscle sections. a-smooth muscle actin is visible as fluorescence when stimulated by ultra-violet
light. Slides were left to dry for 30 min before being fixed in ice-cold acetone for 1 minute. A
volume of 10 plL of 1 M calcium solution was added to 100 ml of phosphate buffered saline (PBS)
solution (Sigma). Fluorescence-conjugated a.-smooth muscle actin stain (C6198, Sigma) was added to
this stock buffer at a ratio of 1:100. The slides were stained in this solution for one hour before being
rinsed in three times in PBS solution. Slides were mounted in Vectashield (H-1000, Vectorlabs) and
sealed with a coverslip. Care was taken to avoid any unnecessary exposure to light due to the

fluorescent nature of the stain.

Arteriolar densities and diameters were assessed from images captured digitally on a Zeis
microscope system using the built in software (Axiovision v.4) at a total magnification of x125
(eyepiece x10, objective x10, and drawing arm x1.25). Terminal arterioles were defined as those 20
pm in diameter or less. Diameter was measured from the outer edges of the arterial walls. Larger
vessels (> 20um), indiscriminate, venule or pericyte like structures were excluded from counts

(Figure 3.1). Arteriolar density (capillaries/mm?) was calculated using the same methods outlined for
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CD in the General Materials and Methods chapter (Chapter 2). Counts were performed in the
subendocardial, subepicardial and midwall regions of the left ventricle free wall (18-24 images in
total per animal). In 8 hearts CD was calculated (see Chapter 2) in the subepicardial and
subendocardial region of the LV and used to assess the total number of capillaries supplied by each

terminal arteriole.

The degree of arteriolar blockade was assessed as a ratio of the total number of arterioles and the
number of arterioles occluded by microspheres. Figures 3.1 and 3.2 are representative images of the
counting protocol applied to an image of the epicardial region and high magnification images of

arteriolar blockade.

Coronary flow reserve and myocardial oxygen consumption

CFR was assessed in four Langendorff hearts through the addition of sodium nitroprusside (SNP (10
1M)) to the perfusate. This concentration was selected as one that influences CF without
significantly affecting contractile performance. Coronary flow and ventricular performance were
assessed before and during SNP mediated vasodilatation (following a 5 minute acclimation period).
Myocardial oxygen consumption was assessed in the same hearts prior to SNP perfusate

supplementation. CFR was estimated in a total of 4 hearts.

Oxygen partial pressure was measured from samples of perfusate using a GEM 4000 Premier Blood
Gas Analyzer (Instrumentation Laboratory, USA). In crystalloid perfusions oxygen partial pressure
and oxygen content are related in a linear manner. The oxygen content of the perfusate can

therefore be calculated from...

C,0,= 0.0031x P,0,

Where C,0, is the oxygen content, and Pa02 the partial pressure of oxygen. The constant 0.0031
represents the amount of oxygen dissolved in plasma at 1 atmosphere (ml/100ml perfusate).

Samples of 1 ml of perfusate were taken from the upper reservoir of the sealed Langendorff
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preparation and provided a measure of ‘arterial’ oxygen content. Samples of coronary effluent (1 ml)
were collected for calculation of ‘venous’ oxygen content. Myocardial oxygen consumption (MVO,)
was calculated according to Fick’s principle (MVO, = (Arterial O, content — Venous O, content) x

Coronary flow (ml/min/g. Wet weight). MVO, was estimated in a total of 4 hearts.

Statistical analysis

Where applicable linear regression analysis was applied to data sets allowing the calculation of R’
values. R* gives an estimate how well the data points fit a specific regression curve. Non-linear
regression (polynomial second order) was used in some situations where the data points seemed to
warrant such analysis. In these circumstances statistical comparisons (sum of squares test) were
made between linear and non-linear regressions whereby the simpler model (linear) was accepted
unless a P value of less than 0.05 was generated. All statistical analyses were carried out using the

Graphpad Prism software package (Graphpad Software Inc.)
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Results

Coronary flow reserve and myocardial oxygen consumption

Addition of SNP (10 puM) to the perfusate resulted in a significant 20% increase in the rate of
coronary flow (11.8 + 0.2 vs. 14.2 £ 0.3 ml/min/g. wet weight, P<0.01). Cardiac performance
demonstrated as RPP, was comparable before and after addition of SNP (14800 + 300 vs. 14200 +
200). ‘Arterial’ oxygen content was 1.67 + 0.02 ml 0,/100 ml of perfusate while ‘venous’ oxygen
content was 0.59 + 0.07 ml 0,/100 ml. Oxygen extraction was therefore 64.7 + 4.24 % of total

oxygen availability. MVO, was 0.14 + 0.01 ml O,/min/g wet weight.

Histological findings

Capillary and terminal arteriolar densities were significantly greater in the subepicardial region
compared with the subendocardial region (Table 3.1). The number of capillaries supplied by each
terminal arteriole was comparable in both cardiac regions (78 + 5 vs. 78 19 capillaries/arteriole).
Infusion of an increasing numbers of microspheres achieved a degree of micro-vascular blockade no
greater than 33%. A second infusion of microspheres (Group 5) was required to achieve degrees of
blockade between 33 and 50 %. Some occlusion of larger coronary vessels (50-100 um) was noted in

hearts infused with greater numbers of microspheres (Figure 3.3).

Ventricular performance during micro-vascular blockade

Increasing arteriolar blockade was linearly related to declining left ventricular developed pressure
(R?=0.44 P=0.001, Figure 3.4C), RPP (R?=0.82 P=<0.0001, Figure 3.4A), +dP/dt (R*=0.53 P=0.0002,
Figure 3.4E) and —dP/dt (R*=0.52 P=0.0002, Figure 3.4F). HR decreased in a non-linear manner when
plotted against increasing arteriolar blockade (R*=0.54, Figure 3.4 D). Increasing degrees of arteriolar
blockade were related in a curve-linear manner to normalised cardiac performance (ratio RPP

before/ratio RPP after) (Figure 3.4B, R>=0.91).
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Ventricular metabolism during micro-vascular blockade

Mean RPP, oleate and glucose oxidation rates were significantly lower after bead infusion (Figure
3.5). RPP was linearly related to CF in all preparations (R*=0.71 P=<0.0001, Figure 3.6A), both before
and after arteriolar occlusion. RPP declined in a linear manner when plotted against increasing
degrees of arteriolar blockade (R*=0.89 P=0.0004, Figure 3.6B). RPP was linearly related to the rate
of total oleate oxidation (R®=0.56 P=0.0009, Figure 3.6C) and unrelated to the rate of total glucose
oxidation (Figure 3.7D). Increasing degrees of arteriolar blockade was linearly related to a decrease
in the rates of total oleate oxidation (R*=0.87 P=0.0005, Figure 3.6E). Total glucose oxidation rates
were unrelated to the degree of arteriolar blockade (Figure 3.6F). Rates of oleate and glucose
oxidation expressed per unit external (observed) work were unrelated to the degree of arteriolar

blockade (Figure 3.7).
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Discussion

Arteriolar occlusion and LV contractile performance

This study is the first of its kind look at the impact of microvascular occlusion on ventricular
performance and metabolism in the isolated beating rat heart. Results from this study show that left
ventricular cardiac function is directly related to the degree of microvascular perfusion. The impact
of relatively low degrees of arteriolar blockade upon left ventricular contractile function
demonstrates the importance of adequate coronary perfusion in the maintenance of cardiac
viability. Studies of ischemic injury, where coronary flow is reduced in a pre-selected region through
coronary artery ligation or to the whole heart, demonstrate similar impairment of contractile
function [124-126]. The best correlate with arteriolar blockade was found to be product of systolic
pressure and rate (RPP) which has previously been demonstrated to be a reflective measure of
myocardial oxygen consumption and therefore total cardiac work [7]. The impairment of cardiac
contractile performance after microvascular blockade therefore reflects the proportion of under-
perfused poor and non-contractile tissue. Poor oxygen delivery to these regions will inhibit oxidative
ATP production. A lack of ATP and build up of hydrolytic bi-products (ADP,Pi and H*) impairs the

ATPases of myosin heavy chain and the activity of the energy dependent ion pumps.

Arteriolar occlusion and substrate oxidation
Total rates of myocardial substrate oxidation were reduced in keeping with a reduction in oxygen

delivery to the myocardium. The rate of FA oxidation was found to reflect both the contractile
performance of the myocardium and was inverse to the proportion of arteriolar blockade (and so
the proportion of perfused myocardium). Similar trends were not demonstrated with glucose
indicating that glucose oxidation is independent of work and CF in this setting. These data may
reflect 1) the spatial arrangement of oxygen supply and its effects on substrate selection in the
myocardium or 2) a potential limitation of the substrate only perfused heart to utilise exogenous

glucose. These ideas are discussed in detail below.

80



1) Spatial influence of oxygen supply and substrate selection

The capillaries of the heart do not run parallel with the muscle fibres but weave a tortuous
interconnected path [127]. Therefore it seems a reasonable assumption that the blockade of a single
arteriole will not result in the blockade of 78 adjacent capillaries but rather in a random distribution
of fully and partially occluded capillaries. Oxygen diffuses into the myocytes from several capillaries
surrounding the myocytes and as such oxygen supply in the myocardium is defined by the spatial
arrangement of the capillary bed rather than a situation where a single myocyte is supplied by a
single capillary (i.e. oxygen diffuses in all directions from each capillary). The random occlusion of
capillaries from a uniform capillary bed results in regions of the myocardium that will be normoxic,
hypoxic or anoxic. Hypoxia increases the rate of glucose uptake (GLUT4 translocation [128]),
increases flux through the glycolytic pathway (increased PFK2 activity [129]) and promotes the
breakdown of glycogen into glucose (decreased glycogen synthase activity and enhanced
phosphorylase activity [15]). Many of these effects are mediated through adenosine
monophosphate kinase (AMPK) which senses alterations of intracellular AMP and PC content and
modifies energy consumption in the myocardium. The relative contribution of glycogen to total
glucose oxidation may shift in regions of the myocardium where there is still sufficient oxygenation
for some oxidative metabolism to occur. There is evidence from studies in isolated hearts that
glucose from glycogen is preferentially oxidised over imported exogenous glucose [130]. Therefore
in regions of low oxygenation may redirect exogenous glucose to anaerobic glycolysis while
simultaneously promoting the breakdown of glycogen which will contribute a greater proportion of
glucose for oxidation. Studies in low flow ischaemia have demonstrated that exogenous FAs still
contribute to the majority share of oxidative ATP production. AMPK activation also increases rates of
FA uptake (through CD36 translocation [131]), increases flux through the beta oxidative cycle
(inhibition of ACC [132]) and suppresses triglyceride breakdown to free FA (potentially through
modification of HSL [133]). The use of FA for ATP production, unlike glucose, is completely
dependent upon oxygen availability which in the present study is related to the degree of
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microvascular occlusion, coronary perfusion and LV contractile performance. Hypoxia may modify
the fate of exogenous glucose and alter the contribution of intracellular glycogen to oxidative ATP
production. Therefore accumulation of '*C02 and HYCO* may not directly reflect contractile

performance.

2) A limitation in glucose utilisation

Doenst et al (2001) have previously demonstrated that FA oxidation and not glucose oxidation is
related in a linear manner to cardiac power (the product of flow output and systemic arterial
pressure) in experiments performed in normal, hypertrophied and failing hearts lending support to
the present findings [46]. Interestingly, in the same study, perfusions containing insulin or adrenaline
demonstrate linear relations between cardiac power and both oleate and glucose oxidation rate.
Insulin and adrenaline both stimulate glucose uptake (GLUT4 translocation), increase flux through
the glycolytic pathway (increase PFK2 and so PFK1 activity) and allow for greater entry of glucose
into the citrate cycle (through phosphorylaton of the PDH complex). These data imply that glucose
oxidation in perfusions containing glucose alone are limited at some point in the metabolic pathway
(uptake, glycolysis or oxidation) and in the present study the rate of glucose oxidation may reflect
the capacity for glucose oxidation in each heart rather than the energy demands of the myocardium.
There is some controversy as to whether this increase in energy consumption is met by increased
rates of glucose or FA metabolism. In several studies Neely and various cohorts demonstrated that
glucose uptake [27] and oxidation[26, 108] is elevated in response to greater workloads when
provided as the sole substrate, a finding prevented by the addition of palmitate to the perfusate. In
dual substrate studies (glucose plus palmitate) Neely et al demonstrated that increases in workload
were met through an increase in palmitate uptake [27] and oxidation[26, 108]. Contrary to this
Allard et al (1994) demonstrated a significant increase in exogenous glucose oxidation but not
palmitate oxidation when cardiac afterload was elevated in isolated beating heart preparations [38].

The latter differs from the earlier studies by Neely and cohorts in that insulin was included in the
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perfusate. Several studies using adrenaline have also shown increased exogenous glucose uptake

and oxidation occured to meet the increased energy demand of the myocardium [24, 134].

In the present study we have made no estimation of sarcolemmal glucose transporter density, PFK1,
PFK2 or PDH activity or of total glycolytic rate which would give insights into the operation of the

individual components of the glucose metabolic pathway.

Arteriolar occlusion and coronary flow
Linear relationships were demonstrated between the degree of arteriolar blockade and coronary

flow demonstrating that no significant recruitment of coronary flow occurs in this model. The ability
of the crystalloid buffer perfused Langendorff rat heart to recruit coronary flow in response to nitric
oxide was also relatively limited when compared to data from ex vivo blood perfused rat hearts.
Mouren et al (2010) demonstrated a 257 % increase in coronary flow after supplementation with
SNP (10 uM) in isolated rat hearts perfused with blood [116]. The limited CFR of the crystalloid
perfused isolated heart is well described and likely results from the low oxygen carrying content of
crystalloid buffers as well as the high shear rate attributable to its low viscosity. Significantly greater
measures of recruitable flow are demonstrated in studies of Langendorff hearts perfused with blood
lending support to this [116, 117]. The Langendorff isolated rat heart is therefore ideal for meeting
the primary aims of this thesis. This model will allow investigation of the impacts of alterations of
capillarity on ventricular function and metabolism in a setting where the ability to increase oxygen
delivery is severely impaired. It should be mentioned that although the oxygen content in this buffer
is low there is still adequate oxygenation to support normal contractile function. Only 65% of total
perfusate oxygen was extracted showing a significant oxygen reserve within the preparation. IN
addition as demonstrated in later chapters and in many other studies [134-136] these hearts are
able to respond for prolonged periods of time to the positively inotropic and chronotropic effects of

[1-adrenoceptor agonists.
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Methodological considerations and future work

Occlusion of larger coronary vessels
While blockade was assessed in terms of arteriolar occlusion there was evidence that occlusion also

occurred in larger coronary vessels. The most likely explanation for this finding is the backing up of
microspheres from the site of occlusion to the distal lumens of larger pre-arterioles. This ‘daisy
chain’ effect was demonstrated in a number of images from the histological studies. It is unclear how
these factors might influence any results. Additionally arteriolar estimates were made in this
experiment without perfusion fixation of the vasculature. A possible consequence of this is the
inaccurate assessment of arteriolar densities. Despite this potential source of error the arteriolar
densities were comparable to other studies of the coronary microvasculature [137, 138]. Such errors

were inherent in all the samples and as such all data are internally consistent.

Lactate and glycolysis
No assessment of lactate production was made in this study which is a source of potential error in

the expression of rates of glucose oxidation. It would be interesting to see what happens to global
rates of glycolysis during micro-vascular blockade. This could be achieved through estimation of *H,0
production from [5-*H] radio-labelled glucose. Catabolism of the glucose molecule during glycolysis
results in the release of hydrogen in form of water (phosphate pentose and enolase reactions) [108].
BC-nuclear magnetic spectroscopy could also be used to measure real time flux through the
glycolytic pathway.

Conclusion

The Langendorff isolated heart is an ideal model to study the effects of capillarity on LV contractile
performance and substrate oxidation. The limited ability to increase CF in the Lagendorff heart can
be utilised to demonstrate the existence, or lack thereof, of direct relationships between oxygen

diffusion, contractile performance and metabolic rate in the treatment groups utilised in this thesis.
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Figure 3.1. Representative image of epicardium demonstrating the a-smooth muscle actin staining
and microsphere blockade. 1=Unblocked arterioles, 2=Large coronary vessels 3=Arterioles blocked
by microspheres, ?=Excluded vessels (indiscriminate, venule or pericyte like structures). X125
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50 um

Figure 3.2. High magnification images of microsphere blockade. A= Single microsphere in arteriole
lumen, B= Multiple beads in lumen of single arteriole. X1250

A B

100pm 100pm

Figure 3.3. High magnification images of large vessel blockade. A= Light microscopy, B= Fluorescent
microscopy. X500

Table 3.1. Histological data from microsphere studies.

Arteriolar density Capillary density Capillaries per terminal
(capillaries / mm?) (capillaries / mm?) arteriole
Endocardium 2512 1852 + 82 785
Epicardium 29 £ 2% 2092 +61** 78+9

N=8 hearts (6 fields of view per region per heart). Epicardium vs. endocardium; *P<0.05, P<0.01.
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Figure 3.4. Relationships between ventricular performance and the degree of arteriolar blockade.
Data from 21 experiments. Legend: RPP=Rate-Pressure Product, AB=Arteriolar Blockade, dP/dt=rate
of change of pressure, N/A=Not applicable.
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Figure 3.5. Mean relationship between ventricular performance (RPP), oleate metabolism and
glucose metabolism before and after microsphere infusion. Data from 7 experiments (excluded

experiment 8 was a control and was not perfused with any microspheres). Statistical analysis was

carried out using a paired Student’s T-Test.
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Chapter Four: Effects of reduced capillarity on cardiac performance

and metabolism. Part 2: Isoprenaline

Catecholamines are important stimulators of cardiac contractility when there is an acute change in
the physiological state of an organism such as during the ‘fight or flight’ response, during exercise
and during exposure to a change in the local environment (e.g. a reduction in ambient temperature).
In the acute setting catecholamines promote inotropy, lusitropy and chronotropy in the heart
allowing an increase cardiac output to meet the changing demands of the body [9, 10]. These actions
occur primarily through the activation of the [ adrenergic signalling pathway resulting in an
elevation of intracellular calcium ions (see Introduction). Prolonged exposure to catecholamines,
seen physiologically during endurance and strength training [139] or the exposure of euthermic
animals to low temperature environments [140], drives hypertrophic growth of the myocardium.
Synthetic  adrenergic agonists are also able to promote cardiac remodelling. Isoprenaline induced
hypertrophy is the best described model of this type of cardiac growth and previous studies suggest
that distinct remodelling phenotypes are produced in response to differences in dosing regimes.
Subcutaneous doses of isoprenaline in the range of 10 to 100 mg/kg are often utilised as a model of
non-coronary myocardial necrosis. Dosing of this order of magnitude produces pronounced ‘infarct
like’ areas of cell death in the hearts of a diverse number of animals including rats [141, 142],
hamsters [143] and monkeys [144]. The cause of cell death during isoprenaline treatment is not clear
but may involve calcium overload [145], non-esterified FA accumulation in the myocytes [146, 147]
and/or a oxygen supply-demand imbalance (resulting elevated work rate (1) and coronary vessel

under perfusion (2 mediated arterial dilation).

