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Abstract 

The organisation of myocardium into a laminar structure has been shown to be both 

mechanically and electrically important for cardiac function.  Myocytes of varying 

orientation across the ventricular wall are grouped into layers, separated by cleavage 

planes.  The role of extracellular matrix, in particular collagen, in this laminar organisation 

has not been fully delineated due to an inability to truly appreciate its 3D relationships.   

This thesis utilised an unique laser confocal scanning microscopy system to produce high 

resolution 3D images of normal adult rat myocardium to elucidate the arrangement of 

collagen with respect to myocytes. Perimysium was shown to have an ordered arrangement 

that played a direct role in laminar organisation. There were three distinct forms of 

perimysial structures seen in the midwall:  an extensive meshwork on laminar surfaces, 

convoluted fibres connecting adjacent layers, and longitudinal cords.  The subepicardium 

had a different structure that lacks distinct layers and the only perimysial collagen present 

was as longitudinal cords. 

Changes in perimysial collagen organisation were then studied using a rat model of 

hypertensive heart disease.  Spontaneously Hypertensive Rats were studied at 3 months 

(hypertensive), 12 months (associated hypertrophy), 18 months (compensated failure) and 24 

months or when determined to be in decompensated heart failure.  Age-matched Wistar 

Kyoto rats were used as controls.  Clinically used assessments, namely blood pressure 

measurements, echocardiography measurement of active left ventricular (LV) function and 

neurohormone BNP measurements were carried out on each rat to demonstrate disease 

progression.  Hearts were then removed and passive LV function was determined using 

pressure-volume loop measurements on a Langendorff apparatus.  Finally, hearts were then 

imaged as above. 

High resolution imaging of the diseased hearts showed the expected increased fibrosis. 

Moreover, there were distinct changes in perimysial and endomysial collagen that disrupted 

and in some places eradicated the myocardial laminar organisation.  These changes 

persisted into LV decompensation along with LV hypertrophy and passive compliance, which 

is contrary to the current understanding of HHD.  The mechanical and electrical 

consequences of this remodelling are likely to contribute to the transition from compensated 

to decompensated heart failure. 
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Chapter 1. Introduction 

1.1. Motivation 

The heart is a muscular pump that distributes blood throughout the body.  A healthy heart 

functions in a highly efficient manner.  It provides the peripheral tissues with the oxygen and 

nutrients necessary to meet local metabolic demands and can adjust its output to meet a range 

of needs from sleep to extreme exercise.  In some cardiovascular diseases, such as 

hypertension, the heart may remodel in order to maintain adequate function, but these 

changes can be maladaptive in the longer term.  This underpins the research described here: 

We seek to understand better how structural remodelling of the heart due to hypertension 

contributes to the development of heart failure. 

Heart failure is a complex cardiovascular disease because it represents the final common 

pathway by which a number of disorders that damage the heart lead to disability. These 

disorders include coronary disease, hypertensive heart disease (HHD), valvular disorders, and 

a diverse group of heart muscle diseases referred to as cardiomyopathies.  In New Zealand, 

cardiovascular disease is the leading cause of death, accounting for around 40% of deaths in 

2002 (Hay, 2004), yet death due to heart failure alone accounts for 4% of the total number of 

deaths in New Zealand.  The mean period of hospitalisation for heart failure patients in 2000 

was 17.8 days (Hay, 2004).  This was considerably longer than most other causes of 

hospitalisation and represents not only the burden of heart failure on the patient‟s quality of 

life, but also a substantial financial cost to society. 

There are two risks factors for heart failure that are likely to worsen these statistics in the near 

future.  These are the incidence of HHD in New Zealand‟s population and the impact of New 

Zealand‟s aging society. Approximately one in five adults have had high blood pressure and 

it is estimated that nearly one third of these people are not aware that they are hypertensive 

(Hay, 2004) and are therefore at high risk of developing heart failure.  Heart failure occurs 

most frequently in the elderly (Ahmed & Dell'Italia, 2004; Kannel & Belanger, 1991) and the 

percentage of the population over 65 years is expected to increase from 12% to over 20% in 

the next 20 years (“Statistics New Zealand”, 2006). 

This study focuses on the changes in cardiac structure that occur during long-term 

hypertension and how these impair mechanical performance of the heart and the development 
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of heart failure.  A well-established animal model of HHD that develops hypertension 

naturally and progresses to heart failure with age in a manner similar to humans was used for 

this research.  Standard clinical tools were utilised to monitor left ventricular (LV) function in 

vivo and systematic assessment of the passive mechanical properties of the LV was then 

carried out in vitro.  Sophisticated imaging technology allowed detailed 3D structural 

information to be obtained from the heart wall.  

In this chapter, we provide an overview of the structure and function of the heart, and identify 

important structural components. The objectives of the research are also listed. 

 

1.2. Anatomy and function of the heart 

 

Figure 1-1. The anatomy of the heart cut in the coronal plane.  Modified from (Netter, 1969) 

 

The heart is divided into four chambers (Figure 1-1).  The right and left atria (RA and LA) 

are located above the larger right and left ventricles (RV and LV).  The tricuspid and mitral 

valves control the direction of blood flow between each atrium and ventricle, right and left 

respectively.  These valves are prevented from inverting by chordae tendineae which connect 
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valve leaflets to papillary muscles that protrude from the endocardial surface of each 

ventricle.  Small muscular trabeculae also project from the endocardium forming a ridged 

surface.  The pulmonary and aortic semi-lunar valves control the direction of blood flow from 

the RV and LV respectively into the major outflow vessels. 