Traditionally, cardiac hypertrophy resulting from high dose isoprenaline was viewed as a secondary
reparative process compensating for an impairment of systolic function. However, more recent
evidence of hypertrophic growth in cell cultures of cardiac myocytes suggests that B-adrenergic

signalling has direct trophic actions [148].Dosing of rats [141, 149-154], rabbits [155] and guinea pigs
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[156] with isoprenaline at daily doses of 1 to 10 mg/kg for between 3 days and 4 weeks causes
increases in cardiac weight of between 30 and 70%. Isoprenaline treatment at these concentrations,
a whole magnitude lower than the infarct model, is associated with an increase in LV wall mass
corresponding to an increase in myocyte cross-sectional area. Focal regions of myocyte necrosis
have been reported by a number of investigators along with both perivascular and interstitial fibrosis
indicating a stimulation of collagen production. Collagen deposition may be related to the direct
actions of B-adrenergic signalling in cardiac fibroblasts [157] or alternatively a compensatory
response to myocyte cell death [152]. Fibrosis appears to be limited to the endocardial regions
where it may impact upon diastolic relaxation, limit the stretch and systolic response of myocytes to
increases in preload and impair regional coronary blood flow [153, 158]. Interestingly in exposures
to isoprenaline of relatively short nature (3 to 8 days) cardiac hypertrophy and fibrosis rapidly
regress to control levels at the cessation of dosing. Kitagawah et al (2004) found that short term
isoprenaline (3 days) induced hypertrophy and fibrosis regressed 2 days after the cessation of dosing
[154]. Golomb et al (1994) similarly found that cardiac hypertrophy induced by dosing animals with
isoprenaline for 7 days (2.5 to 10 mg/kg/day) reverted within 11 to 14 days of the cessation of

dosing [159].

‘Low’ (1.0 to 5.0 mg/kg/day) dose delivery of isoprenaline to rats has been associated with impaired
ventricular relaxation both in vivo and in ex vivo isolated heart preparations [151, 154, 160]. These
findings are supported by the alterations in the expression of contractile proteins. Of particular
interest to the present study are the effects of subcutaneous isoprenaline delivery on the expression
of SERCA and the expression and phosphorylative state of phospholamban. Numerous studies have
demonstrated that SERCA2a protein expression is down-regulated in the rat following chronic
isoprenaline infusion via osmotic mini-pump [151, 154, 160, 161]. These changes appear to occur
early, with reports of reduced expression after 3 and 7 days of infusion. Linck et al (1998)
demonstrated that SERCA expression alterations may follow a specific time course noting reduced

expression at 3 to 4 days and normalised values at 8 days onwards (up to 28 days) [161]. Reductions
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in the expression of phospholamban, the allosteric regulator of SERCA activity, of a similar
magnitude to the changes seen in SERCA expression have been noted in several studies of chronic
isoprenaline exposure implying that the functionality of remaining transporters in preserved [151,
161]. However other investigators have noted a decrease in phosphorylated-Ser'°PLB after exposure
(3 to 7 days) to isoprenaline in the rat [162], suggesting inhibition of the SERCA driven uptake of

calcium into the sarcoplasmic reticulum.

Chapter Aims

The rapid nature of isoprenaline-induced hypertrophy has two major advantages in this study, the
first being the absence of long-term structural remodelling seen in other models of hypertrophy.
Secondly, it provides an opportunity to investigate a role for new capillary growth in hearts with
significantly altered oxygen supply. Time course analysis of capillary growth in skeletal muscles
following extirpation (stretch-induced angiogenesis) suggests that new capillaries do not appear
until 7 days. [163, 164] Therefore, dosing animals for either 3 or 10 days will allow comparison of
capillary supply and contractile performance between groups where in the latter regime capillary
growth has had ample time to occur. The apparent time-dependent alterations in SERCA2a
expression during isoprenaline treatment lends support to our study design and may reflect the
delay in new capillary development. The aims of this study were to investigate the relationship
between capillary density and performance in the isolated beating hypertrophic rat heart. Previous
investigators have suggested that inotropic enhancement with the (1 adrenoceptor agonist
dobutamine promotes new capillary growth as a result of abluminal forces acting on the vessel walls
[165]. Therefore it was hypothesised that by 7 days significant capillary growth would have occurred
and that if oxygen diffusion is limiting in the model this would be reflected in measures of ventricular
contractile performance. The contribution of cell death to any alterations in contractile performance

was assessed indirectly through staining for fibrosis.

93



Material and methods

Treatment regime

Animals were injected with isoprenaline (5 mg/kg/day i.p., 1.0 mg/kg/day or 0.2 mg/kg/day s.c.) for
up to 10 days. [151, 153] Isoprenaline solutions were prepared in normal saline (0.9% NaCl) and
frozen until the day of use. Due to the short nature of the protocol injection site injuries were
deemed unlikely. As a result of this, and in the interest of animal welfare control, animals were not

dosed with vehicle injections.
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Results

Animal mortality

Isoprenaline treatment was not well tolerated, leading to significant loss of body mass and failure to
grow normally. Moreover, unexplained nocturnal mortality occurred in 20% of animals treated
through intraperitoneal injection. Subcutaneous injection resulted in a 100% mortality rate for both

concentrations.

Physiological parameters

Heart to body mass ratios were greater in both groups when compared to control animals, but did
not vary significantly between treatment regimes (Control 3.56 + 0.23 vs. 3day 4.32 £ 0.11, 10 day
4.54 + 0.35 mg/g, compared with controls P<0.05, Table 4.1). Recordings of mean arterial blood
pressure show no difference between all groups (Table 4.1). Resting in vivo heart rate was
significantly reduced in animals dose for 3 days (411 + 8 vs. 380 = 8 bpm, Table 4.1), but comparable

to controls at 10 days.

Capillary supply

Capillary density (number of capillaries per mm?) was significantly decreased in the subendocardial
zone of hearts treated for 3 days (2500 + 27 vs. 2081 + 58 capillaries/mm?, P<0.01, Figure 4.1B). This
reduction in capillarity was not due to a lower number of capillaries in the ventricle (as assessed by
capillary to fibre ratio) and can be attributed to an increase in myocyte size (553 + 19 vs. 646 * 15
pmz, P<0.01, Figure 4.1A). A similar pattern of reduced capillarity and increased myocyte size was
seen in the subepicardial zone though the latter of these did not reach statistical significance (Figure
4.1A and 4.1B). Delaunay triangulation assessment of capillary supply (Figure 4.1E and 4.1F) shows
that in the endocardial zone both nearest neighbour (NN) distances (21.4 £ 0.1 vs. 23.6 £ 0.5 um,
P<0.01, Figure 4.1D) and the average area supplied by each capillary (veronoi cell) (297 + 3 vs. 344 +
18 um?, P<0.01) were elevated in the treatment group. The distribution of capillaries (variance) was
less homogeneous in the subendocardial region of hearts treated with isoprenaline (7.6 = 0.09 vs.
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8.46 + 0.08, P<0.01, Figure 4.1D). Similar assessment in the epicardial region did not show significant
alterations in capillary supply. Mean NN distances (20.97 £ 0.45 vs. 21.84 + 0.33 um) and measures

of capillary uniformity (7.36 £ 0.18 vs. 7.61 + 0.14) were comparable with control sections.

LV capillary number and distribution was comparable between animals dosed for 3 and 10 days.
Capillary density (2500 + 27 vs. 2064 + 72 capillaries/mm?, Figure 4.1B), myocyte size (553 + 19 vs.
661 * 25 umz, Figure 4.1A) and mean NN capillary distance (21.4 £ 0.1 vs. 23.6 £ 0.3 um, P<0.01,
Figure 4.1D) were significantly different in the subendocardial region of 10-day isoprenaline treated

animals vs. control..

Ex vivo contractile performance

Intrinsic heart rates were comparable in both control and all isoprenaline treated hearts (Figures
4.5A). LVDP increased proportionally with balloon volume until peak pressure development was
reached at 350 pL in control hearts (Figure 4.2A). Further increases in balloon volume resulted in a
decline in pressure development. Hearts dosed with isoprenaline for 3 days demonstrated similar
LVDP-volume and LVEDP-volume relationships as control hearts (Figure 4.2A and 4.2B). Extended
dosing for 10 days caused a significant systolic dysfunction with a preserved LVEDP-volume
relationship (Figures 4.2A & 4.2B respectively). The ability to develop pressure in response to
increased ventricular volume was severely inhibited in treated hearts — showing a 40% reduction in
peak LVDP compared to controls (P<0.001). Similarly +dP/dt and —dP/dt were reduced following 10
days of isoprenaline dosing (Figure 4.3A and B respectively). LV systolic stress-strain was comparable
between control and 3 day isoprenaline hearts (Figure 4.4), while longer term dosing resulted in a
significant reduction in the slope of this relationship (93 + 11 vs. 51 + 5 mmHg/ml/g. wet weight,
Figure 4.4). Ventricular chamber stiffness and unstressed LV lumen volume were comparable
between all treatment groups (Figure 4.2B and Table 4.2). LV systolic dysfunction was unrelated to
changes in CF rate as values were comparable between all groups and at all intraventricular balloon

volumes (Figure 4.2C). No differences were noted in inter-ventricular collagen content between
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either of the treatment groups and control animals (Table 4.2 & Figure 4.7). SERCA2a expression was

comparable to controls in all treatment groups (Table 4.2 & Figure 4.6).

Dobutamine challenge

Addition of dobutamine to the perfusate resulted in a significant increase in LVDP (51 £ 9 vs. 86 + 12
mmHg, P<0.01, Table 4.3), peak SP (65 * 9 vs. 96 + 11 mmHg, P<0.01, Table 4.3), +dP/dt (953 + 105
vs. 1450 + 225 mmHg/second, P<0.01, Table 4.3) and RPP (13500 + 1900 vs. 20200 + 2400
mmHg/min, P<0.001, Table 4.3) in control hearts. Similar responses were noted in hearts from
animals dosed with isoprenaline for 3 days (Table 4.3). Contractile responses to dobutamine in
hearts from the 10 day treatment group were reduced as demonstrated by a significant reduction in
the % change in RPP following dobutamine perfusion (48.9 £ 5.9 % vs. 34.9 + 2.4 % 10 day, P<0.05,

Table 4.3).
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Discussion

Subcutaneous dosing and animal mortality

The adverse effects following subcutaneous injection of isoprenaline were unexpected. Dosing
regimens were similar to those used in a number of other studies. Single subcutaneous injections up
to 150mg/kg/day have been utilised in studies to investigate the effects of isoproterenol on
myocardial necrosis (over days and weeks) and none have reported the high mortality rates
demonstrated in the present study [152, 166, 167]. One possible explanation for the discrepancy
between the findings of this study and of other investigators is the preparation of isoprenaline in
ascorbic acid which has been used previously to prevent the toxic breakdown of this drug on
exposure to light. As we did not prepare our doses in this manner it seems probable that the
breakdown of isopreanline contributed significantly to the high mortality rate seen in the present

study

Isoprenaline and hypertrophy
Repeated dosing of isoprenaline resulted in rapid hypertrophic growth of the myocardium. The role

of catecholamine stimulation on myocyte growth has been clearly described in a number of studies
using intra-peritoneal injection [153, 168] and subcutaneous infusion [149, 150, 162, 169].
Estimations of end diastolic volume in both treatment groups, as assessed from x intercept of the
LVEDP-volume relationship, shows that lumen volume is preserved and that the increase in mass
occurs primarily through thickening of the ventricle wall (concentric hypertrophy) rather that
geometric expansion. The histological finding of increased myocyte size in the transverse plane
supports this hypothesis. A number of investigators have reported thickening of the ventricular walls
following both subcutaneous [151] and intra-peritoneal isoprenaline delivery [153]. Extended dosing
for 10 days did not produce an additional increase in cardiac mass or expansion of myocyte CSA in
either the subendocardial or subepicardial regions of the LV. It is not clear whether this represents a
maximal dose response (i.e. maximal expansion of the cardiomyocyte) or a desensitization of the

tissue to B-adrenergic stimulation due to chronic over exposure to isoprenaline.
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Isoprenaline, LV contractile performance and ventricular phenotype
While short-term treatment was not associated with changes in cardiac contractile performance,

prolonged isoprenaline treatment resulted in pronounced systolic dysfunction. There is significant
controversy as to the type of remodelling and dysfunction associated with isoprenaline treatment;
possibly reflecting differences in the mode of drug delivery, the length of the treatment regime and
the dose of isoprenaline utilised. Ferreira et al (2007) demonstrated that dosing of Wistar rats with
isoprenaline through intraperitoneal injection (2 mg/kg/day for 7 days) results in a similar degree of
systolic dysfunction to that seen in the present study (e.g. a 40% reduction in both +dP/dt and —
dP/dt) [170]. Whereas numerous studies using identical treatment regimes, show that subcutaneous
infusion of isoprenaline at doses between 1.2 and 3.2 mg/kg/day for between 3 days and 2 weeks
results in cardiac hypertrophy associated with a decreased stroke volume, impaired ventricular
relaxation and reduced cardiac output [151, 154, 160]. Despite impaired relaxation, systolic function
appears to be preserved in these animals as evidenced by normal ejection fractions and rates of
fractional shortening. Similar dosing regimens over 4 weeks or more are associated with an
impairment of ventricular ejection fraction indicating hypertrophy with systolic dysfunction. Heather
et al (2009) demonstrated that mini-pump delivery of higher doses of isoprenaline (5mg/kg/day for
7 days) resulted in a significant impairment of ventricular ejection fraction and chamber dilation on
assessment of contractile performance by echocardiography [171]. Left ventricular dilation had been
shown to accompany a reduction in chamber function in a number of human cardiac conditions
[172, 173] and can be seen experimentally in a models of chronic pressure overload [101], volume
overload [174], tachycardia induced HF [175], isoprenaline induced hypertrophy [101] and following
ischemic injury [176]. We discussed earlier (Chapter 1), through the law of LaPLace, how geometric
expansion without wall thickening increases ventricular wall stress and negatively impacts upon
chamber function. In the present study isoprenaline treatment was not associated with any

expansion of the LV lumen and therefore geometric insufficiency does not contribute to the systolic
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dysfunction seen at 10 days. Therefore ex vivo myocardial function is impaired at this time point as
evidenced by the decreased slope of the estimated LV stress-strain relationship. Isoprenaline had no
effect on SERCA2a protein expression in either treatment group suggesting that impairment of
calcium handling does not play a role in the altered contractile function at 10 days. Studies utilizing
subcutaneous infusion have repeatedly shown that SERCA2a expression is suppressed following
short term isoprenaline treatment [151, 154, 160]. It therefore seems a reasonable assumption that
the chronic activation of adrenergic signalling required to alter SERCA2a expression is not achieved
during intra-peritoneal delivery however these observations do not rule out alterations in SERCA
activity. Previous investigators have noted a decrease in phosphorylated-Ser'®PLB after prolonged
exposure to isoprenaline [162], suggesting inhibition of the SERCA-driven uptake of calcium into the
sarcoplasmic reticulum has an important role in isoprenaline induced contractile dysfunction. In
addition there are several other molecular level alterations which could contribute to these changes
including shifts in myosin heavy chain expression (from adult to fetal) [177], decreased in
calsequestrin expression [45, 178] and an increase in sarcolemmal NCX content [51-53]. The effects of
isoprenaline on myocyte survival have been extensively studied and it is probable that myocyte
necrosis and apoptosis contribute significantly to the systolic dysfunction noted at 10 days. While
tissue fibrosis may give some in-direct indication of cell death more precise methods could be
employed (i.e. DNA strand breaks or caspase activation). Assessment of the degree of myocyte
necrosis would be a necessary pre-requisite in future studies to confirm its contribution to LV

systolic dysfunction.

Suprisingly there was no evidence of an increase in interstial fibrosis following isoprenaline
treatment for either 3 or 10 days. An increase in the collagen content of hypertrophied hearts has
been reported in studies utilizing both intra-peritoneal and subcutaneous isoprenaline delivery in
the ranges of 0.2 to 5 mg/kg/day [150-154, 160, 161, 171, 179]. The degree of collagen deposition in
the ventricles of treated hearts varies significantly between 1.6 and 10 fold and these data do not
appear to reflect either the dose of isoprenaline or the method of delivery utilised. Heather et al
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(2009) found that dosing of Wistar rats for 7 days with isoprenaline (5 mg/kg/day) resulted in a
dramatic 7 fold increase in collagen content in apical, but not in basal, regions of treated hearts
[171]. Therefore, it is possible that the methodology employed in the present study fails to account
for this regional variability in fibrosis. It may also be possible that the lack of fibrosis in this study
reflect the bolus delivery method utilised. By delivering isoprenaline through intraperitoneal
injection the chronic activation of adrenergic signalling seen in the subcutaneous mini-pump method
does not occur. Given the conflict in the literature such a hypothesis would require careful
investigation taking into account regional heterogeneity of response, delivery method and dosing
regimen. Collagen distribution should be assessed at various depths (apex to base) through the LV
wall to confirm any regional differences in isoprenaline mediated fibrosis. Measuring total
hydroxyproline content (following acid hydrolysis of tissue samples) would provide a more accurate
quantification of changes in total LV collagen (this hydroxylated form of proline (amino acid) is found

in few proteins other than collagen [180]).

Evidence from models of 3; adrenoceptor over-expression in the hearts of mice demonstrates an
initial hypertrophic growth with increased cardiac contractility (assessed by time resolved magnetic
resonance imaging) developing with time to a state of contractile dysfunction and heart failure
[181]. This study lends support to the progression to systolic dysfunction during intraperitoneal
isoprenaline injection. The controversy between different studies utilising isoprenaline appears to
reflect the critical dose of isoprenaline required to induce early contractile dysfunction perhaps as a

result of necrotic injury.

Role of oxygen diffusion in isoprenaline induced contractile dysfunction
Oxygen availability appears not to play a causative role in the cardiac dysfunction associated with

this model. No differences were seen in capillary density between the 3 and 10-day groups, despite
the significant differences in ex vivo contractile performance. Coronary flow rates were also
comparable over all workloads and between all groups. Preservation of SERCA2a expression in both
the 3 day and 10 day treatments suggests that the increase in oxygen diffusion distances does not
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drive changes to protein expression in this model. The artificially low oxygen content of the
perfusions buffer used in this experiment is not directly comparable to the in vivo situation where
increases in demand can be met by dramatic increase in coronary blood flow. The use of a Krebs
Hensleit buffer, with its low oxygen carrying capacity, instead of blood was aimed at promoting a
state of maximal cardiac performance where capillary density becomes the major limitation on
oxygen delivery. The ability of the isoprenaline treated hearts to respond to dobutamine shows that
even in a situation of reduced oxygen availability the heart is not oxygen deprived and can draw on

significant energetic reserves.

Future work and methodological considerations

Avoiding high animal mortality rates
The high rates of mortality seen in this study could be overcome through use of the subcutaneous

minipump or utilization of cardiac specific 3; adrenoceptor over-expressing mice. The receptor over
expression models develop hypertrophy from the low-endogenous levels of catecholamines in their

blood stream and so do not require any supplementation with harmful synthetic agonists.

Methodological considerations
Models of hypertrophy are commonly associated not only with an increase in myocyte dimensions

but with a prolonged increase in systolic stress. Isoprenaline induced hypertrophy may therefore be
a simplification of true hypertrophy without a chronic increase in cardiac work (e.g. afterload). It
would be interesting to see if the addition isoprenaline to a model of well adapted chronic stress,
such as cold acclimation, would result in failure that could be attributed to an oxygen
supply/demand imbalance. (Note: Metabolic studies were not performed with this model due to

home office restrictions due to animal fatalities).

Conclusion
In conclusion, short-term isoprenaline treatment resulted in a hypertrophic response with preserved

contractile performance despite an increase in the distance over which oxygen must diffuse.

Extended dosing resulted in systolic impairment at 10 days. Contractile dysfunction occurred in the
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absence of alterations in SERCA2a expression and may be attributed to mycoyte necrosis and/or
alterations in contractile protein expression. Limitations in oxygen diffusion do not play a causative

role in the contractile dysfunction associated with chronic isoprenaline dosing.
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Table 4.1 Effects of isoprenaline treatment on cardiac mass and in vivo physiological parameters.

Control 3 day Isoprenaline 10 day Isoprenaline
Body Mass 322 +13 256 + 7** 285 + 8*
(8)
Heart Mass 1.16 £ 0.05 1.10+£0.02 1.32+0.11
(g)
Heart mass / Body Mass 3.56+0.23 4.32+0.11* 4.54+0.35*
(mg/g)
In vivo heart rate 411+8 380+ 8* 369+ 23
(bpm)
Mean arterial blood 95+4 94+1 88+2
pressure
(mmHg)

(Control n=6, 3 Day n=4, 10 Day n=5). The effects of isoprenaline treatment *P<0.05, **P<0.01.
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Figure 4.6. Representative western blots of SERCA2a and acylated tubulin. C = Control, 3=3 Day,
10=10 Day.

Figure 4.7. Representative images of LV subendocardial collagen content. Areas of collagen are
shown in blue (see arrows). Magnification x125

Table 4.2. Effects of isoprenaline treatment on ventricular phenotype.

Control 3 Day 10 Day
Estimated ventricular volume 273+13 248 + 42 243 + 26
(L)
Ventricular chamber stiffness 0.92+0.15 | 0.90+0.06 1.02+£0.08
(mmHg/uL)
Myocardial contractility 93+11 98+ 17 51 +5*
(mmHg/ml/g. wet weight)
Ventricular collagen content 2.34+0.25 | 2.03+0.32 3.01+£0.18
(%)
SERCA2 expression (A.U) 1.00+0.05 | 1.15+0.05 1.23+0.10

(n=4-6) Estimated ventricular volume and chamber stiffness are assessed from the x intercept and
slope of the linear portion of the LVEDP-volume relationship respectively. Myocardial contractility is
assessed from the mean slope of the stress strain relationship. 10 day vs. Control; *P<0.05.
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Table 4.3. Effect of dobutamine (150 nM) addition on cardiac performance of control and isoprenaline treated hearts.

Control 3 Day Isoprenaline 10 Day Isoprenaline
Untreated Dobutamine (150nM) Untreated Dobutamine (150nM) Untreated Dobutamine (150nM)
Heart Rate (bpm) 225+2 218+5 222+11 225+ 15 258 +18% 229+21
Peak SP (mmHg) 65+9 96 + 11%* 77+5 101 + 8** 64+5 75+ 5%

LVDP (mmHg) 51+9 86+ 12** 55+8 86+ Q¥+ 31+1% 47 + 2¥* 5%
+dP/dt (mmHg/sec) 953 + 105 1450 + 225%** 1117 +181 1912 + 214%** 696 + 455 921 + E5*** 88&
-dP/dt (mmHg/sec) 720+ 114 -1061 +217*%* -903 + 155 -1454 + 198** -526 + 24% 822 + 123**

RPP (mmHg/min) 13500 + 1900 20200 + 2400*** 15300 + 1500 22600 + 2000%** 8100 + 500%* 10900 + 900** 55&
Change in RPP (%) - 48.9+5.9 - 47.8 +4.28 - 34.9+2.4%

(Control n=6, Treatment n=4). The effects of dobutamine; *P<0.05, **P<0.01, ***P<0.001. The effects of isoprenaline treatment; %p<0.05, ¥4P<0.01,

&&p<0.001.
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Chapter Five: Effects of reduced capillarity on contractile

performance and metabolism in the left ventricle. Part 3: L-NAME

Nitric oxide (NO) is an important signalling molecule which influences many aspects of cardiac
function including excitation-contraction coupling, oxygen consumption, substrate metabolism and
hypertrophic growth. Endogenous NO plays an important role in the regulation of vascular tone and
may be implicated in the development of new blood vessels. NO is synthesised from L-Arginine via
the actions of nitric oxide synthase (NOS). Three isoforms of NOS have been demonstrated in the
heart to date. NOS1 (or neuronal NOS) is the first of two constitutive (although expression is
regulated) enzymes which appear to regulate contractility in the myocardium. Barouch et al (2002)
demonstrated the co-localisation of NOS1 to the ryanodine receptor of the sarcoplasmic reticulum
[182]. In keeping with this location NOS1 appears to regulate calcium handling and contractility.
Knockout of NOS1 gene expression in transgenic mice results in a depression of basal contractile
function and a reduced responsiveness to [} adrenergic stimulation suggesting NO produced via
NOS1 promotes cardiac inotropy [182]. Similar results are demonstrated when NOS1 activity is
acutely inhibited by specific pharmacological blockade [183]. It should be noted that other studies
have reported conflicting improvements in contractility in NOS1 knockout mice though technical
differences between the studies have been proposed to underlie such differences [184, 185]. NOS3
(or endothelial NOS) is expressed in both the cardiac myocytes and in the endothelial cells lining the
coronary blood vessels. In the myocytes NOS3 is co localised to the calveoli where it is proposed to
regulate calcium influx through voltage sensitive L-type channels [185]. In contrast to the actions of
NOS1, NO produced from NOS3 appears to depress contractility [182, 186]. The role of NO release
from endothelial cells in the regulation of vascular tone is discussed in more detail later in this
Introduction. The final NOS isoform NOS2 (inducible) normally absent in the myocardium is
expressed during inflammatory response and produces large amounts of NO. This isoform is

localised to the cytosol and its over-expression may be implicated in the patho-physiology of HF
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[185]. Presented below is a discussion of the roles of NO in the regulation of vascular tone, blood

vessel growth and hypertrophy.

NO, vascular tone and blood vessel growth

NO is a potent vasodilator which is released from the endothelium of blood vessels, namely arteries
ranging from 100 to 500 micrometers in diameter, in response to changes in shear stress allowing
for strict control of perfusion pressure at the site of origin of the arterioles [112, 113]. The
endothelium dependent nature of shear stress induced vessel dilatation has been known for a
number of years. Experiments where endothelial function was chemically denuded demonstrate a
complete inhibition of flow induced dilatation in isolated blood vessels [187]. The role for NO in the
regulation of vascular tone is evidenced by the increase in systemic arterial blood pressure when
NOS activity is inhibited by pharmacological agents [188-190]. Elevated systemic blood pressure has
been noted in mice engineered not to express the NOS3 gene while mice lacking NOS1 are
comparable to controls [188, 189]. These gene knockout experiments demonstrate that NO derived

from NOS3 is primarily responsible for modulating vessel tone.

Nitric oxide appears to play an important role in the growth of new capillaries. Experiments in
skeletal muscles have demonstrated that pharmacological blockade of NOS activity prevents
angiogenesis in response to increases in blood flow [163]. Studies in cultured human umbilical
venous endothelial cells (HUVEC) have demonstrated an increase in nitric oxide release and an up-
regulation in the expression of NOS in response to treatment with vascular endothelial derived
growth factor (VEGF) implicating NO in the mechanism of pathway of angiogenic growth [191, 192].
In 3D fibrin gel assays, HUVEC's are able to form capillary like structures when stimulated by
angiogenic growth factors (i.e. basic fibroblast growth factor and VEGF) [193]. The formation of
these structures is prevented through pharmacological blockade of NOS, findings supported by the
antagonism of VEGF induced blood vessel growth in the cornea of experimental rabbits dosed with

L-NAME [194]. NO may play a critical role in capillary growth within the myocardium. Significantly
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fewer capillaries have been noted in the left ventricle of neonatal mice lacking the gene for NOS3
[195]. 3D fibrin tube formation was significantly less in cardiac endothelial cells extracted from NOS3
knockout mice, a finding reversed through the addition of a nitric oxide donor compounds (DETA-
NO). Attenuated expression of VEGF in whole heart homogenates from the neonatal mice suggests
that NO regulates VEGF expression. Jozkowicz et al (2001) demonstrated that exogenous NO donors
and transfection of genes encoding for NOS3 and NOS1 into cultured human and rat vascular
smooth muscle cells up-regulates the expression of VEGF [196]. It is therefore probable that NO is
both the downstream regulator of VEGF's pro-angiogenic actions and an upstream promoter of
VEGF expression. Interestingly NOS3 gene knockout adult mice demonstrate similar cardiac capillary
densities as control animals suggesting that other compensatory mechanisms are activated to

normalise capillarity in these animals [195].

NO and hypertrophy

Cardiac hypertrophy has been demonstrated in response to chronic pharmacological inhibition of
NOS activity by L-arginine analogues (Table 5.1). N (G)-nitro-L- arginine methyl ester (L-NAME)
induced hypertrophy appears to occur independently of the increase in arterial blood pressure
(afterload) due to its prevention with hydrazaline (a potent vasodilator) [197]. Therefore NO may
have a direct role in regulating cellular growth. Cardiac hypertrophy is controlled by the complex
interaction of stimulatory and counter regulatory signalling pathways. NO profoundly limits growth
factor induced hypertrophy in isolated myocytes suggesting that it is an upstream activator of the
anti-hypertrophic signalling. Further evidence for the anti-hypertrophic influence of NO can be found
in studies of NOS gene deletion in mice. Barouch et al/ (2002) found that NOS1 and NOS3 gene
knockout mice develop spontaneous cardiac hypertrophy [182]. This study is supported by the work
of several other investigators reporting cardiac hypertrophy in mice lacking the gene which encodes
NOS3 [189, 190]. Moreover cardiac hypertrophy appears to precede hypertension in this model

[190].
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Chapter Aims
This chapter addresses the suitability of using chronic nitric oxide synthase blockade to induce

hypertrophy without concurrent angiogenic growth. To date no study has assessed the effect of L-
NAME induced hypertrophy on ventricular capillarity. Given the potential role of NO in the growth of
new blood vessels within the myocardium it was hypothesised that chronic exposure to L-NAME
would induce ventricular myocyte hypertrophy without compensatory capillary growth providing a

model of hypertrophy with impaired oxygen delivery.
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Material and methods

Treatment regime

Wistar rats were treated with L-NAME, a non-reversible competitive NO synthase inhibitor, ad
libitum in drinking water at a concentration of 400 mg/L for 4 weeks. This concentration gave doses
of 40mg/kg body weight/day [198]. C57/BI6 mice were treated with NG-Nitro-L-arginine (L-NNA), a
reversible competitive NO synthase inhibitor, ad libitum in drinking water at a concentration of 100

mg/L giving a dose of 10 mg/kg body weight/day.
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Results

Studies in the rat

Physiological parameters

Animals treated with L-NAME failed to thrive. Body masses were significantly lower in L-NAME
treated animals compared with controls (268 + 4 vs. 224 + 11 g. wet weight, P<0.01, Table 5.3).
Heart mass and heart/body mass ratios were found to be similar in both groups (Table 5.3). LV mass
ratios were comparable between groups (1.08 + 0.07 vs. 1.18 + 0.09, Table 5.3). /In vivo, HRs were
unaffected by L-NAME treatment (Table 5.3). Mean arterial blood pressure was significantly greater

in animals dosed with L-NAME (95 + 4 vs. 132 + 5 mmHg, p<0.05, Table 5.3).

Capillary supply

CD was unaffected by L-NAME treatment in either the subendocardial (2378 + 29 vs. 2298 + 112
capillaries/mm?, Figure 5.1A) or subepicardial (2898 + 201 vs. 2767 + 126 capillaries/mm?, Figure
5.1A) regions of the left ventricle. C:F ratios and myocyte CSA were comparable between groups in
both ventricular regions studied (Figure 5.1B & Figure 5.1C). Delaunay triangulation assessment of
capillary supply shows that NN distances were comparable between control and L-NAME treated
animals in the endocardial (20.8 + 0.7 vs. 21.6 + 0.7, Figure 5.1D) region of the left ventricle. The
distribution of capillaries (variance) was also similar between treatment groups (Figure 5.1D).
Terminal arteriole densities were comparable in epicardial (18.4 + 1.3 vs. 18.0 + 2.0 capillaries/mm?)

and endocardial regions (17.9 + 1.0 vs. 17.1 + 1.3 capillaries/mm?).

Ex vivo contractile performance

Estimated ventricular volume was significantly less in L-NAME treated hearts (248 + 34 vs. 137 £ 16
ulL, P<0.001, Table 5.4) resulting in an earlier rise in the LVEDP-volume relationship when compared
to controls (Figure 5.4A). Peak systolic pressure was greater in hearts from the L-NAME group (Figure

5.2B) and LVDP-volume relationship was similar in both treatment groups (5.2A). LV contractility
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(+dP/dt) was similar at balloon volumes ranging from 0 to 150 uL but significantly lower in treated
hearts at a balloon volume of 200uL (1326 + 67 vs. 1081 + 105 mmHg/sec, P<0.05, Figure 5.3A). LV
relaxation (-dP/dt) was comparable to controls at all balloon volumes (Figure 5.3B). LV stress-strain
was unaffected by L-NAME dietry supplementation (92.3 + 2.22 vs. 84.5 + 2.07 mmHg/ml/g. wet
weight, Figure 5.4B). LV chamber stiffness was greater in the L-NAME group (0.85 + 0.19 vs. 1.61 +
0.24 mmHg/uL, P<0.05, Table 5.4). CF rates were impaired by 22 to 29 percent in L-NAME hearts
when compared to controls at all balloon volumes (Figure 5.5B) and ex vivo HR was comparable
between groups (Figure 5.5A). Histological analysis with Masons trichrome demonstrated a
comparable degree of fibrosis in both control and L-NAME treated hearts (2.47 £ 0.21 vs. 2.95 + 0.36
%, Table5.4). SERCA2a protein expression relative to acetylated tubulin was unaffected by chronic

exposure to L-NAME (Figure 5.5 & Table 5.4)

Dobutamine challenge

Addition of dobutamine to the perfusate resulted in a significant increase in LVDP (23 + 3 %), peak
systolic pressure (20 + 2 %), +dP/dt (57 + 8 %), -dP/dt (5 + 8 %) and RPP in control hearts (29 + 2%).
Similar findings were noted in hearts treated with L-NAME for 4 weeks (Table 5.5). Values of
contractility did not differ between groups however the percentage increase in heart rate (5 + 1 vs.
12 + 3%, P<0.05) and RPP (29 % 2 vs. 43 + 3 %, P<0.05) was significantly greater in L-NAME treated

hearts (All data table 5.5).

Studies in the mouse

Mice treated with L-NNA failed to thrive demonstrating lower body masses (28.8 + 0.3 vs. 25.3 + 0.8
g. wet weight, P<0.01) when compared to controls. Heart mass (0.14 + 0.01 vs. 0.14 + 0.01 g. wet
weight) and heart to body mass ratios were comparable between both groups (5.03 + 0.35vs. 5.53 +
0.15 mg/g. wet weight). Similar to the studies with L-NAME in the rat there was no alteration in
myocyte CSA, CD or C:F ratio in either the subendocardial (CD: 3257 + 20 vs. 3339 * 147

capillaries/mm?, C:F:1.73 + 0.03 vs. 1.77 + 0.03, CSA: 546 + 10 vs. 538 + 29 umz) or subepicardial (CD:
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3360 + 172 vs. 3210 + 219 capiIIaries/mmz, C:F:1.80+£0.02vs. 1.77 £ 0.04,CSA:552 + 24 vs. 578 + 42

um?) regions of the LV free wall. Data taken from a total of 5 animals per group.
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Discussion

Chronic L-NAME and LV remodeling

Prolonged administration of L-NAME to rats resulted in a significant increase in systemic arterial
blood pressure at 4 weeks. Since L-NAME is a specific inhibitor of NOS, these data support the role
for NO release in the maintenance of systemic vascular tone [187-190]. Despite this elevation in
blood pressure, cardiac mass was not increased in hearts from L-NAME treated animals. This finding
is in contrast to other models of chronic systolic stress, such as aortic banding, where dramatic
hypertrophic growth occurs within 1 week [40] and also conflicts with several reports utilising L-
NAME dietary supplementation at comparable doses and lengths of exposure to those used in the
present study [195, 200, 201]. Instead, the heart appears to accommodate a chronic increase in
afterload by reducing LV lumen volume. The conservation of LV mass and the finding of normal
subendocardial and subepicardial myocyte CSA suggest that there is a relative increase in the ratio of
LV wall thickness to lumen volume. These observations are in keeping with the studies of Mandarim-
de-Lacerda et al (2004), Matsubara et al (1998) and Bartunek et al (2000) who reported a decrease
in LV lumen volume in the absence of ventricular hypertrophy and the conservation of total cardiac
and LV mass [199, 200]. Arnal et al (1993) have demonstrated that both non-hypertrophic and
hypertrophic remodeling can occur within a study population [201]. In their study of 25 rats dosed
chronically with L-NAME (50 mg/kg body weight/day) just 6 developed left ventricular hypertrophy.
Significant correlations were demonstrated between the activity of the renin-angiotensin system
and cardiac mass suggesting a role for this known pro-hypertrophic signaling pathway in L-NAME
induced hypertrophy. Moreover L-NAME induced hypertrophy is prevented through treatment with
angiotensin receptor Il blockers or angiotensin converting enzyme inhibitors [202, 203]. It is possible
that luminal remodeling represents a transitional stage before the development of hypertrophy
which may provide an argument for extending the length of the dosing protocol in future studies.
However the evidence to date is conflicted with investigators reporting both hypertrophic and non-

hypertrophic phenotypes at 4 weeks and 8 weeks of treatment. Vandsburger et al (2006)
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demonstrated a reduced ventricular lumen volume in NOS1 knockout mice studied at 8 weeks (with
preserved in vivo contractile performance) [204] suggesting that this NOS isoform is responsible for
the LV remodeling seen during L-NAME treatment in the present study. This however contrasts with
the work of Barouch et al (2002) who demonstrated a hypertrophic phenotype in both NOS1 and
NOS3 gene knockouts [182]. Specific NOS1 antagonists are available and could be used in
combination with gene deletion to investigate the potential differential role of NOS isoforms in LV
remodelling. The morphological indices of ventricular dimensions (i.e. chamber radius and wall
thickness) are defined by 1) the number of myocytes across the wall, 2) the average myocyte cross-
sectional diameter and length and 3) the volume composition of the myocardium [205]. Therefore
there are a number of potential mechanisms whereby chamber volume could be reduced. Firstly
there could simply be fewer myocytes in the LV free wall. This is unlikely in L-NAME treated animals
as LV free wall mass was comparable to controls. Secondly there could be a reduction in myocyte
cell length which is again unlikely as CSA was conserved in both the subendocardial and
subepicardial regions of the LV wall and therefore a reduction in myocyte length would be reflected
as a reduction of cardiac or LV mass. Thirdly, there could be a reduction in the composition of the
myocardium (i.e. less interstitial tissue) allowing for the compaction of the muscle fibres into a
smaller volume Fourthly, transmural reorganisation of the fibres and other constituents (e.g.
connective tissues and blood vessels) of the LV could alter LV diameter. Evidence from models of
chamber dilation demonstrates how individual of groups of fibres can ‘slide’ in a lateral manner to
alter ventricular geometry without significantly affecting ventricular mass. This myocyte slippage
results in a thinning of the ventricle wall in order to accommodate an increase in chamber diameter.
Chamber dilation occurs in models of ischemic injury [205], chronic pressure [206] and chronic
volume overload [207]. If the reverse is true in L-NAME induced hypertension then there should be a
significant increase in wall thickness associated with an increase in the number of myocytes across
the LV wall. Light microscopy does not provide the resolution for counting myocytes at a

magnification which could capture the entire LV free wall and as such previous investigators have
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utilised low power electron microscopy to describe the transmural myocyte distribution associated
with chamber dilation. These methods could be applied to hearts from L-NAME treated hearts.
Previous investigators have however reported little change in absolute LV wall thickness reporting
an increase in only wall thickness relative to LV lumen volume [199, 200]. Similar high resolution
imaging techniques could be used to assess the volume composition of the myocardium (i.e.

myocyte spacing and interstitial tissue makeup).