 

Figure 1-2. Wiggers Diagram: The events of the cardiac cycle.  Modified from (Selkurt, 1984) 

 

The left and right sides of the heart work in an almost synchronous fashion, with the right 

heart generating lower pressures than the left.  The efficient function of the heart as a pump 

requires a co-ordinated sequence of electrical and mechanical events that are repeated each 

cardiac cycle.  These events are summarised in the Wiggers Diagram illustrated in Figure 1-2 

for the left heart only. 
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The cardiac cycle begins with the firing of pacemaker cells in the sino-atrial (SA) node, 

which initiates the spread of electrical activation through the atria (represented by a P wave 

on an ECG).  This triggers atrial contraction, termed atrial systole, and blood is forced from 

the atria into the ventricles.  Subsequently, the AV valves drift shut as the pressure gradient 

between atria and ventricles becomes less steep.  Meanwhile, electrical activation passes 

through the atrio-ventricular node at the top of the interventricular septum where it is delayed 

and then distributed across the endocardial surface of the ventricular cavities via the fast 

conduction system.  The spread of activation through the ventricular myocardium is 

represented by the QRS complex in the ECG.  

Now ventricular systole begins.  The ventricles begin to contract and, as both inlet and outlet 

valves are closed, the ventricular pressure generated increases rapidly with no change in 

volume (isovolumic contraction).  When the pressure in the LV exceeds the pressure in the 

aorta, the aortic valve opens and blood is ejected forcefully into the systemic circulation. As a 

result, the base of the LV moves towards the apex, increasing the volume of the left atria, 

which in turn aids return of blood to the LA from the lungs via the pulmonary veins.  As the 

internal volume of the LV is reduced, the contractile forces decrease and LV pressure 

declines.  While there is still outflow from the ventricle, the aortic valve remains open.  

Eventually, there is a deceleration of blood flow with a reversal of the pressure gradient 

causing the valve to shut.  An equivalent sequence of events occurs for the right heart, albeit 

with subtle timing differences. Towards the end of ejection, the ventricles repolarise 

electrically and this appears as the T wave in the ECG. 

Diastole starts when the ventricles begin to relax.  Intraventricular pressures decrease rapidly 

but there is no change in volume because both the inlet and outlet valves are again closed.  

This period is defined as isovolumic relaxation.  Meanwhile, blood continues to flow into the 

atria and the base of the ventricles recoil to their resting position causing atrial pressures to 

increase rapidly.  When ventricular pressures drop below those in the adjacent atria, tricuspid 

and mitral valves open enabling rapid filling of the ventricles. The rate of cardiac filling 

slows atria and ventricles continue to fill and pressures rise (period of „diastasis‟).  The 

cardiac cycle is then repeated with further firing of the SA node and subsequent atrial 

contraction (Selkurt, 1984). 
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1.3. Cardiac structure and function at the cell level  

The myocardium is composed of striated muscle cells called myocytes.  Myocytes are 

arranged in a branching network (see Figure 1-3A) and connect longitudinally at multiple 

sites.  These connections form intercalated disks that not only act as a site of adhesion, but 

also as electrical and force couplers between adjacent myocytes.  Each myocyte resembles an 

ellipsoid cylinder with a major-axis dimension of 10 to 20 µm and a length of 80 to 100 µm.  

The outer surface is surrounded by sarcolemma and inside each cell contains several nuclei, 

several mitochondria and many myofibrils (see Figure 1-3B).  The myofibrils extend the full 

length of each cell and each myofibril is divided by Z-lines into a series of repeating units 

called sarcomeres (see Figure 1-3C) producing the “striated” appearance visible with light 

microscopy.   

The sarcomere is the fundamental contractile unit of the myocyte.  One sarcomere consists of 

overlapping thick and thin filaments. The thick filaments are an assembly of myosin 

molecules with globular heads projecting radially with respect to the thick filament backbone 

and are linked to Z-lines via titin molecules. The thin filaments are predominately actin 

protein and interaction between the myosin head and active sites along the actin filament are 

inhibited by the regulatory proteins tropomyosin and troponin I, C and T. Thin filaments 

cross-link at the Z-lines. 

The release of Ca
2+

 from storage sites in the junctional sarcoplasmic reticulum causes 

displacement of the regulatory proteins, removing the steric interference that prevents 

interaction between thick and thin filaments at rest. Myosin heads attach to actin molecules 

and rotate, pulling the thin filaments toward the H-zone.  The forces generated are transmitted 

to the Z-lines, which, in turn, communicate them to neighbouring sarcomeres (Au, 2004). 
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Figure 1-3. The anatomical organisation of the heart muscle.  Myocytes form a branching network as shown in 

(A).  Each myocyte (B) is made up of fibrils which contain repeating sarcomeric units (C) and supporting 

structures.  Modified from (Braunwald, E., Ross, J. & Sonnenblick, E.H., Mechanism of contraction of the 

normal and failing heart.  Boston: Little, Brown, 1968, P.4.) 

 

The relationship between axial force and sarcomere length (SL) - the distance between 

consecutive Z-lines- has been characterised in cardiac muscle using ventricular trabeculae 

(ter Keurs, 1995). Typical results are illustrated in Figure 1-4. Here, active and passive forces 

are presented as functions of SL. The passive force-length relationship reflects the force 

required to stretch resting muscle to a given sarcomere extension. As SL approaches 2µm, the 

passive force increases steeply, reflecting the nonlinear elastic properties of the connective 

tissue that surrounds the muscle cell.  In cardiac muscle, maximal sarcomere extension is 

reached at ~2.3 μm. The SL prior to contraction (or alternatively the passive force necessary 

to produce this muscle length) is commonly referred to as the preload. 
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Figure 1-4. The passive and active force-length relations of cardiac muscle.  Modified from (ter Keurs, 

Rijnsburger, van Heuningen et al., 1980) 

 

The maximum force that can be developed in contraction at any preload occurs when SL is 

fixed (isometric contraction). The total force developed in isometric contraction increases 

with sarcomere extension and this is represented in the active force-SL relationship in Fig 1.4 

above.  The rising limb of the force-SL relationship in cardiac muscle is steeper than in 

skeletal muscle due to length-dependent Ca
2+

 sensitivity in cardiac myofibrils (Allen & 

Kentish, 1985; Allen & Kurihara, 1982).  Also, because cardiac myocytes cannot normally be 

extended to a SL greater than 2.3 µm they do not operate on the descending limb of the force-

SL relationship.  As a result of these two factors, ventricular myocardium can develop force 

only over a relatively limited SL range (1.6 - 2.3 µm).  It is of interest that the shape of both 

passive and active force-length relations in skinned cardiac muscle (i.e. the supporting 

extracellular connective tissue framework has been removed) much more closely resemble 

those of skeletal muscle, indicating a structural contribution to cardiac muscle function 

(Fabiato & Fabiato, 1976). 