Chronic L-NAME and contractile performance
L-NAME hearts demonstrated a significant increase in systolic pressure development which was

related to the early rise in the LVEDP-relationship and not associated with any change in the intrinsic
contractile function of the myocardium (as evidenced by comparable stress-strain relationships).
Both Bartunek et al (2000) and Matsubara et al (1998) demonstrated similar enhancement of LV
systolic pressure development in vivo (echocardiography assessment) and in isolated heart
preparations respectively [199, 200]. Matsubara et al (1998) also demonstrated no alteration in the
intrinsic contractility of the myocardium (stress-strain relationships) in keeping with the findings of
the present study. These data contrast with that of Moreno et al (1996) who found reduced
isovolumetric pressure development in hearts from L-NAME treated animals - though there is no
information on the loading conditions at which these values were obtained and only a single
pressure is described [208]. In another study Jover et al (1993) reported a reduction in cardiac
output in long-term L-NAME treated rats [202]. Cardiac output is however a measure of pump
function and does not reflect the intrinsic contractility of the myocardium (i.e. the ability to generate
force independent of loading conditions). In both these studies, L-NAME treatment was also
associated with ventricular hypertrophy rather than geometric chamber remodeling (as seen in the
present study and in that of Bartunek et al (2000) and Matsubara et al (1998)). Hypertrophy has
been traditionally thought of as a compensatory mechanism however there is increasing suggestion
that this process is maladaptive leading to contractile dysfunction and eventually HF [209]. Hearts in

which the development of hypertrophy is prevented during chronic pressure overload (aortic
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banding) with a calcineurin inhibitor demonstrate preserved haemodynamic function with no sign of
deterioration over a period of several weeks [210]. The preservation of SERCA2a expression in L-
NAME treated hearts suggests that there are no alterations in sarcoplasmic reticulum calcium
handling which supports the functional findings of this sudy. In support of this Bartunek et a/ (2000)
demonstrated normal calcium transients in myocytes extracted from L-NAME treated hearts [199].
Similarly to the present study these investigators also found normal SERCA2a expression in LV

homogenates of the same hearts.

The influence of ventricular wall thickness on chamber compliance is well described and ventricular
hypertrophy in the absence of changes in lumen volume has been linked to an increase in ventricular
stiffness [3]. These principles provide the best explanation of the increase in stiffness associated
with chronic L-NAME treatment where the decrease in lumen volume results in a relative increase
the wall thickness to lumen volume ratio (as evidenced by the preservation of LV mass). Matsubara
et al (1998) have previously reported that the diastolic compliance of the myocardium is increased
following chronic dietary supplementation of L-NAME though they could not explain how these

alterations were achieved [186].

One interesting finding is that the enhanced systolic performance of L-NAME treated hearts occurs
on a background of impaired coronary blood flow. Altered vascular tone (i.e. coronary
vasoconstriction) resulting from the inhibition of NOS seems the most likely cause of these changes.
In addition it is possible that some degree of arteriole vascular remodelling had occurred in response
to the chronic elevation of blood pressure. A great number of studies in both the L-NAME induced
[120] and other models of hypertension [211] have demonstrated a marked increase in arteriolar
wall thickness resulting in a reduction of intra-luminal diameter. These changes have been proposed
to normalise for the increase in pressure and shear stress resulting from systemic hypertension and
may explain the impairment of coronary flow noted in the present study. Alternatively, the

Langendorff isolated heart preparations utilised in this study were carried out under the same
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perfusion pressure in control and treated hearts (80 mmHg) and as such may not truly reflect the
situation in the hypertensive animals. It is possible that resetting of normal vessel tone due to a
chronic increase in coronary perfusion pressure results in under perfusion in the experimental
setting. The preservation of contractile performance despite a reduction of coronary flow suggests
that oxgen availability is not limiting in this model although it cannot be ruled out that cardiac
performance is supported by an increased degree of oxygen extraction from the perfusate therefore
necessitating lower flow rates. Additionally NOS inhibition has been shown to augment the calcium-
dependent contractile reserve of isolated hearts which may offer a mechanism whereby cardiac
functionality can be preserved at lower rates of oxygen consumption [199]. Comparisons of
performance and oxygen consumption between control and L-NAME treated animals over a range of
workloads would allow for the assessment of cardiac contractile efficiency (work per unit oxygen
consumption). Previous investigations have noted both increased [212] and unchanged [213]
measures of cardiac efficiency in experiments of acute NOS inhibition, but no such experiments have

been performed in hearts form chronically dosed animals.

Conclusion
In conclusion the initial hypothesis that chronic nitric oxide synthase inhibition would result in a

model of hypertrophic growth associated with capillary rarefaction for the current conditions has
been disproved. Despite this L-NAME induced hypertension resulted in pronounced ventricular
remodeling which appeared to compensate for the altered ventricular wall stress experienced in vivo
(law of LaPlace). The preservation of contractile performance with a reduced perfusion suggests that
oxygen availability was not limiting to performance in this model. The lack of LV remodeling was
supported by histological studies in the mouse utilising chronic L-NNA exposure. Metabolic studies

were not carried out in these hearts due to the lack of alteration in ventricular capillarity.
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Table 5.1. Studies demonstrating hypertrophic growth in the hearts of rats exposed to chronic L-NAME dietary supplementation.

Paper Regime Major findings of study
Numaguchi et a/ (1995) | 1.0 g/L drinking water for 8 weeks. e L-NAME treatment associated with the development of arterial hypertension.
[197] e Hypertrophic growth of myocardium and interstitial fibrosis in treated animals.
Microvascular remodeling in treated animals (small arterioles) — increased wall/vessel

lumen ratio and perivascular fiborsis.
Prevention of hypertension with hydrazaline reduced the degree of interstitial fibrosis but
had no effect on cardiac hypertrophy and microvascular remodeling.

Jover et al (1993) [202]

20 mg/kg animal body mass/day
for 25 days.

Significant and sustained increase in arterial blood pressure after 10 days of treatment.
e Significant increase in cardiac mass following treatment with L-NAME.
Comparable plasma renin activity in both control and L-NAME treatment groups but L-
NAME induced hypertension and hypertrophy was prevented by treatment with Losartan
(an angiotensin Il receptor antagonist).

Arnal et al (1993) [201]

50 mg/kg animal body mass/day
for 8 weeks.

L-NAME treatment induced significant arterial hypertension in all treated animals.
Of the 25 animals used in the study hypertrophic growth of the left ventricle occurred in
only 6 cases.

Systolic blood pressures, plasma renin activity and angiotensin converting enzyme activity
were significantly higher in the subgroup with hypertrophy when compared to the non-
hypertrophied subgroup.

Multiple regression analysis demonstrated that L-NAME administration, plasma renin
activity and systolic blood pressure contributed to the increase in left ventricular weight
independently of one another.

Bernatova et al (1999)
[203]

40 mg/kg animal body mass/day
for 4 weeks

Arterial hypertension was recorded in L-NAME treated animals after 1 week of treatment
and was maintained through the regime. This increase in blood pressure regressed to
control values following the cessation of L-NAME treatment (3 weeks).

Addition of captopril (angiotensin converting enzyme inhibitor) to the drinking water after
cessation of L-NAME dietary supplementation significantly increased the rate of recovery
to 1 week. Systolic blood pressures were significantly less than control values by 3 weeks.
Significant left ventricular hypertrophy in L-NAME treated animals. Preserved following a 3

week recovery period.
Captopril therapy prevented this increase in left ventricular mass associated with L-NAME
(left ventricular/body mass ratios were actually lower than control values).
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Table 5.2. Studies demonstrating a non-hypertrophic growth in the hearts of rats exposed to chronic L-NAME dietary supplementation.

Paper Regime Major findings of study
Arnal et al (1993) [201] 50 mg/kg animal body mass/day e Seetable5.1.
for 8 weeks.

Matsurba et al (1998)

100 mg/kg animal body mass/day

e  Systemic arterial hypertension was noted after 2 weeks of treatment and was preserved

[200] for 8 weeks. through the 6 week period.
e Lisinopril prevented the increase in systolic blood pressure in L-NAME treated animals.
e Left ventricular mass and myocyte cross sectional areas were comparable between control
and L-NAME treated hearts.
e Left ventricular lumen volumes were significant reduced in L-NAME hearts resulting in a
greater LV wall to lumen ratio when compared to control hearts.
e L-NAME hearts presented with preserved contractile function and greater LV compliance.
Bartunek et a/ (2000) 50 mg/kg animal body mass/day e L-NAME treated animals developed systemic arterial hypertension after 1 week which was
[199] for 6 weeks. preserved for the 6 week study period.

e No hypertrophy was reported after 6 weeks when assessed in terms of total LV mass or
comparison of isolated myocyte cross-sectional area.
e Despite the elevated blood pressure in vivo systolic cardiac performance was preserved
and associated with concentric remodeling (reduced lumen volume and increased relative
wall thickness) and augmented pressure-calcium relationships in isolated heart
preparations.
e SERCA2a and myosin heavy chain protein expression was comparable to control hearts.
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Table 5.3. Effects of L-NAME treatment on organ mass and in vivo physiological parameters.

Control L-NAME
Body Mass 268+ 4 224 +11**
(g)
Heart Mass 1.04 +£0.04 0.90 £0.06
(g)
Heart mass / Body Mass 3.87 +0.04 3.85+0.06
(mg/g)
LV Free Wall Mass 295+ 15 27221
(mg)
LV Free Wall mass / Body 0.98 £ 0.07 1.02 £0.09
Mass Ratio
(mg/g)
In vivo heart rate 411+8 387 +£17
(BPM)
Mean arterial blood 95+4 132 £ 5*
pressure
(mmHg)

(n=6) The effects of L-NAME treatment *p<0.05, **p<0.01

127




A. Myocyte CSA B. CD
— T
c IS
£ 0.0008- E 40007
§ 1 8
= 0.0006- 8 3000~ 1
: i L F =
.; IIIIII 8 i l:.:.:.:.:..
8 0.00044 Do g 2000 o
’ e 2 e
@ o e
17} B, = Lo
S 0.0002- e g 10007 e
o P! - R
(O] | "
Y 8 femenenene
8 0.0000 T T E_ 0 T T
N N N\ N
2 S & & & S S &£ & &
<& Q,({/ O S & Q,Q/ O S
«© QN o Ny © N s Ng
= g N s Ny v
v v
C. C:FRatio D. Capillary Distribution
T 2.0
& 30
'% 1.5- e T _ £ 251 Mean NN Distance
o % 3 e s
t St I e T 20 EEEE
S 10 [ po 8 e
= R o % ''''''''''''
o % S 15 sy peeeneeled
e el W
g 0.5 Essss Pataemaraln 8 104 EiiiE % Variance
= G e e R
. i J | EE = mm
o o > > & & & S
Ny Ny \ & &S & S S
R <& O S > 2 o 4
\$O SQ/ OOQ ,év (‘\é V’Q (\\S ‘?Sv
& S he & S & S

Figure 5.1. Effect of L-NAME on LV capillarity and myocyte morphology in the rat. (n=5-6)
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Figure 5.2 Effect of L-NAME treatment on LVDP-volume relationship (A) and peak systolic pressure (B). (n=6) The effects of L-NAME treatment; *P<0.05,
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Figure 5.3 Effect of L-NAME treatment on +dPdt (A) and -dPdt (B). (n=6) The effects of L-NAME treatment; *P<0.05. LEGEND: Dots = Control, Vertical
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SERCA

TUBULIN

Figure 5.6. Representative western blots of SERCA2a and acylated tubulin. C = Control, L= L-
NAME

24

CONTROL L-NAME

Figure 5.7. Representative images of LV subedocardial collagen content. Areas of collagen are

shown in blue (see arrows). Maghnification x250.

Table 5.4. Effects of L-NAME treatment on ventricular phenotype.

Control L-NAME
Estimated ventricular volume 248 + 34 137 + 16*
(ub)
Ventricular chamber stiffness 0.85+0.19 1.61+0.24*
(mmHg/uL)
Myocardial contractility 92+2 85+2
(mmHg/ml/g. wet weight)
Ventricular collagen content 2.54+0.19 2.95+0.36
(%)
SERCA2 expression (A.U) 1.00 £ 0.07 0.93 £ 0.07

(n=5-6) Estimated ventricular volume and chamber stiffness are assessed from the x intercept
and slope of the linear portion of the LVEDP-volume relationship respectively. Myocardial
contractility is assessed from the mean slope of the stress strain relationship. The effects of L-
NAME treatment *p<0.05.
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Table 5.5. Effect of dobutamine (150nM) addition on cardiac performance of control and L-NAME treated hearts.

Control L-NAME
Untreated + Dobutamine (150nM) Untreated + Dobutamine (150nM)
HR (bpm) 235+ 16 248 + 20* 22017 253 £+ 12%**
Peak SP (mmHg) 100+ 8 127 + 6** 107 £ 8 136 &+ 5***
LVDP (mmHg) 78+7 103 + 3** 86+8 116 £ 9***
+dP/dt (mmHg/sec) 1259 +170 2094 + 253** 1304 + 155 2256 + 153***
- dP/dt (mmHg/sec) -939 + 142 -1431 +183* -802 £ 215 -1596 + 109**
RPP (mmHg/min) 18300 £ 1600 25500 + 1300%** 18900 + 2000 29100 £ 2100***
% increase in RPP - 29+2 - 43 + 3%

(n=5-6). The effects of dobutamine; *P<0.05, **P<0.01. The effects of L-NAME; 4p<0.05
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Chapter Six. Effects of increased capillarity on cardiac performance

and metabolism. Part 1: Cold acclimation

Euthermic animals defend their core body temperature within a strict range (the hypothalamic set
point) optimised for the maintenance of normal physiological function. Non-hibernating mammals
acutely exposed to cold initially demonstrate shivering thermogenesis, a mechanism whereby
additional heat is produced by involuntary muscle contractions [214]. Gradually this process is
replaced over the following weeks by metabolic mechanisms of heat generation i.e. non-shivering
thermogenesis. Hypertrophy of glycolytic skeletal muscles and accumulation of brown adipose tissue
(the site of non-shivering thermogenesis) occurs in rats exposed to 5°C for 8 weeks[215]. Given the
extra demand for heat generation it is not surprising that exposure to cold dramatically elevates
total body oxygen consumption and metabolic rate [214-216]. Increases in blood flow to the liver,
kidneys, brown-adipose tissue and thyroid glands highlight the enhanced oxygen demand of these

organ systems in the response to chronic cold exposure[217].

Physiological adaptation to chronic cold exposure

Chronic exposure of adult rats to a cold environment (classically 4-6°C) is associated with an
elevation of arterial systolic blood pressure and increased heart rate [140, 218-222]. This change in
blood pressure is likely associated with the greater measures of stroke volume reported in rats
exposed to these cold environments for 6 to 10 weeks [223]. A decrease in total peripheral
resistance, at least partially attributable to pronounced vasodilatation in the skeletal muscles, has
also been described [223]. Increased circulating concentrations of catecholamines suggest that the
changes in heart rate are mediated by stimulation of the beta-adrenergic signalling pathways [224].
This conclusion is supported by studies in which cold exposed rats treated with propranolol (a non-
selective B-adrenoceptor antagonist) demonstrate comparable HRs as normothermic controls [220].
The enhanced stroke volume of cold exposed rats appears to occur through ventricular chamber
enlargement (though measures of the intrinsic contractility of the myocardium have not been
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reported). Rats exposed to cold environments demonstrate significantly greater measures of whole
heart and ventricular mass (relative to body mass) when compared to normothermic controls.
Evidence from histological studies show that myocyte elongation rather than changes in cross-
sectional area are responsible for these differences between groups [216]. This eccentric
hypertrophy, often referred to as volume overload, is thought to underlie the physiological
enlargement of the ventricle during endurance training (increased venous return and greater blood
volume). Roukoyatkina et al (1999) demonstrated an increase in total blood volume in cold
acclimated rats, suggesting that similar processes may drive the dilation of the ventricle during cold

exposure [218].

Given the increase in cardiac workload (i.e. increased chamber volume and HR) associated with
chronic cold exposure it is not surprising that a number of investigators have proposed that the
oxygen delivery capacity of cold acclimated hearts may be modified in some manner. However, early
studies by Heroux and Pierre (1957) in adult rats (5 to 6 weeks) did not demonstrate any change in
the capillarity of acclimated hearts [225]. Similarly, Kayar and Banchero (1985) found no change in
capillary density despite evidence of fibre hypertrophy (elongation) in comparably aged adult guinea
pigs [216]. Evidence from exercise studies have suggested that very young animals have the capacity
for capillary growth, while more mature animals lose the ability to respond to physiological and
pathological angiogenic stimuli [80]. Acute exposure of young weaned animals animals (1 to 3 weeks
of age) to cold environments (cold shock) however results in premature death. To surmount this
problem, studies have been carried out in rats reared in cold environments for 68 generations [226].
This process affords some protection from the cold during weaning allowing the newborn animals to
acclimate before full environmental exposure. Cold-reared rats in this setting demonstrate cardiac
hypertrophy (increased myocyte cross-sectional area), greater capillary numbers and improved
oxygen delivery capacity (smaller oxygen diffusion distances) providing the means to support

increased cardiac workload and myocyte dimensions.
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Cold acclimation of young animals

Cold acclimation describes a gradual reduction in ambient temperature and photoperiod which has
been used to overcome the mortality associated with exposure of young animals to cold
environments (over 4 to 8 weeks). This method has been used successfully in young rats
demonstrating comparable changes to body composition and physiological parameters to those
seen during chronic cold exposure [215]. Reducing the length of the photoperiod better mimics the
environmental conditions during the winter season and appears to be associated with some modest
physiological effects. Importantly photoperiod appears to regulate the degree of parasympathetic
and sympathetic neural outflow in rodents [227] and may influence growth rates in cold exposed
animals [215, 228]. Cold acclimation is associated with an increase in cardiac ventricular volume and
arterial blood pressure suggesting a similar drive to increase cardiac output, and thus cardiac
workload, as seen during chronic cold exposure of adult rats [228]. Preliminary evidence has
suggested that cold acclimation is associated with an increase in left ventricular capillary density

suggesting a significant angiogenic stimulus in younger animals (Deveci, D. PhD Thesis (1999).

Chapter Aims

Experiments were carried out to assess the impact of a reduction in environmental ambient
temperature and photoperiod on ventricular capillarity and contractile performance. These were
necessary before the potential exploitation of therapies to modify capillary growth in this model.
Experiments were carried out in the youngest possible animals (weaning) due to evidence that age
plays a role in the likelihood of new vessel growth. It was hypothesised that cold acclimation would
promote capillary growth in the left ventricular free wall of treated animals supporting an increase in

ventricular contractile performance.
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Materials and Methods

Cold acclimation protocol

Animals were transferred to a specially designed environmental chamber. The initial air temperature
was 18°C and was reduced by 1°C every 2 days until the ambient temperature reached 5°C. Animals
were kept at this temperature for a futher 4 days (31 days in total). The reduction in temperature
was accompanied by a reduction in the photoperiod from a 12:12 light:dark (L:D) cycle to one hour a
day by 23 days (1:23 L:D). Day length was reduced on the by 1 hour every 2 days. Figure 6.1 is a
schematic representation of the acclimation process over this time period. Control animals were
kept in ambient temperatures of 21 + 1°C and a daily photoperiod of 12:12 L:D. Initial rat body mass
was between 60 and 90 grams representing the youngest available experimental agent (weaning).

Initial mouse body masses were between 15 and 20 grams.
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Results

Studies in the rat

Physiological parameters

Animal body masses were comparable between the treatment groups (303 + 17 vs. 303+ 8 g, n.s.,
Table 6.1). Cold acclimation induced cardiac hypertrophy as evidenced by an increase in cardiac
mass (1.52 + 0.06 vs. 1.72 + 0.06 g, P<0.01, Table 6.1) and in the heart/body mass ratio (4.86 +0.08
vs. 5.69 + 0.10, p<0.001, Table 6.1). A modest increase in mean arterial blood pressure was noted in
cold acclimated animals (100 + 3 vs. 112 + 3 mmHg, P<0.05, Table 6.1), with comparable heart rates

between the groups (392 + 4 vs. 384 + 6 bpm, Table 6.1).

Capillary supply

CD (capillaries/mm?) was unaffected by cold acclimation in both the subendocardial (2378 + 29
vs. 2612 + 156 capillaries/mm?, Figure 6.1A) and subepicardial (2898 + 201 vs. 2612 + 156
caps/mm?, Figure 4.1A) regions of the left ventricle. C:F ratio and myocyte CSA were comparable
between groups in both ventricular regions studied (Figure 6.1B & Figure 6.1C). Delaunay
triangulation assessment of capillary supply shows that mean NN distance were comparable
between control and cold acclimated animals in the subendocardial (20.8 + 0.7 vs. 19.5 £ 0.5 um,
Figure 6.1D) region of the LV. The distribution of capillaries (variance of capillary supply area) was

also similar between treatment groups (Figure 6.1D).

Ex vivo contractile performance

Intrinsic HR was similar in both control and cold acclimated animals at all balloon volumes (Figure
6.6A). Pressure development increased monotonically with balloon volume up to 300 pL. Further
increases in balloon volume resulted in a reduction in ventricular pressure development, associated

with an increase in LVEDP and a reduction in coronary blood flow (Figure 6.3A, Figure 6.3A and
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Figure 6.3B). The LVDP-volume relationship was comparable between control and cold acclimated
animals at all balloon volumes (peak LVDP: 101 + 10 vs. 86 + 14 mmHg, Figure 6.3A). Similarly +dP/dt
and —dP/dt were comparable between the two study groups (Figure 6.4A and Figure 6.4B). In
keeping with this, SERCA2a protein expression was preserved (Table 6.2) and ventricular collagen
content was comparable between the treatment groups (2.47 + 0.21 vs. 2.66 = 0.15 %, Table 6.2).
Cold acclimated hearts demonstrated a significant increase in estimated LV lumen volume when
compared to controls (303 + 20 vs. 355 + 7 ul, P>0.05, Table 6.2). This relationship is seen as a
rightward shift in the LVEDP-volume relationship for cold acclimated hearts (Figure 6.3B). LV
stiffness was comparable between treatment groups (0.78 + 0.06 vs. 0.84 + 0.04 mmHg/uL, Table
6.2). CF rates were comparable between treatment groups (Figure 6.6B). Myocardial contractility, as
assessed from slope of the LV systolic stress-strain relationship, was comparable between the

treatment groups (110 11 vs 82 + 7 mmHg/ml/g. wet weight, Figure 6.5)

Dobutamine challenge

Addition of dobutamine to the perfusate resulted in a significant increase in SP (25 + 9 %), LVDP
(47 £ 10 %), +dP/dt (63 + 13 %) and —dP/dt (51 + 10 %), and RPP (39 + 12 %) in control hearts (Table
6.3). Similar changes in contractile performance were noted in hearts from cold

acclimated animals (Table 6.3)

Studies in the mouse

Cold acclimated mice failed to thrive demonstrating lower body mass (28.8 £ 0.3 vs. 25.5 + 0.4 g. wet
weight). Total heart mass (140 + 10 vs. 190 + 10 mg. wet weight, P<0.01) and the heart mass to body
mass ratio (5.03 £ 0.35 vs. 7.72 + 0.49, P<0.01) was significantly greater in cold acclimated animals
demonstrating hypertrophy of the myocardium. In keeping with the rat there was no alteration in
myocyte CSA, CD or C:F ratio in either the subendocardial (CD: 3257 + 20 vs. 3212 + 64

capillaries/mm?, C:F:1.73 £ 0.03 vs. 1.77 + 0.03, CSA: 546 + 10 vs. 559 + 11 um?) or subepicardial (CD:
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3360 + 172 vs. 3465 + 190 capiIIaries/mmz, C:F:1.80+0.02 vs. 1.80 £ 0.02 ,CSA:552 + 24 vs. 545 + 38
um?) regions of the LV free wall.

Discussion

Cold acclimation induced LV remodeling

Combined exposure of young rats to a cold environment and reduced daylight resulted in LV
chamber expansion and mild hypertension. These changes were found to be in good agreement with
previous studies of chronic cold exposure in both rats [140, 215, 216, 219, 220, 222] and in guinea
pigs [216, 226]. Adaptation of the ventricular dimensions along with a preservation of contractile
performance appears to provide a means whereby stroke volume can increase to support the global
increase in metabolic rate during enhanced thermogenesis. Histological studies demonstrated no
change in fibre cross-sectional area suggesting that the increase in left ventricular mass noted in the
present study was a result of fibre elongation, consistent with the findings of increased lumen

volume.

The stimulus for myocardial growth in response to cold exposure is unclear. Peripheral vascular
resistance has been shown to fall in animals exposed to cold environments [223], at least partially
attributed to the vasodilation of vessels supplying the skeletal muscles, suggesting that hypertrophy
does not occur as a compensatory mechanism to overcome an increase in cardiac afterload.
Moreover treatment with propranolol [220], captopril [219] or L-arginine [229], all of which
significantly reduce arterial blood pressure, does not influence the cold induced increase in cardiac
mass. The eccentric cardiac remodeling associated with cold acclimation has more in common with
models of chronic volume load rather than pressure load (i.e. fibre elongation). Previous
investigators have reported significant increases in circulating blood volume, a possible consequence
of an increase in aldosterone synthesis [230]. An increase in blood volume, and thus preload, may
provide a mechanical stimulus for ventricular enlargement during cold acclimation. Studies in which

rats were treated with propranolol and captopril during chronic cold exposure still demonstrate a
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significant increase in cardiac mass suggesting the trophic effects of catecholamines and angiotensin
I may not be involved [219, 220]. Mice engineered not to express the genes encoding for

angiotensinogen also demonstrate a similar phenotype to cold exposure control mice [231].

Cold cclimation and LV capillarity
In contrast to the hypothesised increase in capillarity there was no change in the capillary number,

density or distribution in transverse sections of the left ventricle. This finding contrasts to the
preliminary reports of increased capillary density by Deveci (Deveci, D. PhD Thesis (1999)) in rats
exposed to these environmental conditions. This study however did not assess capillary number in
samples where the contractile state of the myocardium was normalised (i.e. during systole or
diastole) and so represents a potential source of error. Additionally the nature of the stain utilised
(alkaline phosphatase) did not allow for assessment of the capillary to fibre ratio and as such it is
unclear whether the reported changes were a result of true new vessel growth (angiogenesis) or
changes in myocyte dimensions (i.e. a reduction in cross-sectional area). In line with the findings of
the present study, Kayar and Banchero (1985) found unchanged capillary density and oxygen
diffusion distances in adult guinea pigs acclimated to 4°C over an 8 to 15 week period. Gao et al
(1997) also found no influence of cold acclimation on endocardial capillarity in adult rats chronically
exposed to a cold environment [226]. Similarly no growth was seen in mice exposed to the same
environmental conditions. The normal distribution of capillaries in the cold acclimated heart
suggests that oxygen delivery is not impaired and the lack of vessel growth suggests that the existing
capillary bed is more than adequate to meet the energy/oxygen demands of the myocardium. In fact
as oxygen diffusion occurs down the length of the capillary, it is possible that the eccentric
remodeling associated with cold acclimation is supported by an increase in arterio-venous oxygen
extraction. Simple measures of the arterio-venous oxygen difference could be used to confirm this
and stereological techniques could be applied to look at capillary length as well as capillary density in

the transverse plane.
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A review of previous studies suggests that the angiogenic response of the adult myocardium to
physiological stimuli may be somewhat limited with few investigators reporting changes in capillarity
during prolonged endurance exercise or in conditions of reduced oxygen availability [80]. Hypoxia as
an angiogenic stimulus seems unlikely in this modest model of ventricular adaptation and the
mechanical factors of vessel stretch and shear stress are seemingly ruled out by comparable heart
rates and rates of coronary blood flow demonstrated between cold acclimation and control hearts.
The suggestion that capillary growth occurs more readily in younger animals is not supported by the
results of the present study though no comparison between animals of different ages was made. It
cannot be ruled out that cold acclimation is an insufficient angiogenic stimulus compared with the

exercise regimes in which this relationship was first described.

Cold acclimation and LV contractile performance
Cardiac contractile performance was preserved in cold acclimated hearts representing a form of well

adapted remodelling. It is therefore possible to predict that in vivo under similar loading conditions
(i.e. heart rate, preload and afterload) cold acclimated hearts will eject a greater volume of blood
per beat and that the increase in mean arterial blood pressure (MAP) associated with cold
acclimation likely relates to an increase in the stroke volume of the myocardium (MAP = stroke
volume x peripheral vascular resistance). Indeed previous investigators have noted that cardiac
output is enhanced in animals exposed to cold environments for a prolonged period of time[223].
Additionally, according to the law of LaPlace, ventricular dilation without a concurrent increase in
wall thickness (based on the preservation of myocyte CSA) will elevate wall stress and thus oxygen

consumption, though no direct measure of oxygen consumption was made during this study.

Contractile reserve in response to B adrenoceptor stimulation was preserved in cold acclimated
animals despite evidence that circulating catecholamines are elevated during exposure to cold
environment [215, 220]. Previous studies have noted conflicting results with reports of both
increased [232] and decreased [228] contractile responses to adrenergic agonists following
prolonged periods of cold exposure. It is possible that the length of time of exposure to elevated
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circulating catecholamines is an inadequate stimulus at 4 weeks to result in the desensitisation of

adrenergic responses, as is seen during prolonged exposure to 3 adrenoceptor agonists.

Conclusion
In conclusion, the hypothesis that cold acclimation would induce left ventricular capillary growth and

changes in contractile performance has been rejected. Cold acclimation is associated with
ventricular luminal dilation, preserved contractile performance and a normal distribution of the

ventricular capillary bed.
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Figure 6.1. Schematic of changes in ambient temperature and hours of light per day over the 31
day cold acclimation process.
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Table 6.1. Effects of cold acclimation on organ mass and in vivo physiological parameters.

Control Cold Acclimated
Body mass 303 + 16.71 303 + 8.38
(8)
Heart mass 1.52 = 0.06 1.72 = 0.06**
(8)
Heart mass / Body mass 4.86 = 0.08 5.69 *+ 0.10***
(mg/g)
In vivo heart rate 392 +14 384+6
(BPM)
Mean arterial blood 100 = 3 112 +3*
pressure
(mmHg)

(n=6) The effects of cold acclimation *P<0.05, **P<0.01, ***P<0.001.
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Figure 6.2. Effect of cold acclimation on LV capillarity and myocyte morphology in the rat. (n=6). Treatment vs. Control; **P<0.01, ***P<0.001
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Figure 6.8. Representative images of LV subendocardial collagen content. Areas of collagen are
shown in blue (see arrows). Magnification x250.

Table 6.2. Effects of cold acclimation on ventricular phenotype.

Control Cold
Acclimated
Estimated ventricular volume 303+21 355+ 7%
(L)
Ventricular chamber stiffness 0.76 £ 0.06 0.84£0.04
(mmHg/ul)
Myocardial contractility 110+11 82+7
(mmHg/ml/g. wet weight)
Ventricular collagen content 2.54+0.19 2.66 £0.15
(%)
SERCA2 expression (A.U) 1.00+0.12 1.05+0.21

(n=6) The effects of cold acclimation; *p>0.05. Estimated ventricular volume and chamber stiffness
are assessed from the x intercept and slope of the linear portion of the LVEDP-volume relationship
respectively. Myocardial contractility is assessed from the mean slope of the stress strain relationship.
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Table 6.3. Effect of dobutamine (150nM) addition on cardiac performance of control and cold acclimated hearts.

Control Cold Acclimated
Untreated + Dobutamine (150nM) Untreated + Dobutamine (150nM)

HR (bpm) 229+ 25 231+32 240+ 8 2339

Peak SP (mmHg) 96 +9 123 +14 82+8 104 +12

LVDP (mmHg) 75+ 10 107 + 10%** 58+8 80 + 11%*
+dP/dt (mmHg/sec) 1719 +£ 199 2732 £ 197*** 1291 + 210 2001 + 325***
-dP/dt (mmHg/sec) -1343 + 125 -1992 + 177** -1190 + 265 -1443 + 194**
RPP (mmHg/min) 16300 + 1000 22800 £ 1300 13600 + 1300 18500 + 2600

% increase in RPP - 42 + 11** - 36+ 6**

(n=5-6). The effects of dobutamine; *p<0.05 **P<0.01, ***P<0.001. The effects of cold acclimation; Ap<0.01, *"p<0.001.
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Chapter Seven. Effects of increased capillarity on cardiac performance

and metabolism. Part 2: Atenolol

The roles of mechanical factors (shear stress, vessel wall tension and capillary stretch) in myocardial
capillary growth has already been discussed in detail in the main introduction of this thesis and to
avoid repetition these details have been omitted from this chapter’s introductory paragraphs. Of
interest to the present study is the reported improvement in cardiac performance following the
induction of chronic bradycardia. Both rabbits and pigs demonstrate an improvement in stroke work
and cardiac output at high workloads (demonstrated during acute pacing or adrenaline stimulation)
following 60 days of bradycardic pacing [85, 86]. This improvement is unassociated with any changes
in cardiac mass implying that hypertrophy of the muscle fibres (either concentric or eccentric
remodeling) does not occur. Instead it has been proposed that an increase in LV capillarity allows for
improved oxygen delivery, support greater performance when demand is increased. Numerous
studies have also demonstrated that myocardial function is preserved in HF when chronic
bradycardia is induced by the pharmacological agents (both I¢ current inhibitors [89, 233, 234] and
adrenoceptor antagonists [234, 235]) and that these treatments promote ventricular capillary
growth. However the role of angiogenesis in the beneficial actions of these agents is unclear as
bradycardia also reduces myocardial oxygen expenditure (decreased chronotropy) and has been
shown to induce favourable LV remodeling (i.e. reduced infarct size and increased LV growth) [89,

233-235].

Studies conducted to date in normal animals have relied upon in vivo measures of cardiac contractile
performance (e.g. dilution techniques) which are influenced homeostatic, neural and hormonal
mechanisms [85, 86]. In addition, these methods assess pump function rather than the instrinsic
contractility of the myocardium. Isolated heart preparations are a way to assess cardiac
performance and substrate metabolism away from these confounding factors and also provide a
direct assessment of the true contractility of the myocardium (i.e. controlled loading conditions).
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Chapter Aims

The primary aim of this chapter is to investigate the effect of improved capillarity on left ventricular
performance and metabolism in the isolated heart. This study is the first to assess the impact of
capillarity on the contractile function of the normal myocardium away from confounding neural,
hormonal and influences. B-adrenoceptor antagonism has been selected due to its simplicity, clinical
relevance, and for animal welfare reasons represented the least stress. To date there have been no
studies looking at the influence of chronic bradycardia on myocardial substrate metabolism in the
normal heart, which reflects a necessary ‘baseline’ required before exploiting bradycardia-induced

angiogenesis in myocardial infarction or hypertrophy.
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Materials and methods

Treatment regime

Animals were treated with atenolol, a selective B;-adrenoceptor antagonist, ad libitum in drinking
water at a concentration of 50 mg/L for 4 weeks, a final dose of 5mg/kg body weight/day. [236]
Sucrose was added to all water based treatments at a concentration of 5 g/L drinking water (0.5%

w/v) in a bid to disguise the taste of the drugs used.

Equations
The following equations have been used for the estimation of ventricle wall stretch during
bradycardia. Volumes were estimated from the linear regression of the latter portion of the diastolic

pressure-volume response curve and the % reduction in heart rate from in vivo measurements.
&

¥ = —mrd
3

=TI

Where V is the volume of a sphere, C the circumference of a circle and r is the radius of each

respectively.

Modifications of metabolism protocol

Rates of glucose and oleate metabolism were measured according to the protocols outlined in the
Chapter 2 with minor modifications. Rates of metabolism were measured at two workloads as
defined by set end diastolic pressures of 20 mmHg (low) or 80 mmHg (high). These loads were
defined after completion of the initial volume response curves in the two treatment groups. A set
end diastolic pressure was selected to normalise ventricular wall stress in these hearts.
Measurements were carried out in individual heart preparations resulting in a total of 4
experimental groups; control 20 mmHg, control 80 mmHg, atenolol 20 mmHg and atenolol 80

mmHg.
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Results

Experiments in the rat

Physiological Parameters
Animal body mass (343 + 13 vs. 330 £ 9 g. wet weight, Table 7.1), wet heart mass (1.42 + 0.05 vs.

1.44 +£0.19 g. wet weight, Table 7.1) and heart to body mass ratios (4.17 £ 0.19 vs. 4.35 + 0.18, Table
7.1) were comparable between control and atenolol treated animals. Atenolol treated animals
demonstrated a 10% reduction of in vivo heart rate at 4 weeks (411 = 10 vs. 372 + 8, P<0.05, Table
7.1). Mean arterial blood pressures were comparable between groups (95 + 4 vs. 94 = 1 mmHg,

Table 7.1).

Capillary supply

Capillary density (number of capillaries per mm?) was similar in the endocardial and epicardial
regions of control hearts (2500 + 27 vs 2642 + 96 capillaries/mm?, Figure 5.1B). Atenolol treatment
did not result in any significant changes in capillary density in either the endocardial (2500 + 27 vs.
2447 + 185 capillaries/mm?, Figure 5.1B) or epicardial regions (2642 + 96 vs. 2578 + 4, Figure 5.1B).
Myocyte cross-sectional area was significantly greater in the endocardial region of atenolol treated
hearts compared to controls (553 + 10 vs. 620 = 43um?, P<0.05, Figure 5.1A). Similarly capillary-to-
fibre ratio was significantly higher in the endocardial region of atenolol treated hearts (1.37 £ 0.01
vs. 1.47 + 0.02, P<0.05, Figure 5.1C). Myocyte cross-sectional areas and capillary-to-fibre ratios were
similar in the epicardial region of all hearts (Figure 5.1A and Figure 5.1C). Morphometric analysis
demonstrated similar values for nearest neighbour distances in the endocardial region (21.5 £ 0.1 vs.
21.9 £ 0.9, Figure 5.1D). The uniformity of capillary distribution was comparable between treatment

groups in this region (Figure 5.1D).

Ex Vivo Contractile Performance
Ex vivo intrinsic heart rates were unaffected by atenolol treatment (Figure 7.5A). Pressure

development increased proportionally with balloon volume until peak pressure development was
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reached at 300 pl in control hearts (Peak: 65 £ 9 mmHg, Figure 7.2A). Further increases in balloon
volume raised the end diastolic pressure and decreased the development of pressure in the ventricle
(Figure 5.2B). Similarly pressure development in the left ventricle of hearts from atenolol treated
animals increased in a manner proportional to balloon volume and was comparable to controls until
balloon volumes exceeded 300 plL (Peak: 65 £+ 9 mmHg, Figure 7.2A). Atenolol treated rat hearts
demonstrated comparable ventricular lumen volumes (318 + 16 vs. 333 + 32 pl, Table 7.2) and a
significant reduction in ventricular stiffness (1.07 = 0.13 vs. 0.80 + 0.06 mmHg/uL, P=0.06, Table 5.2)
when compared to controls. LVDP was significantly greater in atenolol treated hearts at balloon
volumes of 450 and 500 plL (Figure 7.2A). Similarly +dP/dt was significantly greater than control
values at balloon volumes of 400-500 L (Figure 7.3A). —dP/dt (Figure 7.3B) and CF (Figure 7.5B)
were comparable between groups at all balloon volumes. Histological analysis of collagen content
showed no difference between control and atenolol treated animals (2.34 + 0.25 vs. 2.10 + 0.26 %,
Table 7.2). SERCA2a protein expression was preserved in all treatment groups (Figure 7.4 and Table

7.2).