Muscle contraction generally occurs in two stages.  Initially, force is generated isometrically 

until sufficient force is developed for the muscle to shorten. The force at which shortening 

occurs is referred to as the afterload by physiologists. The active force length relationship 

presented here shows the maximum isometric force that can be developed for a given SL.  
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1.4. Left ventricular pressure-volume loop analysis 

The characteristics of cardiac force-SL relations are often equated with pressure-volume 

relations for the intact left or right ventricles.  An LV pressure-volume “loop” is constructed 

by plotting LV pressure as a function of LV volume throughout the cardiac cycle (see Figure 

1-5A). Phase 1 represents LV filling, which follows the diastolic pressure-volume relation.  

Initially, large changes in volume are associated with small changes in pressure, but as the 

LV fills it becomes progressively less distensible (less compliant). The LV volume 

immediately prior to systole is called the end-diastolic volume.  With the onset of systole, the 

mitral valve closes and the LV contracts with no change in volume (Phase 2).  If the ventricle 

were to contract without blood being ejected (i.e. the aortic valve did not open), LV pressure 

would rise to the systolic pressure-volume line (indicated as * in Figure 1-5A). This is the 

maximum pressure that can be developed at that LV volume. However, when LV pressure 

exceeds the pressure at the root of the aorta, the aortic valve opens, blood is ejected and LV 

volume is reduced (Phase 3). During this phase, LV pressure rises initially and then falls. 

When contraction is complete, the aortic valve shuts again and the LV relaxes with no change 

in volume (Phase 4). The residual volume in the LV when contraction is complete is defined 

as the end-systolic volume.  The maximum LV pressure that can be developed during systole 

is a function of ventricular volume as indicated by the systolic pressure-volume relation and 

the end-systolic LV pressure lies on or near this line.   

The stroke volume (SV) is the volume of blood ejected from the LV during a cardiac cycle 

and is the difference between LV end-diastolic and end-systolic volumes.  The external work 

performed by the heart on the systemic circulation during a cardiac cycle is represented by 

the area inside the LV pressure-volume loop (Figure 1-5A) and this is referred to as “stroke 

work” (Katz, 2002). 

It is evident that active and passive pressure-volume relations in the LV must reflect the 

active and passive force-SL relations of the myocytes that are the main constituent of 

ventricular myocardium. An increase in end-diastolic volume will increase SL, while the 

intraventricular pressures developed during systole are the result of active forces generated by 

ventricular muscle cells.  Consequently, much of the terminology of cardiac muscle 

mechanics has been transferred to the ventricular pressure-volume loop.   The LV 

end-diastolic volume (or alternatively LV end-diastolic pressure) is widely referred to as the 

preload.  Likewise, afterload is equated with the ventricular pressure generated during 
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systole, or more specifically with the end-systolic pressure. However, the correspondence is 

more complex than this use of analogous terms implies. The ventricles are thick-walled 

structures with significant regional variation in myocyte orientation and marked myofibre 

rotation transmurally. As a result, the mechanics of the intact ventricle cannot be reduced to a 

1D problem. For a given intraventricular pressure, there are complex distributions of SL and 

force throughout the ventricular walls that are a function of ventricular geometry and 

dimension as well as the local mechanical properties such as residual stress (Rodriguez et al, 

1993). These issues are dealt with in greater depth, in Section 1.5.   

Despite the reservations expressed above, pressure-volume loop analysis provides an 

extremely useful conceptual framework for understanding key aspects of normal and 

pathologic cardiac function.  In the normal heart, if the preload is increased as a result of 

increased ventricular filling, then SV is increased (illustrated in Figure 1-5B).  More stroke 

work is done as the ventricle contracts more forcibly in order to eject the increased SV.  This 

follows the Frank-Starling law of the heart, which states that the mechanical energy released 

during the transition from the passively stretched to actively contracting ventricle is a 

function of the length of the muscle fibres (Katz, 2002).  If the afterload is increased (Figure 

1-5C), due to an increase in arterial pressure, for example, the ventricle generates more 

pressure during contraction but the extent of shortening is reduced.  

Using this analysis it is also possible to demonstrate qualitatively how pathological 

conditions that alter the mechanical properties of the myocardium can affect LV 

performance.  For example, ventricular fibrosis and hypertrophy can reduce passive LV 

compliance giving rise to diastolic dysfunction (Figure 1-5D).  If pulmonary venous 

pressures remain unchanged, this will result in reduced LV filling and SV will fall.  Blood 

will then collect in the pulmonary veins and atria driving further LV filling. Thus the 

maintenance of SV is achieved at the cost of increased LV end-diastolic and pulmonary 

pressures, which increase the probability of pulmonary oedema.  

Impaired contractile function after myocardial infarction or as a result of cardiomyopathy 

reduces the capacity of the LV to generate active pressure. This systolic dysfunction is 

represented by a decreased slope in the systolic pressure-volume relation (Figure 1-5E) and 

for a given LV end-diastolic volume SV is reduced.  In this case also, SV can be maintained 

by increased LV filling and this is achieved in the short term at the cost of increased LV 

end-diastolic and pulmonary pressures.  
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Figure 1-5. Alterations of the LV pressure-volume loop.  PV = pressure-volume.  SV = stroke volume. EDV = 

end diastolic volume. ESV = end systolic volume  Modified from (Brutsaert & Sys, 1997; Levy, Koeppan, & 

Stanton, 2006; Verma & Solomon, 2009). 

 

Finally, the way in which sustained systolic dysfunction can drive the progression of 

decompensated heart failure is represented in Figure 1-5F. In this case, SV is maintained 

through increased volume loading, which occurs as a result of accumulation of blood in the 

pulmonary circulation and systemic veins. This may be exacerbated by activation of the 

Renin-Angiotensin-Aldosterone system (RAAS) and salt and water retention. However, 

prolonged volume loading of the LV results in a right-shift in the diastolic pressure-volume 

relation causing ventricular dilatation.  As LV dimensions increase ventricular myocytes must 

develop more force to generate a given pressure and this mechanical disadvantage contributes 
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to a progressive reduction in systolic function. This amplification of diastolic and systolic 

dysfunction is a vicious cycle that most often ends in death.  

 

1.5. Muscular architecture of the heart 

The intrinsic ability of the ventricle to function is dependent on the structural organisation of 

myocytes in myocardium.  In both ventricles, myocyte orientation varies relatively smoothly 

across the heart wall.  In the LV free wall, the average fibre direction moves from 

approximately -60 degrees near the epicardial surface, to 0 degrees (circumferential) in the 

midwall region, through to +60 degrees near the endocardium (LeGrice, Takayama, & 

Covell, 1995; Nielsen, LeGrice, Smaill et al., 1991; Streeter, 1979).  However, the 

myocardium is not a uniformly connected structure, it is now well established that myocytes 

are grouped and arranged into layers which are separated by cleavage planes.  These potential 

spaces that separate the myocytes have been observed at the macroscopic level (Hort, 1960; 

Jalil, Doering, Janicki et al., 1989; Jalil, Janicki, Pick et al., 1989; Spotnitz, Spotnitz, Cottrell 

et al., 1974), and systematic study of dog myocardium by LeGrice and colleagues (LeGrice, 

Smaill, Chai et al., 1995) revealed a hierarchy of discrete muscle layers (shown in Figure 

1-6) that have a characteristic 3D organisation.  A typical muscle layer consists of a 

uniformly connected array of myocytes stacked four deep.  Branches of one to two cell 

thicknesses connect adjacent layers and in some cases there are aggregates of two or more 

layers.  Despite the uniformity of muscle layer organisation, the extent of coupling between 

adjacent layers varies across the wall, with a progressive reduction in the density of 

branching between adjacent muscle layers from the subepicardium to midwall. 
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Figure 1-6. The layered structure of myocardium.  Modified from (Young, LeGrice, Young et al., 1998a) 

 

Both the endomysium and perimysium could be necessary for maintaining the laminar 

structure and contribute to mechanical function because of their association with the layers.  

Endomysial weave surrounds individual myocytes and capillaries, providing structural 

support.  Endomysial fibres splay between adjacent objects, blending in the weave so that is 

appears to tightly couple individual myocytes and restrict their movement within the layer.  

Perimysial weave encloses groups of cells and seems to follow laminar boundaries (LeGrice, 

et al., 1995b; Young, et al., 1998). 

Perimysial fibres also run longitudinal and transverse with respect to the layers.  The larger, 

convoluted fibres, commonly referred to as coiled perimysial fibres or CPFs, are aligned with 

the long myocyte axis and span several myocytes.  These fibres are observed both in the 

cleavage planes and also within the muscle layers (LeGrice, et al., 1995b; Young, et al., 

1998).  Smaller, “strap-like” perimysial fibres traverse the cleavage planes, inserting into the 

endomysium, and connecting one layer to another.  (LeGrice, et al., 1995b).  The density of 

the collagen fibres is reduced from the subepicardial wall to the subendocardial wall.  At the 

same time, the lengths of perimysial fibres connecting the muscle layers progressively 

increase and are longest in the midwall.  This would suggest that the layers within the 

subepicardium are more tightly coupled relative to the midwall and subendocardium, which 

in turn, would have greater freedom to move (LeGrice, et al., 1995b). 
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Figure 1-7. The collagen hierarchy in the heart.  Endomysial collagen weave surrounds individual myocytes 

while endomysial struts interconnect individual myocytes to adjacent myocytes and capillaries.  Perimysial 

collagen weave surrounds a bundle of myocytes while coiled or wavy fibres run adjacent to the bundles parallel 

to myocyte long-axis.   In the transverse direction, “strap-like” fibres interconnect bundles by incorporating into 

the perimysial weave.  Epimysium not shown. 

 

Local movement or deformation of myocardium is essential for ventricular function.  In order 

to eject blood, the endocardial surface must move inwards as the sarcomeres contract (or 

shorten).  The reverse must happen during diastole and indeed the wall is stretched when the 

ventricle is filled.  Myocyte contraction and relaxation underlie these marked changes in the 

LV shape and dimension in the circumferential and longitudinal directions.  The varying 

orientations of myocytes across the ventricular wall means that the average shortening 

direction and fibre direction are parallel in the midwall but perpendicular in the inner wall, 

where shortening is greatest near the circumferential direction.  Assuming myocyte volume is 

conserved, maximal shortening of individual myocytes can only explain approximately one 

fifth of local wall thickening (LeGrice, et al., 1995a; Spotnitz, et al., 1974).  Furthermore, 

local wall thickening is much greater in the subendocardium compared to the subepicardium 

(Gallagher, Osakada, Matsuzaki et al., 1985; Waldman, Nosan, Villarreal et al., 1988).  

Hence myocyte shortening characteristics across myocardium do not sufficiently explain the 

extent and regional variation in deformations that occur.   The definite rearrangement of 

myocytes within myocardium has been proposed to be essential for 3D patterns of heart wall 

motion and deformation (Costa, Takayama, McCulloch et al., 1999; LeGrice, et al., 1995a; 

Spotnitz, et al., 1974; Takayama, Costa, & Covell, 2002).  There are a range of mechanical 
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actions that occur together in order to produce adequate wall thickening and thinning 

including circumferential shortening, longitudinal shortening, radial wall thickening, shear 

and torsion.  