Estimation of passive stretch during prolonged diastole
Assuming a spherical ventricle volume of 300 pL we can calculate the effect of a 10% reduction in

heart rate on the stretch experienced at the ventricle wall in vivo.

Control

5E=ra r = 416 um
N

4.3
H?E—um‘

C=m2r. €= 26um

Atenolol

200

= v = 427 um

-

158



C=mwdr. €= 27 um

Therefore a 10% decrease in heart rate equates to a 3.85% increase in stretch of the ventricular wall

during diastole.

Cardiac Substrate Metabolism

Contractile performance

Ex vivo heart rates were similar at both low (20mmHg) and high (80 mmHg) workloads in control and
atenolol treated animals (Figure 7.9A). Left ventricular developed pressure (76 £ 7 vs. 84 + 7 mmHg,
Figure 7.9B), +dP/dt (1357 + 107 vs. 1267 + 66 mmHg/sec, Figure 7.9C) and -dP/dt (-1082 + 86 vs. -
1025 + 37 mmHg/sec) were comparable between treatment groups at a set end diastolic pressure of
20 mmHg. High workloads resulted in significant reductions in LVDP (76 + 7 vs. 54 + 4 mmHg, P<0.05,
Figure 7.9B), +dP/dt (1357 £ 107 vs. 875 = 39 mmHg/sec, P<0.001, Figure 7.9C) and -dP/dt (-1082 *
86 vs. -622 + 39 mmHg/sec, P<0.001) in control hearts. In atenolol treated hearts the increased
workload did not affect parameters of contractile function (Figure 7.9). At high workloads LVDP (54 +
7 vs. 72 £+ 6 mmHg, P=0.06, Figure 7.9B), +dP/dt (875 % 39 vs. 1267 + 67 mmHg/sec, P<0.05, Figure
7.9C) and -dP/dt (-622 + 39 vs. 945 + 91 mmHg/sec, P<0.01) were significantly greater than controls
at the same workload. CF was comparable between all groups and workloads average 7.8 + 0.4

ml/min/g. wet weight.

Control Metabolism

Rates of oleate oxidation were similar at both low and high workloads (62 + 13 vs. 59 + 9
nmoles/min/g. wet weight, Figure 7.12). Total *H labelled oleate incorporation in tissue lipids was
greater in hearts performing more work and represented a significant increase of °H oleate
incorporation into the triglyceride pool (1153 + 399 vs. 2238 * 460, p<0.001 nmoles/g. wet weight,
Figure 7.13). Incorporation of *H Oleate into phospholipids, diacylglycerol, free FAs and cholesterol
esters was comparable at both worklaods (Figure 7.13). Total tissue triglyceride content was no

different between control groups (4763 + 532 vs. 5140 + 662 nmoles/g. wet weight). No differences
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in the rates of glucose oxidation were noted between workloads in control hearts (186 + 22 vs. 245 *
19 nmoles/min/g. wet weight Figure 7.12). *C glucose incorporation into tissue glycogen was
unaffected by workload (2227 + 472 vs. 2238 + 460 nmoles/g. wet weight) as was total tissue

glycogen content (35800 + 3800 vs. 34900 + 3200 nmoles/g. wet weight).

Atenolol Metabolism

Comparable results were noted for atenolol treated hearts with no effect of workload on the rates
of oleate (78 £ 6 vs. 79 £ 12 nmoles/min/g. wet weight, Figure 7.12) and glucose oxidation (178 + 19
vs. 248 + 32 nmoles/min/g. wet weight, Figure 7.12). Similar to control hearts the jump in workload
significantly increased the incorporation of H into the tissue lipids attributed to an increase of *H
incorporation into the triglyceride pool (1554 + 369 vs. 2637 * 388 nmoles/g. wet weight,
P<0.001,Figure 7.13). Incorporation of *H oleate into phospholipids, diacylglycerol, free FAs and
cholesterol esters was no different at low and high workloads (Figure 7.13). No influence of
workload on *C incorporation into the glycogen pool (3607 + 835 vs. 3041 + 609 nmoles/g. wet
weight) or on total tissue glycogen content (38350 + 3664 vs. 36932 * 3427 nmoles/g. wet weight)

was noted in atenolol treated hearts.

Control vs. Atenolol Metabolism

No differences were noted between rates of exogenous substrate oxidation, total endogenous

energy stores and incorporation of exogenous tracers into these stores between treatment groups.

Experiments in the mouse

Total heart mass (144 + 9 vs. 173 + 11 mg. wet weight), the heart mass to body mass ratio (5.03 +
0.35vs. 6.16 + 0.39) and body mass were comparable between treatment groups (28.8 £ 0.3 vs. 28.1
+ 0.6 g. wet weight). Atenolol treatment was associated with a signficiant increase in the C:F ratio in
the subendocardium (1.73 + 0.03 vs. 1.87 = 0.03, P<0.01). No difference was noted in the
subepicardial region of the LV free wall (1.80 + 0.02 vs. 1.89 + 0.04). Myocyte CSA was compabale

between subendocardial and subepicardial regions. CD was comparable to controls in the
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subendocardium (3257 + 20 vs. 3339 + 142 capillaries/mm?) and both CD and myocyte CSA were
comparable subepicardial (CD: 3360 + 172 vs. 3462 + 349 capillaries/mm?, CSA:552 + 24 vs. 574 + 58

um?) region of the LV free wall.
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Discussion

Bradycardia and capillarity

In keeping with the findings of previous studies in the rabbit and rat [85, 86, 237-239] chronic
bradycardia stimulated capillary growth in the left ventricle of treated hearts compared with
controls. The precise nature of the stimulus for angiogenic growth during bradycardia is not clear
and several proposals have been made. Firstly the walls of the ventricle are exposed to greater
degrees of passive stretch during the prolonged diastolic period due to the enhanced filling time.
The capillaries of the myocardium are more tortuous during systole than in diastole and so will
experience an increase in abluminal stretch during this period [127]. Based on the in vivo data, this
represents a 9% increase in ventricular wall stretch during diastole in atenolol treated animals. This
however seems an unlikely angiogenic stimulus in the present study as capillary growth was limited
to the subendocardial region of the LV free wall. Secondly the enhancement of systolic force, due to
activation of the Frank-Starling mechanism, may promote vessel growth. Previous studies in the
rabbit have noted significant changes in ventricular capillarity following chronic inotropic
enhancement with dobutamine [165]. However heart rate and ventricular contractility are
maintained in the rat by a significant adrenergic drive from the sympathetic nervous system.
Treatment with atenolol will exert negative inotropic effects through antagonism of normal
sympathetic tone and so systolic forces seem an unlikely stimulus for growth in this model of chronic
bradycardia. A third potential stimulus is an increase in intraluminal capillary wall stress. Capillaries
have been observed to be wider during the diastolic period of the cardiac cycle and while the
velocity of red blood cell flow is reduced the pressure in these vessels does not change significantly
[127]. Therefore by applying LaPlace’s law we can see that the tension acting at the capillary wall is
much greater during diastole. These capillaries, which will be compressed during systole, will also be

exposed to a greater flow, and so shear stress, when HR is reduced.

Similarly to the present study Tasgal and Williams (1981) noted capillary growth in the innermost
subendocardial region of the normal rabbit myocardium during chronic treatment with propranolol
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while no changes were noted in the subepicardial layers [239]. It is, however, worthy of note that
significant atrophy of the ventricle was noted in this study suggesting reduction in cell size, rather
than new vessel growth may explain the increase in CD (no measure of myocyte CSA or C:F ratio was
presented). In keeping with the present study Ulu et al (2009) demonstrated a significant increase in
the capillary to fibre ratio in hearts from rats with ligation induced myocardial infarction [234]. Other
investigators have reported capillary growth in both subendocardial and subepicardial fields using
alternative methods of chronic bradycardia [85, 86] suggesting that there may be some relationship
between the pattern/degree of capillary growth and the reduction in heart rate achieved (fairly
modest with 3 blockade (10%) when compared to pharmacological I; current inhibition and electrical
pacing induced bradycardia (25-60%)). A 6% increase in C:F ratio was achieved with atenolol induced
bradycardia less than the 15% increase reported in paced rabbit hearts and in rats dosed with
alinidine. Extravascular compression during systole markedly limits coronary flow and as such the
majority of blood flow occurs during diastole. This extravascular compression is most pronounced in
the subendocardium making this region more susceptible to ischaemia, especially at low perfusion
pressures. In keeping with this during bradycardia there appears to be a redistribution of flow to the
subendocardium [240]. Therefore while global coronary flow rates are comparable between groups
it is possible that changes in blood flow distribution alter intra-luminal wall stress or shear stress
specifically in the subendocardial vessels. It cannot be ruled out that systolic forces also play a role in
capillary growth in other models of chronic bradycardia where the contractile state of the

myocardium is not modified (i.e. electrical pacing or alinidine).

The increase in capillary number noted in the present study was offset by a regional increase in
myocyte cross-sectional area. Such changes contrast with the earlier reports of Wright et a/ (1981) in
the rabbit [85], Brown et al (1994) in the pig [86], Tasgal and Williams (1981) [239] in the rabbit and
Brown et al (1990) in the rat [87] who all found significant changes in capillary density with normal
measures of myocyte size and/or ventricular mass. These studies however were conducted in older

animals than those used in the present study suggesting age may be an important defining factor in
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the angiogenic response of the myocardium. Data from the mouse, which demonstrate a signficant
increase in the C:F ratio in the subendocardial region without any change in CD, lends support to the

findings in the rat.

LV mass was comparable between groups in the present study suggesting that the regional myocyte
hypertrophy did not significantly alter LV wall thickness. This adaptation may be viewed as a
compensation for the increase stretch of the subendocardial region during diastole. There is also
evidence that angiogenesis itself may promote hypertrophy from studies utilising blood vessel
growth factors in the mouse [241]. Tirzui et al (2007) showed that treatment of mice with VEGF or
the regulatable induction of myocardial PR39 expression (a potent peptide stimulator of
angiogenesis and VEGF expression [242]) promotes blood vessel growth and myocardial hypertrophy
which normalises blood vessel distribution to similar values as those seen in untreated control

hearts.

Bradycardia and LV contractile performance

Atenolol treatment was associated with an increase the dynamic range of LV performance allowing
for greater pressure development at high intraventricular balloon volumes. This reflects a greater
efficiency of performance when expressed as a ratio of CF, and was demonstrated in the two
experimentally independent arms of the present study. Ventricular stiffness was lower in atenolol
treated hearts and is unrelated to alterations in diastolic function (comparable -dP/dt and SERCA
protein content), intra-ventricular collagen content and ventricular chamber volume. Thus an
increase in ventricular compliance appears to underlie the modified performance characteristics of
atenolol treated hearts. Figure 7.6 demonstrates how the shift in diastolic compliance seen in the
functional arm of the present study can predict the reduction in performance between hearts at
high workloads (80 mmHg) in the metabolism experiments. Several investigators have published
data suggesting that ventricular compliance and estimated LV chamber diameter is increased

following chronic adrenoceptor blockade with both B1 selective [243] and non-selective beta
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adrenoceptor antagonists [244, 245] without unaltered LV mass. While no alteration in LV volume
was noted in the present study it is possible that the reduction in heart rate achieved (9%) was an
inadequate stimulus to significantly alter LV geometry and it is some 15-20% lower than those
reported in other studies [244, 245]. It seems probable that the altered ventricular compliance is a
consequence of chronic stretch (i.e. volume load) during the prolonged diastolic period. Previous
investigators have reported that chronic bradycardia induced by electrical pacing in rabbits and pigs
is associated with an increase in cardiac output at high workloads (i.e. during dobutamine infusion
and paired pacing) [85, 86]. It was concluded that, as ventricular mass was unchanged, the noted
increase LV capillary content must support function by improving oxygen delivery and that this may
promote a more homogenous distribution of blood flow. However given the results of the present
study it is possible that these data can be explained through an increase in either LV compliance or
LV chamber volume which allows for a greater stroke volume without altering mass. In support of
this it has been reported that the elevation in stroke work associated with chronic bradycardia

preceeds the development of new capillaries in this model [127].

It seems that LV contractile function is unaffected by modest alterations in LV chamber compliance
though it is perceivable that the regional expansion of myocyte CSA in the subendocardial region
represents a compensatory mechanism to maintain pressure development in these hearts (though
LV free wall mass was comparable to controls). A significant alteration in ventricular compliance and
LV geometry without a thickening of the ventricular wall is often associated with chamber
dysfunction in accordance with the law of LaPlace (i.e. increase chamber diameter) [205-207]. In
contrast with this the benefits of chronic bradycardia following ischemic injury appear to be related

at least in part to a greater expansion of the ventricular dimensions.

While total LV collagen content did not differ between groups there is convincing evidence that
disorganisation of the fibrillar collagen network occurs models of volume overload preceeding an

expansion of the chamber volume which may have parallels with the present study where preload is
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increased by a chronic reduction in HR. Alterations in collagen cross-linking could explain how this
decrease in chamber stiffness is acheived. Moreover these changes are frequently associated with
normal or increased myocardial collagen content in keeping with the findings of the present study.
Collagen cross-linking can be assessed through a ratio of cyanogen bromide soluble and insoluble LV
hydroxyproline content [101] (this hydroxylated form of proline (amino acid) is found in few proteins

other than collagen [180]).

Previous studies have demonstrated that chronic treatment with atenolol promotes the growth of
new arterioles (diameter 6-50 um) in the LV free wall. While total CF was comparable between
treatment groups in the present study, it is possible that arteriolar remodeling may result in a more
homogenous distribution of blood flow to the subendocardial layers and that an improvement in
regional oxygen delivery can support greater performance at high workloads. Arteriolar density can
be assessed using simple histological techniques (i.e. a-smooth muscle actin stain). Regional blood
flow could be assessed through the infusion of radio-labelled or fluorescent labeled microspheres
and quantified as the total radioactivity or fluorescence in tissue homogenates excised from each

region of interest.

Bradycardia and substrate metabolism

Hearts perfused with both glucose and FAs demonstrated lower CF rates than those perfused with
glucose alone. This likely reflects alterations in the viscosity of the perfusate, indicating that vessel
shear rate/stress and not oxygen availability are responsible for the high coronary flow rates during

perfusion with crystalloid buffer solutions.

Despite the elevation of ventricular wall stress associated with an increase in LVEDP there was no
increase in the rate of oxidation of either exogenous glucose or exogenous oleate. This finding
contrasts with previous reports of enhanced glucose and/or oleateuptake and oxidation following an
increase in perfusion pressure and ventricular afterload in isolated heart preparations [8, 23, 26, 27,

38, 105, 108]. It is, however noted that a a significant increase in 3H labeled incorporation into tissue
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triglycerides occurred in hearts exposed to high workloads without any change to the size of the
total triglyceride pool. This suggests that hearts performing more work preferentially oxidised
enogenous triglycerides to meet the increase in ATP demand and that exogenous oleate was taken
up by the myocytes and desposited in the triglyceride pool preserving the content of this
endogenous energy store. Goodwin et al (1998) have previously demonstrated that when workload
is stimulated with adrenaline that rates of exogenous glucose oxidation and total B oxidation are
elevated without any signficiant changes to exogenous oleate oxidation and total myocardial
triglyceride content [135]. This study provides evidence that endogenous triglycerides are
preferentially utilized over exogenous FAs to meet the increased ATP demand associated with an
elevation of myocardial workload. At a molecular level it is known that intracellular concentrations
of free FA and acyl-CoA inhibit lysosomal lipase (LAL) and hormone-sensitive lipase (HSL), the rate
limiting enzymes in triglygeride breakdown [34-36]. When workload is elevated, B oxidation will
increase [23] resulting in a fall of intracellular free FA and acyl-CoA removing the inhibition of TAG
hydrolysis. Additional FA uptake may occur through the stimulation of CD36 translocation to the
sarcolemma allowing replenishment of the endogenous triglycerides [16]. These conclusions are
limited in the present study by the lack of information on the timecourse of endogenous oleate
incorporation into the triglyceride pool. This could be overcome through the use of a protocol to
pre-label the endogenous triglycerides with a radiolabelled FA tracer [32]. Following this ‘pulse’
period hearts can be perfused with a second radiolabelled FA allowing for dual measures of FA

oxidation from both exogenous and endogenous sources.

While previous investigations have reported on the influence of chronic bradycardia on cardiac
performance this study is the first to look at rates of substrate metabolism in hearts isolated from
these animals. It was originally hypothesised that any increase in ventricular contractile performance
resulting from atenolol treatment would be met through enhanced rates of substrate oxidation in
keeping with the delicate balance between oxygen/substrate supply and demand. Contradictory to

this, rates of exogenous and endogenous substrate oxidation were comparable between treated and
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untreated animals at both workloads. Given that the performance of atenolol treated hearts was
greater than that of controls, these data show an increased efficiency of contractile performance at
high workloads. As discussed earlier, the altered contractile performance in this model appears to
reflect changes in ventricular compliance rather than LV mass or altered myocardial contractility and

as such it is conceivable that ATP consumption and so substrate utilisation was unaffected.

Caveats and future work

Only a 10% reduction of in vivo heart rate was achieved through atenolol treatment which may
explain why only a modest degree of capillary growth was achieved. Previous investigators have
reported heart rate reductions of 25 to 60 % using 3 adrenoceptor antagonists, electrical pacing
strategies or the pacemaker current inhibitor alinidine and report significantly greater effects on
ventricular capillary growth [85-87, 239]. The use of alternative models, which do not alter the
contractile state of the myocardium, appear to be more successful in the stimulation of
angiogenesis, which implies that the enhanced contraction following prolonged ventricular filling is

an important stimulus for new capillary growth.

Conclusion

In conclusion chronic bradycardia induced by atenolol treatment is associated with an improvement
in contractile performance which appears to be related to an increase in LV chamber compliance.
Modest capillary growth was limited to the subendocardial region and any improvements in oxygen
diffusion were offset by regional myocyte hypertrophy which may reflect a compensatory

mechanism to maintain LV contractile function in these hearts.
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Table 7.1. Effects of atenolol treatment on cardiac mass and in vivo physiological parameters.

Control Atenolol
Body Mass 343 +13 330+9
(8)
Heart Mass 1.42 +0.05 1.44+0.19
(mg)
Heart Mass / Body Mass 417 +0.19 4.35+0.18
(mg/g)
LV Free Wall Mass 234 +£19 252+ 15
(mg)
LV Free Wall Mass/ Body 0.68 +0.05 0.77 £ 0.06
Mass
(mg/g)
In vivo heart rate 411+10 372 + 8*
(BPM)
Mean arterial blood 95+4 94+1
pressure
(mmHg)

(n=6-10). The effects of atenolol treatment; *P<0.05, **P<0.01.
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Figure 7.1. Effect of atenolol treatment on LV capillarity and myocyte morphology in the rat. (n=6) The effects of atenolol treatment; *P<0.05, **P<0.01.
Endocardium vs. Epicardium; ¥¥P>0.01.
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Figure 7.6. The influence of a change in ventricular compliance on pressure development at different end diastolic pressures. Blue and black represent
mean diastolic and systolic pressures during the ventricular pressure-volume protocol for control and atenolol treated hearts respectively.
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Figure 7.7. Representative western blots of SERCA2a and acylated tubulin. C = Control,

A=Atenolol

CONTROL

Figure 7.8. Representative images of LV subendocardial collagen content. Areas of collagen are

ATENOLOL

shown in blue (see arrows). Maghnification x125.

Table 7.2. Effects of atenolol treatment on ventricular phenotype.