In addition to the circumferential and longitudinal myocyte shortening during systole, the 

myocardium twists in a counter-clockwise direction at the apex relative to the base, with 

rapid reversal during diastole.  The diastolic untwisting that the ventricle undergoes to reverse 

torsion is associated with the release of restoring forces that are stored in the wall during 

systole, producing a suction force that aids rapid filling.  Torsional deformation is greater at 

the endocardium than at the epicardium (Young, et al., 1994). 

A comprehensive understanding of the complexity of myocardial deformation requires an 

appreciation of its laminar arrangement.  The relationship between collagen and myocyte 

organisation has been proposed to generate shear as a direct result of the transmural variation 

in fibre direction and the connective tissue coupling between groups of cells across the wall 

(LeGrice, et al., 1995a).  Myocytes do not slide significantly with respect to each other within 

the laminar sheets (Costa, et al., 1999).  This most likely reflects the tight endomysial 

coupling between myocytes within the layer (Caulfield & Borg, 1979; LeGrice, et al., 1995b).  

Maximum shear, in contrast, occurs in the direction of the sheets (Arts, Costa, Covell et al., 

2001).  In the anterior LV, the cleavage planes curve steeply in a basal direction as they 

approach the endocardium, whereas the opposite is seen in the LV side of the interventricular 

septum (LeGrice, et al., 1995a).  The sparsely coupled layers, especially towards the 

endocardium, provide a path of least resistance for shearing and the laminae slide relative to 

one another.  This causes displacement of the endocardial surface into the LV cavity during 

systole (LeGrice, et al., 1995a).  The same mechanism happens in reverse during diastole.  As 

the heart inflates, the laminar architecture of the ventricular wall changes and the cleavage 

planes became more parallel to the epicardium (Spotnitz, et al., 1974).  This laminar 

reorientation is thought to contribute to wall thinning that occurs as a heart dilates.  Shearing 

is largest in the subendocardium and is believed to produce most of the wall thickening in the 

subendocardium as outlined in Figure 1-8 (Costa, et al., 1999; LeGrice, et al., 1995a).  

Shearing also occurs in the midwall and subepicardium to a much smaller extent (Costa, et 

al., 1999). 

As well as shearing, regional deformation within laminar sheets enhances the radial wall 

thickening.  In the anterior LV free wall, the sheets become thinner from end-diastole to 
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end-systole, and there is substantial cross-sheet extension perpendicular to the fibre direction.  

Conversely, sheets thicken as much as 20% in the subendocardium as the heart dilates 

(Takayama, et al., 2002).  These deformations within the layers are likely to be 

accommodated by the longer perimysial collagen that interconnects adjacent layers (Caulfield 

& Borg, 1979; LeGrice, et al., 1995a). 

 
Figure 1-8. Systolic thickening in the subendocardium.  A: Shows orientation of cleavage planes in the 

longitudinal-radial direction of the LV anterior wall.  Myocardial layers (shaded) slide relative to each and other 

and changed orientation from end diastole (b) to end systole (c), resulting in displacement of the endocardium 

inward and subsequent wall thickening, which can be 40% in the subendocardial region.  Modified from 

(LeGrice, et al., 1995a) 

 

Thus, the patterns of changing deformation seen in both diastole and systole are related to 

myocyte arrangement in the ventricular wall.  As this arrangement involves a strong linkage 

with components of the collagen hierarchy, the specific organisation of collagen must allow 

and potentially assist myocyte rearrangement necessary for efficient pump function.  This 

implies that certain pathologies with associated cardiac dysfunction may involve a disruption 

of the myocyte and collagen organisation in myocardium, affecting the mechanisms involved 

in myocardial deformation. 
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1.6. Role and regulation of collagen in myocardium 

The traditional view of the physiological role of extracellular matrix (ECM) collagen is that it 

retains tissue integrity.  Anatomical observations of the various components of collagen 

matrix, however, have indirectly supported the idea that collagen properties are important 

determinants of diastolic and systolic ventricular function (Caulfield & Borg, 1979; 

Robinson, Cohen-Gould, & Factor, 1983; Robinson, Cohen-Gould, Factor et al., 1988; 

Robinson, Factor, Capasso et al., 1987; Robinson, Factor, & Edmund, 1986; Robinson, 

Geraci, Sonnenblick et al., 1988).  Furthermore, pathophysiologic remodelling of ECM 

collagen has been associated with impaired cardiac function in cardiovascular diseases such 

as hypertension (Janicki & Brower, 2002; Pearlman, Weber, Janicki et al., 1982; Rossi, 

1998b; Weber, Janicki, Shroff et al., 1988) and heart failure (Baicu, Stroud, Livesay et al., 

2003; Brower & Janicki, 2001; Janicki & Brower, 2002; Weber, 1997; Zannad, Alla, Dousset 

et al., 2000) as well as with ageing (Annoni, Luvara, & al, 1998; Besse, Assayag, Delcaryre 

et al., 1993; Eghbali, Eghbali, Robinson et al., 1989; Spach & Dolber, 1986; Spach, Dolber, 

& Heidlage, 1988; Thomas, Zimmerman, Hansen et al., 2000; Tomanek & Hovanec, 1981).  

The organisation of collagen in myocardium, and its contribution to ventricular mechanics, 

receives special attention in this research project. 

Cardiac collagen is continually being synthesised and degraded, resulting in a high rate of 

turnover (estimates range from 1 - 6% per day) (Bishop & Laurent, 1995; Weber & Brilla, 

1991).  Fibrillar collagen is synthesised in fibroblasts as procollagen and undergoes post-

transcriptional modifications, including the hydroxylation of proline, an amino acid that has a 

uniquely high representation in collagen.  This step is necessary for the formation and 

stability of collagen triple helices.  Hydroxyproline is commonly used as an indicator of 

collagen concentration (Bishop & Laurent, 1995). Once the helices have formed, the 

procollagen is excreted into the extracellular space whereby propeptides from the amino- and 

carboxy- terminals are cleaved off, allowing interaction of rigid collagen triple helices to 

form fibrils (Nimni, 1993).  Post-translation modification leads to inter-molecular 

crosslinking between adjacent collagen fibres allowing them to be packed together into larger 

fibres and rendering them highly resistant to degradation (Bishop & Laurent, 1995).  Several 

growth factors, cytokines, and hormones can increase collagen gene expression and synthesis.  

Of note are: (a) transforming growth factor-β (TGF-β), which stimulates collagen synthesis at 

transcriptional, post-transcriptional levels (Penttinen, Kobayashi, & Bornstein, 1988), (b) 

TGF- β1, which stimulates fibroblasts (Eghbali, Tomek, Woods et al., 1991) and collagen 
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synthesis (K.T. Weber, 1997), and, (c) the RAAS that includes Renin, Angiotensin II (Ang 

II), Aldosterone, and Angiotensin-converting enzyme (Sun, Zhang, Zhang et al., 2001).  

Collagen degradation is necessary to allow for growth and development in myocardium.  It 

can occur either intracellularly or extracellularly (Laurent, 1987).  The intracellular pathway 

is thought to occur predominately in lysosomes, minutes after collagen synthesis, and before 

the collagen has been stabilised by hydroxylation.  More than half of collagen synthesised in 

the heart is taken up into vesicles and degraded in this way, either to prevent the secretion of 

defective molecules, or as a means to regulate excessive synthesis due to extracellular stimuli 

(Madri, Dreyer, Pitlick et al., 1980; McAnulty & Laurent, 1987).  Extracellular degradation 

of collagen is a more complicated process and contributes to only a small amount of collagen 

degradation in the normal heart (Bishop & Laurent, 1995).  As the collagen has undergone 

post-translation modification, it is necessary to strip the triple helices of their cross-linkages 

by specific proteases so that the helices unravel and become susceptible to non-specific 

proteases.   The specific proteases belong to the family of matrix metallo-proteinases (MMPs) 

(Mays, McAnulty, Campa et al., 1991).  Interstitial collagenase-1 (MMP-1) and collagenase-

3 (MMP-13) possess high substrate specificity for fibrillar collagens, whereas gelatinase A 

(MMP-2) and gelatinase B (MMP-9) demonstrate high substrate affinity for basement 

membrane proteins (Dollery, McEwan, & Henney, 1995; Nagase, 1997).  MMP activity can 

be regulated at several stages, consequently regulating the rate of extracellular degradation.  

These stages include: (a) the biosynthesis and secretion of the latent pro-MMP, 

predominately from fibroblasts, (b) activation of the MMP, (c) autocatalysis of the activated 

MMP into inactive fragments, (d) interaction of the MMP with the collagen substrate, and, 

(e) modulation of activity by proteinase inhibitors such as tissue inhibitor metalloproteinase 

(TIMP) and α2-macroglobulin  (Krane, 1985; Nagase, 1997).  Collagen levels may further be 

decreased by Bradykinin (BK), which increases the activity of TIMPS (Douilett et al, 2000), 

or by tumour necrosis factor-α (TNF- α), which directly inhibits collagen gene transcription 

(Meldrum, 1998).   

There are several different types of collagen in the body.  The combination of collagen alpha 

chains forming the triple helix determines the collagen type.  Each collagen alpha chain is 

encoded by a different gene providing the potential for diversity of types.  At least five types 

of collagen, designated types I, III, IV, V and VI, have been identified in myocardium.  Each 

type has its own physical characteristics (Bashey, Martinez-Hernandez, & Jimenez, 1992; 

Bishop & Laurent, 1995).  The major components of the collagen fibrillar network in the 
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heart are collagen types I and III.  These collagens contribute around 75 to 80% of total 

myocardial collagen content, whereas types IV, V and VI are present in smaller quantities (15 

to 20%)  (Medugorac & Jacob, 1983; K.T. Weber, Janicki, Shroff, et al., 1988). 

The mechanical and structural properties of type I and type III collagen are quite different.  

Type I collagen forms thick parallel rod-like fibres 50-150 nm in diameter and is found in 

large proportions in tissues requiring high strength such as tendon, bone and skin (Bishop & 

Laurent, 1995).  These large fibres have high tensile strength and resist stretch and 

deformation (Weber, Pick, Silver et al., 1990).  Type III collagen, by contrast, is the principal 

component of the fine collagen fibrils that compose the highly deformable reticular networks 

characteristic of loose connective tissue.  It is most abundant in foetal tissues and, in adults, 

in highly elastic tissues such as skin, blood vessels and lung (Bishop & Laurent, 1995).  

Studies on the heart with monoclonal antibodies (Borg, Buggy, Sullivan et al., 1986; Borg, 

Gay, & Johnson, 1982; Borg, Klevay, Gay et al., 1985; Robinson, Cohen-Gould, Factor, et 

al., 1988; Robinson, Factor, Capasso et al., 1987; Robinson, et al., 1987; Robinson, Geraci, 

Sonnenblick et al., 1988) indicate that type I and type III collagen are present in both the fine 

pericellular network of the endomysium and the radial cords that connect myocytes with 

adjacent myocytes and capillaries.  It was demonstrated by Robinson, Factor et al (1987) that 

type I and type III collagen aggregate in the radial collagen cords to form a copolymer and, 

additionally, that the proportion of type III collagen is higher for the pericellular network than 

for the radial collagen cords.  On the basis of these results it could be argued that the fine 

pericellular networks of the cardiac connective tissue hierarchy are predominantly composed 

of type III collagen. 

Of the minor collagen components in the heart, Type IV collagen is found as an open 

network in basement membranes where it is involved in regulating molecular transport and 

cell adhesion (Bishop & Laurent, 1995).   Types V and VI are found in the interstitium where 

they are associated with the fibrillar collagen types I and III.  This suggests that type V is 

linked with the pericellular network that maintains cell shape and type VI appears to coat 

larger collagen fibre bundles sizes and may regulate their size (Amenta, Gay, Vaheri et al., 

1986). 