Control ATENOLOL
Estimated ventricular volume 318+ 16 333+32
()
Ventricular stiffness 1.06 £ 0.03 0.89 +0.04*
(mmHg/ml)
LV stress-strain 61+13 77 £11
(mmHg/ml/g. wet weight)
Ventricular collagen content 2.34+£0.25 2.10+£0.26
(%)
SERCA2 expression (A.U) 1.00+0.11 1.12+0.08

(n=6) Estimated ventricular volume and chamber stiffness are assessed from the x intercept and sope of the
linear portion of the LVEDP-volume relationship respectively. Myocardial contractility is assessed from the
mean slope of the stress strain relationship. The effects of atenolol treatment; *P<0.05.
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of atenolol treatment; ¥¥P<0.01.
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Figure 7.10. Raw data plots of oleate oxidation against time. Data demonstrate rates of oleate oxidation in all preparations used in the calculation of mean
values (control 20 mmHg n=5, Control 80 mmHg n=6, Atenolol 20 mmHg n=6, Atenolol 80 mmHg n=6)
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Figure 7.12. Ex vivo left ventricular substrate oxidation rates in control and atenolol treated hearts at ‘low’ and ‘high’ workloads. Legend: C20 = Control
20 mmHg, C80 = Control 80 mmHg, A20 = Atenolol 20 mmHg, A80 = Atenolol 80 mmHg. Rates were calculated from the mean gradient of the linear
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Chapter Eight: Modifying capillary supply and substrate selection in
the hypertrophied heart.

PART A. Modifying capillarity in the hypertrophied heart

Cold acclimation + Atenolol
We have previously seen that chronic bradycardia induced by atenolol induces capillary growth in

the left ventricle of normal hearts and is associated with an improvement of contractile force at high
workloads (Chapter 7). The aims of this work were to investigate the effects of atenolol mediated
chronic bradycardia in the cold acclimated model of ventricular hypertrophy. A failure of
angiogenesis has been proposed as a major factor in the progression from well compensated
hypertrophy to heart failure [90, 91]. While cold acclimation represents a modest model of
physiological hypertrophy it is of interest to address the ability of the cold acclimated myocardium to
respond to angiogenic stimuli. Previous investigators have indicated that cold induced hypertrophy
occurs independently of the activation of the sympathetic nervous system in this model therefore
validating the use of atenolol as an agent in these experiments [246]. It was hypothesised, due to the
physiological nature of this model, that chronic bradycardia would induce ventricular angiogenesis

associated with enhanced contractile performance as previously described.

Cold acclimation + L-NAME
Chronic exposure to an elevation arterial blood pressure (i.e. increased afterload) is associated with

hypertrophic growth and capillary rarefaction which over time progresses to HF[247, 248]. However
hearts from L-NAME treated animals are able to normalise ventricular wall stress through a
reduction in the dimension of the LV which presumably maintains cardiac output (although in vivo
the dynamic range of these hearts may be reduced). Cold acclimation represents a well adapted
form of ventricular remodelling which allows for an increase in cardiac output through eccentric
remodeling of the ventricle and preserved contractile performance. The primary aim of this work
was to investigate the effects of chronic increase in afterload on oxygen delivery in the cold

acclimated model of hypertrophy. The aim of this study was to investigate the effects of exposure to
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the combined stressors of cold acclimation and chronic pharmacological NO synthase inhibition. It
was hypothesised that if the reduction in lumen dimension is aimed at reducing wall stress then the
addition of a stimuli which promotes eccentric remodeling would necessitate hypertrophic wall
thickening and due to the influence of L-NAME on angiogenesis (see chapter 5) that this would

occur without adaptive expansion of the capillary bed.

PART B. Modifying substrate selection in the hypertrophied heart

Cold acclimation + Fibrates
The heart exhibits marked metabolic flexibility utilising any available circulating substrate to closely

match energy supply and energy demand. Substrates compete with each other at various complexes
of the metabolic pathways allowing energy production to proceed unabated by changes in prevailing
substrate availability. Chronic alterations in substrate supply also result in adaptive changes to gene
and protein expression. The peroxisomal-proliferator activated receptors (PPAR), comprising of
alpha, beta and gamma isoforms, are regulated by the availability of free FA. PPAR-oc seems to be
the primary regulator of cardiac lipid metabolism and has been shown to regulate expression of
genes related to sarcolemmal FA uptake, FA intracellular transport, FA mitochondrial and
peroxisomal uptake and [-oxidation [249, 250]. When activated PPAR-cc translocates into the
nucleus where it heterodimerises with retinoid X receptor and binds to specific DNA sequences
(peroxisomal proliferator hormone response elements). These sequences are usually found in the
promoter regions of the genes and result in increased or decreased gene expression/transcription.
Down regulation in the expression of PPAR-cc and/or RXR has been shown in both animal [251] and
human [72, 252] heart failure, suggesting it has an important role in the switch towards increased

carbohydrate oxidation and suppressed FA oxidation.

Incorporation of the synthetic PPAR-a fenofibrate into the standard laboratory diet of cold

acclimated animals provides an opportunity to alter the balance between rates of FA and glucose
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oxidation in the myocardium. Experimental evidence suggests that treatment with PPAR-oc agonists
in this manner can up-regulate proteins involved in beta-oxidation, mitochondrial energy production
and FA uptake [253, 254]. Moreover direct application of PPAR-oc agonists to myocyte cultures and

chronic treatment of experimental mice with PPAR-oc agonists enhances the rate FA oxidation and
suppresses glucose oxidation [255, 256]. The efficiency of ATP production from FA in terms of O,
used per mole ATP produced has been shown to be less than that of glucose. Therefore by forcing
hearts to oxidize a greater proportion of FA the oxygen consumption per unit work/performance will
be elevated. Chronic fenofibrate dietary supplementation represents a novel mechanism to increase
oxygen consumption in the normal and hypertrophied heart without directly altering cardiovascular
parameters (i.e. workload and contractile function) and avoiding the toxic effects of agents used to

alter oxygen delivery (e.g. isoprenaline).

The aims of this work were to investigate the effects of fenofibrate on rates of metabolism and
contractile performance in the cold acclimated heart. It was hypothesised that driving up rates of FA
utilisation in this well adapted model of hypertrophy could push these animals into a dysfunctional
state. In addition fibrates will alter whole body oxygen demand, as evidenced by an decrease in the
respiratory quotient of rats treated with fibrates (CO, eliminated / O2 consumed), adding a further demand

induced stress to the system.

Summary
The general aim of this chapter was to apply different mechanisms to change workload and/or

oxygen consumption or oxygen delivery to establish whether changes can affect performance in the
hypertrophied heart. Additionally experiments have looked at whether changes in workload (i.e.

cold acclimation) can directly alter substrate metabolism.

Material and methods
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Treatment regimes

Cold acclimation, atenolol and L-NAME

Details of the cold acclimation protocol and both the atenolol and L-NAME treatment regimens are
presented in the relevant previous chapters.

Fibrates

Fenofibrate, a peroxisomal proliferator activated receptor o« (PPARcc) agonist, was incorporated into
standard laboratory rodent diet to give a dose of 1g/kg body mass. Based on average food intake in
the rat [257] this gives a dose of 100 mg/kg/day [258]. Animals had ad libitum access to both diet
and water during the dosing period. The fenofibrate diet was fed for a total of 7 days prior to

collection of the samples.

Control data
Experiments were conducted at the same time as those presented in Chapter 5 and as such the

control data shown in the present chapter is the same as that presented previously.

Chapter Legend
CON = Control, CA = Cold acclimation, CAA = Cold acclimation + Atenolol, CAL = Cold Acclimation + L-

NAME, FEN= Fenofibrate, CAF = Cold acclimation + Fenofibrate.
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Results

PART A. Modifying capillarity in the hypertrophied heart
Experiments in the rat

Effect of cold acclimation and L-NAME treatment on capillarity and ventricular contractile
performance

CAL animals had significantly greater mean arterial blood pressures (102 + 3 CON vs. 122 + 5 CAL
mmHg, P<0.01, Table 8.1) and comprable in vivo HRs (386 + 5 CON vs. 371 + 13 CAL bpm, Table 8.1)
compared with CON. Combined chronic nitric oxide synthase inhibition and cold acclimation resulted
in the development of significant systolic LV dysfunction at 4 weeks. Pressure development (Peak; 82
t 6 vs. 57 £+ 6 mmHg, P<0.05, Figure 8.2A) and +dP/dt (Peak; 1352 + 76 CON vs. 957 = 64 CAL
mmHg/sec, P<0.01, Figure 8.3A) were significantly reduced in comparison to CON. Ventricular
relaxation (-dP/dt) was also significantly impaired (Figure 8.3B). Despite an increase in cardiac mass
there was a 17% reduction in LV lumen volume (335 £ 15 vs. 278 + 6 plL, P<0.01, Figure 8.2B) and no
change to the cross-sectional area of myocytes from the subendocardial (693 + 26 CON vs. 682 + 85
CAL pum?, Figure 8.1A) and subepicardial (539 + 57 CON vs. 504 + 52 pm?” CAL, Figure 8.1A) regions of
the LV free wall. CAL animals gained weight slower that CON demonstrating a 21 % lower body
weight 4 weeks from the commencement of treatment (313 + 17 CON vs. 265 + 8 CAL g. wet weight,
P<0.05, Table 8.1). Diastolic-pressure volume relationships showed a slight leftward shift in keeping
with a reduction in LV lumen dimensions (Figure 8.1B). Ventricular chamber stiffness was also similar
between groups (0.84 * 0.06 CON vs. 0.77 = 0.06 CAL mmHg/uL, Figure 8.1B). Myocardial
contractility (estimated systolic stress-strain) was unaffected by CAL treatment (85 + 14 CON vs. 67
7 CAL mmHg/ml/g. wet weight, Figure 8.4). Capillary density was similar in subendocardial (2390 *
17 CON vs. 2274 + 144 CAL capillaries/mm?, Figure 8.1B) and subepicardial (2864 + 151 CON vs. 2829
+ 269 CAL capillaries/mm?, Figure 8.1B) regions. Capillary to fibre ratio was also no different

between groups in the subendocardium (1.47 + 0.04 CON vs. 1.53 + 0.02 CAL, Figure 8.1C) and
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subepicardium (1.42 + 0.06 CON vs. 1.38 + 0.02 CAL, Figure 8.1C). Despite significant systolic
dysfunction the inotropic responses to dobutamine perfusion (150nM), expressed as a percentage

change in RPP, were enhanced in hearts from the CAL treatment group (Table 8.3).

Effect of cold acclimation and atenolol on capillarity and ventricular contractile performance
CAA animals demonstrated similar body mass (313 + 17 CON vs. 323 + 16 CAA g. wet weight, Table

8.1) heart mass (1.20 + 0.06 CON vs. 1.26 + 0.08 CAA g. wet weight, Table 8.1) and heart to body
mass ratios (3.87 £ 0.03 CON vs. 3.71 + 0.11 CAA, Table 8.1) as CON. Capillary density, myocyte size
and capillary-to-fibre ratio was comparable to CON in both the subendocardial (CD: 2390 + 17 vs.
2274 + 144 capiIIaries/mmZ, C:F: 1.42 £ 0.04 vs. 1.51 + 0.02 MYO: 693 * 26 vs. 684 + 63 umz, Figure
8.1) and subepicardial (CD: 2864 + 151 vs. 2616 + 171 capillaries/mm?, C:F: 1.42 + 0.06 vs. 1.38 +
0.02, MYO: 539 + 57 vs. 595 *+ 26 umz, Figure 8.1) regions of CAA hearts. CAA hearts demonstrated a
significant rightward shift in the LVDP-volume relationship and mild impairment of systolic function
at balloon volumes of 150-200 ulL (Figure 8.2A). Peak pressure development was comparable
between CAA and CON hearts (83 + 8 CON vs. 75 + 5 CAA mmHg, Figure 8.2A). CAA hearts had
reduced ventricular stiffness (0.84 + 0.06 CON vs. 0.61 +0.05 CAA mmHg/ulL, P<0.01, Figure 8.2) and
comparable LV volume as CON (335 + 15 CON vs. 370 + 21 CAL plL). +dP/dt was comparable to CON
at all workloads (Figure 8.3A) while —dP/dt demonstrated a slight impairment at intraventricular
volumes between 100-250 pL (Figure 8.3B). The slope of the estimated systolic stress-strain
relationship was similar between CON and CAA hearts (85 + 14 CON vs. 75 + 6 CAL mmHg/ml/g. wet
weight, Figure 8.4). The inotropic responses to dobutamine perfusion were comparable to CON

(Table 8.3).

Experiments in the mouse
Capillary density, myocyte size and capillary-to-fibre ratio was comparable to CON in both the

subendocardial (CD: 3257 + 19 vs. 3339 + 147 capillaries/mmz, C:F: 1.73 £ 0.05 vs. 1.76 £ 0.03 MYO:

546 + 10 vs. 538 + 30 pmz, Figure 8.1) and subepicardial (CD: 3360 + 172 vs. 3211 + 203 mm?, C:F:
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1.80 £ 0.02 vs. 1.77 £ 0.04, MYO: 552 + 24 vs. 578 + 42, Figure 8.1) regions of CA mice treated with L-

NNA.

PART B. Modifying capillarity in the cold acclimated heart

Experiments in the rat

Effect of fenofibrate on ventricular contractile performance and substrate metabolism
Plots of both oleate and glucose oxidation are presented in Figures 8.6 and 8.7 respectively. Total

rates of exogenous glucose and oleate oxidation were comparable between CON (Glucose: 214 + 32,
Oleate: 71 + 10 nmoles/min/g. wet weight), CA (Glucose: 263 + 34, Oleate: 77 + 12 nmoles/min/g.
wet weight), FEN (Glucose: 246 + 48, Oleate: 68 + 14 nmoles/min/g. wet weight) and CAF (Glucose:
235 + 55, Oleate: 90 + 13 nmoles/min/g. wet weight) hearts (Figure 8.8). Total *C incorporation into
glycogen and 3H oleate incorporation into tissue lipids were unaffected by CA, FEN or the
combination of both (Table 8.4 and Figure 8.9). None of the treatment regimes had any effect on
animal body mass, heart mass or heart to body mass ratio (data not shown). Left ventricular
contractile performance was similar in all experiments and between treatment regimes (Figure

8.10).

Experiments in the mouse
Treatment of mice with FEN caused a significant increase in liver mass (1.48 + 0.07 vs. 2.79 + 0.48 g.

wet weight) while body mass (28.8 + 0.3 vs. 27.8 + 0.6 g. wet weight) and heart mass (144 + 9 vs. 152
+ 8 mg. wet weight) were similar to CON. Similar results were seen in CA mice treated with FEN (data

not shown).
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Discussion
PART A. Modifying capillarity in the hypertrophied heart

Cold acclimation + Atenolol
The lack of hypertrophic growth during cold acclimation in animals dosed with atenolol implies that

this remodelling is mediated in part through B1 adrenergic signaling. As previously discussed
(Chapter 4) B adrenoceptor agonists have direct trophic effects on the myocardium promoting
hypertrophic growth [141, 149-154]. Increased sympathetic drive associated with cold exposure
therefore provides a likely stimulus for the increase in cardiac mass associated with cold acclimation
(i.e. fibre elongation). These data are at odds with the report of Sun et al (1997) who found that
hypertrophy was maintained in chronically cold exposed rats treated with propranolol [246], a
difference which may reflect the method of cold exposure used i.e. animals were exposed directly to
4°C for a 4 week period in contrast to the gradual acclimation procedure used in the present study.
In addition to the direct influence of adrenergic stimulation an increase in sympathetic drive may
increase the activity of the renin-angiotensin system (RAS), a known consequence of cold exposure
[222]. Renin release from the kidney is under sympathetic control and as such chronic beta blockade
may suppress the secretion of renin in during exposure to a cold environment [259]. Circulating
renin cleaves angiotensinogen to angiotensin |. Angiotensin | is converted to angiotensin Il by the
angiotensin-converting enzymes which then binds to the AT, and AT, receptors mediating its effects
on the cardiovascular system (including vasoconstriction, hypertrophic growth and modulation of
myocardial angiogenesis (see below)). In addition angiotensin Il may stimulate the production of
aldosterone, which mediates sodium and water reabsorption in the kidneys and so regulates blood
volume. Despite this, studies conducted to date suggest that the renin-angiotensin system does not
contribute to the myocardial hypertrophy induced by chronic cold exposure. Experiments with
combined cold exposure and captopril (an angiotensin converting enzyme inhibitor) therapy
demonstrate a reduction in the cold induced increase in arterial blood pressure but no alteration in

the hypertrophic response [219]. Similarly myocardial hypertrophy occurs in response to cold
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acclimation in mice engineered to lack the gene encoding for angiotensinogen [231]. Experiments
conducted in rats exposed to moderate cold environments (15°C) for 6 weeks have shown that
circulating blood aldosterone concentrations are signficantly greater than those of controls animals
and that this occurs independently of any activation of the renin-angiotensin system or alterations in
the hydromineral balance (i.e. blood potassium and sodium content) ref. In future work it would be
necessary to measure the circulating and tissue level expression of components of the renin-
angiotensin-aldosterone system to estimate its potential involvement in cold induced hypertrophy
and to assess the mechanisms of action of atenolol in preventing this hypertrophy. Significant renin
release may still occur during cold exposure due to catecholamine binding to the ai-adrenoceptors in

the kidney [260].

Despite a similar reduction in HR to that seen in the atenolol experiments, ventricular capillarity was
comparable to controls in the LV free wall of CAL hearts. Previous studies utilising propranolol
treatment in exercise have failed to show any changes to ventricular capillary supply [261] and
parallels may be drawn between the physiological adaptation associated with exercise and cold
acclimation (i.e. increased sympathetic drive). Reductions in the angiogenic capacity of the
myocardium could be mediated by alterations in the renin-angiotensin-aldosterone system.
Angiotensin Il acts as both a promoter and inhibitor of angiogenesis in the myocardium through
binding to the AT; and AT, receptors, respectively [262, 263]. Therefore it would be prudent to
measure the expression of these receptors in the myocardium as well as measures of the activity of
the renin-angiotensin-aldosterone system (i.e. circulating rennin, circulating and tissue All). A more
elegant experiment may be to investigate bradycardia mediated angiogenesis in AT, and AT, gene

knockout mice in both normothermic and hyperthermic conditions.

Chronic bradycardia in CA animals was associated with a significant increase in ventricular
compliance and a rightward shift in the LVEDP-volume relationship. This increase in ventricular

compliance was greater than that seen during dosing with atenolol in normal animals (9% vs. 26%
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(mean values), Table 8.2) despite a similar reduction of in vivo HR. It is not clear why this occurs
however previous studies have demonstrated an increase in the circulating blood volume of animals
exposed to cold environment for prolonged periods of time; a potential effect of an increase in
circulating aldosterone in a manner independent of the activity of the renin-angiotensin system
[218]. Therefore it is plausible that preload, and so ventricular stretch, is enhanced by the combined
effects of increased venous return and an increase in the diastolic period of the heart beat. CAA
hearts demonstrated a rightward shift in the LVDP-volume relationship with poor systolic LV
performance at low intra-ventricular balloon volumes. This represents a change in the normal
operating range of these hearts rather than a loss of intrinsic myocardial contractility (as evidenced
by the preservation of peak LVDP and the systolic stress-strain relationship). These data appear to
demonstrate a suprising adaptation to chronic volume overload independent of the well described
model of eccentric hypertrophic growth. As discussed previously alterations in the volume capacity
of the myocardium may underlie reports of enhanced stroke work at high workloads following
chronic bradycardia in rabbits and pig [85, 86]. The lack of subendocardial hypertrophy, as seen in
normal animals dosed with atenolol, provides indirect evidence that this regional myocyte expansion

is linked to capillary growth.