The complex arrangement of ECM collagen into a hierarchy in the heart was outlined in the 

previous section (Figure 1-7).  Endomysium, perimysium and epimysium are all involved in 

a different level of myocardial organisation and include a range characteristic structures and 
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arrangements.  Caulfield and Borg (1979) first described these levels of 3D organisation of 

collagen in the cardiac ECM.  They proposed that this organisation mediates several 

functions including mechanical support and coupling of cells.  These various collagen 

components and their proposed contributions to mechanical function are discussed in more 

detail below. 

Endomysial collagen is composed of several structures.  Radial collagen cords, termed 

“struts”, stretch across interstitial space between individual myocytes or between myocytes 

and capillaries.  The helically wound fibrils branch close to the cell surface and are anchored 

to pericellular weave surrounding cells.  The struts are composed of multiple collagen fibrils, 

30-70 nm in diameter (Robinson, et al., 1987), that label positively with antibodies for Types 

I and III collagen (Robinson, et al., 1988).  Most of the collagen fibrils are anchored in 

specialised regions about the Z-line, outside the cell (Robinson, et al., 1983), via ECM-

Receptor-Cytoskeleton complexes (Borg, Goldsmith, Price et al., 2000).  These endomysial 

struts are believed to ensure that adjacent myocytes remain in registration, providing a 

mechanism for uniform distribution of strain at the cellular level (Caulfield & Borg, 1979).  

Pericellular fibres, or circumferential “cuffs”, extend from the struts around the myocytes at 

intervals of 5 to 6 m along myocyte columns.  They lie along the circumferential 

indentations of the corrugated surfaces of myocytes, having a wavy appearance when the 

muscle is relaxed (Robinson, et al., 1983; Robinson, et al., 1988; Robinson, et al., 1987).  

These cuffs are integrated into endomysial weave which is thought to preferentially align 

transversely to the muscle-fibre direction and would limit the degree of cross-sectional 

expansion and preserve cell shape (Robinson, et al., 1986).  Collagen strut fibrils are also 

incorporated into a fine collagen fibril-microthread-granule lattice, which exists throughout 

the interstitium of cardiac muscle.  Microthreads are 3-6 nm in diameter (Robinson, Cohen-

Gould, Factor, et al., 1988), and extend from the outer aspect of cell coats, filling 

extracellular volume and interconnecting fibres to each other, and to cell coats.  Collagen 

granules are 10 to 40 nm in diameter, approximately 30 nm apart, and are observed at the 

intersections of microthreads with each other (Robinson, et al., 1983).  The ECM ground 

substance is superimposed on this lattice, providing some support for the gel-like material 

that maintains the fluid-like state of the interstitium. 

Perimysial collagen (Figure 1-7) consists of a fibrillar weave that surrounds and groups 

myocytes and wavy and coiled fibres that extend into myocardium, inserting into the weave 

at different sites.  Perimysial weave organises individual myocytes into a functional unit, 
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providing a framework for distributing contractile forces within the ventricular wall 

(Caulfield & Borg, 1979).  “Tendon-like” coiled perimysial fibres (CPFs) are orientated 

parallel to the long axes of the myocytes, and extend throughout the myocardium forming an 

orderly framework.  In papillary muscle from young rat hearts, a branched network of coiled 

perimysial fibres 1 to 10 µm in diameter, interspersed with elastic fibres, diverges from the 

muscle-tendon interface. A regular array of radial cords interconnects these fibres with 

several adjacent myocytes, and with the endocardial membrane surrounding the papillary 

muscle (Robinson, Geraci, et al., 1988).  Their splayed configurations at the ends of the fibres 

increase the area of contact and reduce the force per unit area for any given fibril (Robinson, 

et al., 1987).  CPFs have also been described as „wavy‟, rather than „coiled‟ in rat RV 

trabeculae (Hanley, Young, LeGrice et al., 1999).  Ribbon-like perimysial fibres that are 

distinguishable from CPFs follow the shape of the underlying myocytes, perpendicular to the 

long axis of the muscle.  Thin “strap-like” collagen cords that are not coiled or wavy connect 

adjacent layers in the myocardium across the spaces between layers (LeGrice, et al., 1995b).  

All types of perimysial fibres that connect adjacent muscle bundles are thought to limit the 

displacement of groups of myocytes while facilitating force transmission at various stages of 

the cardiac cycle (Factor & Robinson, 1988; LeGrice, et al., 1995b; Robinson, et al., 1983).  

Robinson, Geraci et al. (1988) suggest that myocardial deformation, during systole, would 

likely compress CPFs and this stored energy may assist the subsequent re-lengthening of 

myocytes and restore the myocardium to its resting state (Factor & Robinson, 1988).   

Epimysial collagen forms an external network around myocardium and covers both the entire 

epicardium and also the endocardial surfaces (Robinson, Cohen-Gould, Factor, et al., 1988).  

This network is made up of collagen fibres that are several micrometers in diameter and each 

fibre is an aggregation of many hundreds of collagen fibrils, 30–70 nm in diameter 

(Robinson, et al., 1983).  In relaxed rat papillary muscle (sarcomere lengths, 1.8 m to 

2.0 m), epimysial fibres vary greatly in orientation with respect to the long axis of the 

muscle, resembling a criss-cross pattern (Robinson, Geraci, et al., 1988).  This arrangement 

of collagen becomes realigned along the long muscle axis as the muscle is stretched 

(Robinson, Geraci, et al., 1988).  When the collagen fibres become fully extended and/or 

parallel, there is a sudden increase in passive resistance to stretch, suggesting that epimysium 

protect myocardial components from being overstretched (Robinson, et al., 1983). 
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There is considerable experimental evidence that suggests that collagen properties contribute 

to mechanical function in the heart.  A common technique involves inhibiting or degrading 

some collagen property and studying the structural and functional changes.  The enzyme lysyl 

oxidase, which is responsible for collagen crosslinking, appears to be inhibited by treatment 

with the lathyritic agent β-amino-propriontrile (β-APN).  Treatment of normal adult pigs with 

β-APN for six weeks led a reduction in LV chamber and myocardial stiffness.  These changes 

were associated with increased soluble collagen but decreased overall collagen content, 

indicating that the inhibition of cross-linking rendered the collagen more susceptible to 

degradation.  Collagen organisation was disrupted and integrity apparently poor, suggesting 

that fibrillar collagen matrix is a primary determinant of LV diastolic stiffness (Kato, Spinale, 

Tanaka et al., 1995).  Rats that were fed increasing concentrations of β-APN, showed a 

similar increase in collagen hydroxyproline but while resting tension remained relatively 

constant, maximum developed tension measured in LV trabeculae tended to decrease (Bing, 

Fanburg, Brooks et al., 1978). 