Cold acclimation + L-NAME
The combination of CA and chronic nitric oxide synthase inhibition results in an increase in cardiac

mass without any perceivable change in either myocyte cross-sectional area and a 17% reduction in
ventricular chamber volume compared with controls (Table 8.2). This, at least in part, represents the
combined early effects of L-NAME induced hypertension (i.e. a reduction in LV volume with no
change in mass) and the eccentric remodeling associated with a gradual reduction in ambient
environmental temperature and day length. L-NAME induced hypertension has been shown to occur
within one week and therefore in this model the hypertensive stimulus may precede an increase in
sympathetic drive resulting from the gradual reduction in ambient temperature.Therefore the

eccentric remodeling associated with CA likely occurs in a heart with significantly reduced LV lumen
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volume but preserved LV mass resulting in the cardiac phenotype demonstrated in the present
study. However if we assume that hearts from L-NAME treated animals are representative of CAL
hearts before eccentric hypertrophy occurs then we can see that the increase in the cardiac mass to
body mass ratio (23%, Table 8.2) cannot account for the pronounced expansion of the ventricle
lumen (102%, compared to L-NAME hearts). Whereas in normal animals the CA induced expansion
of the LV volume (17%, Table 8.2) is reflected in the percentage increase in cardiac mass (13%, Table
8.2) and the cardiac mass to body mass ratio (17%, Table 18.2). Therefore CAL induced remodeling
may represent a model of ventricular dilatation where there is significant expansion of the LV lumen
and a dramatic thinning of the LV wall. Potentially this could occur as a net effect of myocyte
elongation and cell death or as a result of myocyte slippage. The latter occurs in models of ischemic
injury [205], chronic pressure [206] and chronic volume overload [207] and describes how individual
fibres of groups of fibres can ‘slide’ in a transmural fashion to alter ventricular geometry without
significantly affecting ventricular mass. This internal rearrangement of the fibres is thought to
involve matrix metalloproteinases (MMPs) that degrade the extracellular matrix and whose
expression is modified in experimental models of myocardial infarction [264]. Inhibitors of MMPs
have been shown to prevent cardiac dilation and pump dysfunction in models of chronic pressure
overload [265]. While systolic chamber function was markedly depressed estimates of true
myocardial contractility (LV systolic stress-strain) were comparable between cold acclimated and
control hearts. These data demonstrate that the impairment of systolic function in cold acclimated
hearts treated with L-NAME is a result of geometric insufficiency (e.g. chamber dilation) rather than
any alteration in the intrinsic contractile function of the myocardium. We discussed earlier (Chapter
1), through the law of LaPlace, how geometric expansion without wall thickening increases
ventricular wall stress and negatively impacts upon LV contractile function. Similar impairment of
systolic LV function has been demonstrated in models of chronic pressure overload and prolonged
isoprenaline dosing [101, 205-207]. Nitric oxide is a regulator of 3 adrenergic signaling and in both L-

NAME and CAL hearts resulted in an augmentation of the inotropic response to perfusion with
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dobutamine. Therefore it is possible that the combination of an increase in circulating catecholamine
concentrations and increased sensitivities of the § adrenergic pathway could result in myocardial

damage and thus chamber remodeling.

No measure of fibrosis was made in the present study which could be used to give some indirect
indication of cell death. Methods such as DNA strand breaks or caspase activation (i.e. 3, 6 and 9 -
the effecter caspases which cleave other protein substrates and trigger the apoptotic process) could
also be used to quantify the degree of cell death in these hearts. The transmural myocyte
distribution could be assessed using low-powered electron microscopy to look the potential role of

myocyte slippage in the expansion of the lumen diameter in this study.

PART B. Modifying substrate selection in the hypertrophied heart
Treatment of normothermic and CA animals with fenofibrate did not alter rates of ex vivo substrate

oxidation in the present study. Dosing regimens were based upon those reported in previous studies
and are known to have an effect on whole body FA utilisation. While no measure of the efficacy of
fenofibrate treatment was made in the rat an increase in liver weight was noted in mice treated with
the same regime. PPAR-o. agonists are known to have pronounced effects on fatty acid uptake,
synthesis and deposition in the rodent liver and an increase in liver mass in the present study likely
represents a bi-product of these influences. Further to this efficacy of fenofibrate treatment could
be confirmed through measurement of the respiratory quotient in a metabolic chamber (CO,
eliminated / O2 consumed) Which provides information on the contribution of substrates (i.e.
carbohydrates, FAs and proteins) to ATP generation in the whole animal (a similar method could be
applied to the isolated heart). A reduction in whole body RQ has been noted in humans dosed with
PPAR-a. agonists, indicating increased rates of FA oxidation [266]. PPAR-o. mRNA expression in
homogenates of cardiac tissue has also been used as a quantifiable measure of PPAR-a activation
[267]. Any direct effects cardiac metabolic capacity could be assessed through measurement of the

expression of genes of FA uptake and oxidation and their encoded proteins. Early reports in isolated
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cardiac myocytes showed that exposure to PPAR-a agonists resulted in an increase in the expression
of genes encoding CPT1, MCAD, Uncoupling protein 3 (UCP3) and LCAD [255]. Similarly several in
vivo studies have showed that PPAR-a. agonists can increase the FA oxidative capacity in the adult
rodent heart [253, 254]. It is unknown whether alterations in gene and protein expression occurred
in the present study but these changes were not manifested in changes to substrate selection.
Substrate utilisation in the myocardium is regulated by the energetic workload of the heart, the
relative availability of circulating substrates and the influence of circulating insulin and
catecholamine’s. Metabolic rate and flux through the individual pathways and reactions is therefore
influenced by the activity of various enzymes in the metabolic pathway and is not dictated directly
by gene or protein expression (unless the expression is severely altered, as occurs in HF). Previous
studies have demonstrated that circulating free FA and serum triglycerides are significantly reduced
in PPAR-a agonist treated rodents [267, 268] As FAs are the natural ligand activator of PPAR-a it
seems is probable that in the present study there are two opposing influences on cardiac FA
metabolism; 1) the supplementation of fenofibrate and 2) a potential fall in the levels of circulating

lipids — though no measure of the latter was made.

There is some controversy as to whether treatment with PPAR-a agonists is able to increase rates FA
oxidation in the myocardium. Direct application of PPAR-a agonists to cultured myocytes enhances
the rate of FA oxidation, however these experiments remove the confounding influence of
alterations in circulating substrate availability [254]. Hafstad et a/ (2009) have also demonstrated a
significant increase in FA oxidation and a suppression of glucose oxidation in mice treated with the
PPAR-a agonist tetradecyithioacetic acid, the only study to date to demonstrate such changes in
normal animals. Other investigators have noted that PPAR-a agonists are able to prevent the
substrate switch associated with aortic banding induced HF, but did not report any alteration in
substrate oxidation rates in sham operated animals treated under the same dosing regimen [269,

270]. In a study in the pig Xu et al (2005) found that FEN had no effect of FA uptake or CPT-1j3
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(muscle type) expression in the myocardium [271]. Aasum et al (2005) found that the PPAR-a

agonist BM 17.0744 did not alter rates of FA oxidation in the hearts of normal mice [272].

There is significant controversy as to whether reactivation of PPAR-a in models of de-compensated
hypertrophy has any effect on myocardial contractile performance. Young et al (2001) have
demonstrated that in hypertrophied hearts (induced by aortic banding) PPAR-a agonists prevented
the switching of substrate utilisation associated with heart failure and resulted in rapid contractile
dysfunction in the treatment group [269]. Contrary to this Labinskyy et al (2007) found that
fenofibrate prevented the alterations in cardiac metabolic phenotype without changing the onset of
de-compensation in pacing induced heart failure in dogs [270]. Myocardial contractile performance
and rates of ex vivo substrate oxidation were comparable in CON and CA hearts in the present study.
These findings are in keeping with those reported by Cheng and Hauton (2008) [140]. Fenofibrate
dietary supplementation did not affect the contractile performance of CON or CA hearts which
demonstrates the well compensated hypertrophic phenotype in this model (i.e. preserved
contractile function and substrate selection). As PPAR-o. agonists did not alter substrate oxidation
rates in the present study it cannot be ruled out that an increase in the reliance upon FA oxidation

could increase O, demand and drive this well compensated model into failure.

The use of PPAR-a-null and MHC-PPAR-a. mice could provide an alternative approach to alter
substrate selection in the rat heart. Experiments could be carried out to assess the response of these

animals to chronic cold exposure providing a two-tailed experimental approach.

Conclusions
Attempts to alter both ventricular capillarity and myocardial substrate selection in the CA heart have

been unsuccessful.
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Table 8.1 Effects of treatment on in vivo physiological parameters and cardiac phenotype hearts from the cold acclimation + treatment study.

Control Cold + Atenolol Cold + L-NAME
Body Mass 313+17 323+16 265 = 6**
(g)
Heart Mass 1.20+0.06 1.26 £ 0.08 1.26 £ 0.06
(g)
Heart mass / Body Mass 3.87+£0.03 3.71+0.11 4,77 +0.26**
(mg/g)
In vivo heart rate 3865 339 +19* 35715
(BPM)
Mean arterial blood 102+3 103 +4 122 + 5**
pressure
(mmHg)
Estimated ventricular 335+15 370+ 21 278 £ 5 **
volume
(L)
Ventricular stiffness 0.84 £0.06 0.77 £0.06 0.61 £ 0.05**
(mmHg/ml)
LV systolic stress-strain 8514 7516 677
(mmHg/ml/g. wet
weight)

(n=5-6) Different from control; *P<0.05, **P<0.01.
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Table 8.2 Summary of effect of treatment regimes on in vivo parameters and ventricular phenotype.

Cold Acclimated L-NAME Cold acclimation + L- Atenolol Cold acclimation +
NAME atenolol
Body mass - ™ N - -
Heart mass ™ - Unchanged - -
Heart to body mass ratio ™ - ™ - -
In vivo HR - - N N N
MAP D P D : i
Unstressed LV volume ™ NN N - -
Ventricular stiffness - ™~ - ™ NN

LEGEND: - = comparable to control values, 1 = greater than control values, J, = less than control values. Number of arrows indicates the degree of
change associated with each treatment.
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Table 8.3. Effect of dobutamine (150nM) perfusion on cardiac performance of control and cold + treatment hearts.

Control Cold acclimation + atenolol Cold acclimation + L-NAME
Untreated Dobutamine (150nM) Untreated Dobutamine (150nM) Untreated Dobutamine (150nM)
HR (bpm) 233+ 14 245 + 16* 200 + 12 220 + 8* 226 +17 244 + 28
Peak systolic pressure 99 +8 118 + 10** 93+9 107 + 12* 58 + 1%¢ 67 £ 6%
(mmHg)

LVDP (mmHg) 78+7 96 + 7*** 79+9 93 + 12* 36 + 258 48 + 5*5%
+dP/dt (mmHg/sec) 1267 + 179 1884 + 287** 1162 + 141 1776 +243** 474 + 26%% 711 + 36%*%%
-dP/dt (mmHg/sec) -931+139 -1291 + 200** 799 + 94 -1194 + 187** -340 + 35%% 450 + 34%*3&

RPP (mmHg/min) 18000 + 1500 23500 + 2800** 15500 + 1300 20200 + 2100** 8000 + 600%%* 11400 + 800***%
Change in RPP (%) - 303 - 304 - 42 +1%

(n=5-6). The effects of dobutamine; *p<0.05, **P<0.01, ***P<0.001. The effects of cold+L-NAME treatment; ¥p<0.05, *¥p<0.01, **¥p<0.001.
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Figure 8.6. Raw data plots of oleate oxidation against time. Data demonstrate rates of oleate oxidation in all preparations used in the calculation of mean
values (Control n=7, Cold n=6, Fibrate n=7, Cold + Fibrate n=6)
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Table 8.4. Effect of cold acclimation and fenofibrate treatment on endogenous energy stores and labelled tracer incorporation during the 60-minute
perfusion protocol.

Control Cold Acclimated Fenofibrate Cold acclimated +

fenofibrate
Total tissue triglycerides (umoles/g. wet weight) 3.91+0.49 4.35+0.65 5.13+0.75 4.68 £0.51
Total tissue glycogen (umoles/g .wet weight) 28.48 +2.27 33.83+3.36 33.13+1.97 25.36 + 3.50

Total *H-oleate incorporation into tissue lipids
(umoles/g. wet weight) 1.02+0.29 0.80+0.11 1.07+£0.12 1.26+0.25

Total *C-glucose incorporation into tissue glycogen
(umoles/g .wet weight) 4.12+0.10 3.55+0.45 5.22+1.14 3.75+0.51
(n=6-7)
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Chapter Nine: General Discussion

Summary of findings
This aims of this thesis were to investigate the influence of alterations in capillary number and

distribution on ventricular contractile performance and substrate metabolism. Attempts were made
to modify capillarity through prolonged exposure to physiological stressors such as elevated arterial
blood pressure (L-NAME), B adrenoceptor activation (isoprenaline), prolonged exposure to a cold
environment and chronic heart rate reduction (atenolol). In addition attempts were made to modify
oxygen consumption through alterations in substrates selection (PPAR-a). The selection of
physiologically and clinically relevant angiogenic and hypertrophic stressors represents a novel
approach contrasting with previous studies utilising surgical interventions (i.e. aortic banding,
electrical pacing) and genetic models (i.e. gene upregulation and downregulation). The super-
physiological influence of both surgical and genetic techniques confounds any interpretation of the
contribution of a failure of angiogenesis to the development of contractile dysfunction and
metabolic abnormalities in HF. The present study is the first to attempt a direct comparison between
alterations in ventricular capillary supply, cardiac contractile performance and substrate utilisation in

the myocardium.

The myocardium demonstrates surprising plasticity in response to chronic alterations in both
preload (atenolol) and afterload (L-NAME). The adaptive alteration in ventricular compliance
associated with prolonged filling, during atenolol mediated bradycardia, occurs without any
alteration to systolic performance. This implies that the increase in maximal stroke work evidenced
in previous studies of chronic bradycardia is a result of an increased stroke volume capacity rather
than improvements in myocardial oxygenation. Indeed previous investigators have noted that
ventricular oxygenation does not fall to the critical level which would inhibit myocardial energetics
during maximal cardiac work (i.e. stimulation with adrenaline) [95, 273]. Therefore it seems unlikely

that a reduction in oxygen diffusion distances could support an improvement in function noted in
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these studies [86, 87]. Chronic exposure to L-NAME was associated with a reduction in the
ventricular lumen volume demonstrating that hypertrophic growth is not a necessary adaptation to
preserve cardiac output in response to arterial hypertension. The preservation of LV contractile
performance despite a significant reduction in coronary blood flow is a clear indication that, even in
conditions of reduced oxygen content (i.e. crystalloid vs. blood perfusion), that the availability of
oxygen is not limiting to performance. The contractile dysfunction noted after 10 days of
isoprenaline treatment is unrelated to ventricular capillarity as a similar distribution of the capillary
bed was noted in the 3 day treatment group. Inotropic responses to dobutamine were similar in all
groups, implying that oxygen availability was again not limiting to performance despite pronounced
concentric ventricular hypertrophy without adaptive angiogenic growth. Chronic exposure to a cold
environment is associated with eccentric ventricular remodeling and the preservation of cardiac
systolic performance. Despite a significant increase in cardiac workload in vivo there was no
alteration in LV capillarity showing that hypoxia driven angiogenesis did not occur. In summary these
data demonstrate that myocardial oxygenation is adequate and can support myocardial contractile
function over a range of workloads and in conditions of ‘reduced’ oxygen availability. These data
may contrast with reports in the mouse which suggest that a failure of angiogenesis to keep pace
with myocardial expansion results in poor contractile performance [90, 91]. However Flanagan et a/
(1991) found that inhibition of myocardial angiogenesis with protamine in young aortic banded
lambs reduced maximal LV CF but did not impair contractile performance, lending support to the
findings of the present study [97]. Additionally there is no direct evidence that the failing heart is
hypoxic, even at high workloads [95, 273], and it may be that the phenotypic changes associated
with HF are unrelated to a lack of oxygen availability or a failure of angiogenesis to normalise oxygen

delivery.

It has to been accepted that a number of the models used in the present study failed to achieve their
aims of increasing (CA, atenolol, CAA) or decreasing (L-NAME and CAL) CD in the LV. This may
provide evidence that capillary growth in the adult heart is somewhat limited. The death of a large
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number of animals early in this project has led to restrictions on the treatment regimens that would
be permitted and has somewhat limited the scope of the work. As such completion of the
isoprenaline study to look at LV substrate metabolism was not possible. Additionally the use of
previously described models for inducing changes in ventricular CD (alinidine (requiring injection) or

electrical pacing) was unavailable (see future experiments).

Methodological considerations

SERCA activity

While normal expression levels of SERCA2a protein were demonstrated in the present study it
cannot be ruled out that changes in the activity or expression of other calcium handling proteins
could allow for greater calcium ion transients and augmented contractile performance. Given that
phospholamban is an allosteric regulator of SERCA activity ratios of unphosphorylated and
phosphorylated expression could be used in future studies to present a clearer picture of SR calcium
handling in treated hearts. Fluorescent imaging techniques in the whole heart and in isolated
myocytes offer an opportunity to quantify differences in the calcium transients between treatment

groups.

Capillary Length

Oxygen diffusion to the tissues occurs along the length of the capillary bed and as such our methods
may have failed to assess the impact of altered myocyte fibre length on oxygen delivery.
Stereological modeling using a combination of longitudinal and transverse sectioning could be used
to accurately account for this variable although given the nature of the lectin stain (i.e. staining both
the myocyte sarcolemma and capillaries) this would require utilisation of another capillary staining

method (e.g. an antibody specific marker such as CD31).
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Statistical power

Several near significant trends were noted throughout this thesis which is likely the consequence of
the low sample sizes in a number of experimental groups. It is probable that there was insufficient
statistical power in these experiments to detect relevant trends. In future studies it would be
prudent to carry out power calculations during the experimental planning stage which would set the

lower limit on animal numbers required demonstrate any relevant trends within a dataset.

Future work

Alternative models for capillary growth in the rat

Chronic treatment with the Iz current blocker alinidine provides an alternative means for the
induction chronic bradycardia, one which was unavailable in the present study due to the need to
inject this agent. Alinidine has advantages over beta-blockers in that it does not have directly
negative inotropic influences on the myocardium and induces a greater increase in capillary number
than that seen during adrenergic blockade[237]. Recent advances have led to the development of
ivabradine which can be incorporated into rodent chow avoiding the need for daily injections,
though this agent is currently commercially unavailable [234]. Electrical pacing could also provide a
means to induce myocardial angiogenesis though the procedure is invasive and has to date only

been performed on larger animal species (i.e. rabbits and pigs [85, 86]).

Previous investigators have reported how alinidine induced angiogenesis in the rat could be
prevented through the supplementation of these animals with VEGF blocking antibodies [237]. Such
a method could be used to investigate whether changes in performance resulting from chronic
bradycardia are a result of coronary angiogenesis or by alterations in ventricular compliance as
suggested in the present study. Alternatively as short term isoprenaline induced hypertrophy, which
did not impair contractile function, could be used to expand the cross-sectional area of myocytes
(i.e. reduced CD) in alinidine treated hearts allowing comparison of the functional and metabolic

characteristics of these groups.
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Alternative models of hypertrophy in the rat

Spontaneously hypertensive rats present an opportunity to study the interaction between capillary
growth, contractile performance and substrate utilisation in models with a well described timeline of
progression from well compensated hypertrophy to HF. By utilising animals of different ages it may
be possible to assess whether a failure of angiogenesis plays a role in this progression, as previously
described in the mouse [90, 91]. In addition methods to induce capillary growth (i.e. bradycardia) or
block any naturally occurring capillary development (e.g. VEGF blocking antibodies) could be used to
modify this developmental timeline. It may therefore be possible to deduce whether a failure of
angiogenesis can drive changes in substrate metabolism and whether this can be related to a change

in oxygen diffusion distances/availability.
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