Several studies have looked at degraded collagen.  Collagenase perfusion in isolated rat 

hearts (MacKenna, et al., 1994) produced only small decreases in collagen concentration but 

altered the structural organisation of collagen substantially.  Specifically, the small 

endomysial weave and struts were damaged and decreased compared to normal hearts.  Two 

key results arose from this work: (a) a reduction in endomysial collagen led to lengthening of 

sarcomeres at rest, and, (b) while the diastolic pressure-volume relation moved rightward, the 

slope of the relation was not altered; hence tissue compliance was not affected.  These 

observations suggest that endomysial collagen may be more important for maintaining LV 

geometry by constraining myocytes than by contributing to passive ventricular stiffness 

(MacKenna, et al., 1994).  This disagrees with a previous study by Borg et al. (1981) that 

looked directly at differences in collagen and ventricular stiffness in rat and hamster hearts, 

and more developed endomysial weave and struts were associated with elevated ventricular 

stiffness in rats. 

Collagen degradation achieved by infusions of oxidised gluthione by activating collagenase, 

reduced hydroxyproline levels in rat hearts (Matsubara, Matsubara, Okoshi et al., 2000).  The 

diastolic length-force relationships in both papillary muscle and trabeculae were shifted 

downwards and to the right and the authors concluded that the decreased passive stiffness 

strongly correlated with the fibrillar collagen loss.  Histological techniques were limited to 

resolving collagen at the perimysial level but showed a significant reduction in collagen 
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volume fraction.  Disruption of collagen around myocyte bundles in cat hearts with plasmin, 

which also activates collagenase, caused a significant decrease in systolic performance but 

did not change myocyte contractility (Baicu, et al., 2003).  This was demonstrated by force 

development and shortening being significantly decreased in papillary muscles while the 

ability to shorten was not altered in isolated myocytes.  These results support the idea that 

collagen is important for the transduction of myocyte contraction into myocardial force 

development and helps to maintain normal myocardial systolic performance.   

The contribution of collagen, or more specifically altered collagen properties, to impaired 

mechanics in pathological conditions has been explored in considerable detail.  

Pressure-overload (which occurs in hypertension), volume-overload (dilated 

cardiomyopathies) and regional loss of contractile function (as a result of a myocardial 

infarction) all initiate ventricular remodelling.  Remodelling is typically identifiable by 

changes in myocyte or wall size and loss of function but it can also have a profound effect on 

the ECM collagen.  Furthermore, characterising the amount, type, cross-linking properties 

and the propensity of collagen to be degraded in certain pathologies can provide more insight 

into the role of collagen in the heart. 

The alterations in ECM collagen properties as a result of hypertension and heart failure have 

been investigated in considerable detail.  However, little attention has been given to the 

pattern of overall remodelling of the LV myocardium beyond pathological wall thickening 

and thinning and microscopic changes to myocytes and collagen.  The consequence of 

altering myocyte and collagen relationships has not been examined with respect to the 

laminar structure of myocardium.  It is not known whether the laminar arrangement is altered 

during the evolution of these diseases or with ageing.  Furthermore, any pathological 

alterations of the collagen could adversely alter the proposed relationship between myocyte 

organisation and ECM collagen that enables sheet extension and shear deformation.  This 

could provide a mechanism for the impaired function observed in these diseases and could 

potentially provide further explanation for how altering ECM collagen properties, discussed 

above, alters ventricular function.  Systematic measurements of 3D arrangement of collagen 

and myocytes within myocardium need to be made and considered in relation to both active 

and passive global function of the LV.  This will provide better information about the role 

collagen plays in myocardium, and also provide a better understanding of the way in which 

structural remodelling affects mechanical function in the heart. 



Chapter 1 – Introduction 

23 

 

A much more detailed analysis of the current clinical and scientific understanding of HHD 

will be provided later in this thesis.  However, it is clear from the preliminary survey 

presented here that the 3D arrangement of myocytes and the extracellular connective tissue 

matrix in the normal heart ensures that its mechanical function is highly efficient. Despite 

this, the way in which cardiac ECM architecture changes during the HHD and how this 

contributes to the progression to decompensated heart failure in this disease remains 

uncertain.  These issues frame the objectives of the research project described in this thesis. 
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1.7. Objectives of this research project 

The objectives of this research project were as follows: 

1)  To reconstruct the 3D organisation of myocytes and the associated extracellular 

collagen framework at high spatial resolution across the LV wall in the normal heart 

and quantify more fully the 3D arrangement of the perimysial collagen matrix. 

2)  To characterise disease progression in an established animal model of HHD using an 

extensive portfolio of clinical tests, morphologic measures, and in vivo and ex vivo 

assessment of LV function. 

3) To describe and quantify the myocardial remodelling that occurs during the progression 

of HHD in this animal disease model with specific reference to the 3D organisation of 

myocytes and the associated extracellular collagen framework, and to correlate 

structural change with the development of mechanical dysfunction. 

 

The first objective is covered in Chapter 2 and has been publised in the American Journal of 

Physiology (Pope, et al., 2008).  Objectives two and three are addressed in Chapter 3 (a 

review of HHD), Chapter 4 (a detailed account of the methodology used) and Chapter 5 

(results and discussion).  These later results are currently being submitted for publication in a 

scientific journal.  In the final chapter, the research project is evaluated as a whole, and 

proposes areas for further research. 
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Chapter 2. Transmural arrangement of 3D ECM in normal 

myocardium 

2.1. Introduction 

The objective of this chapter is to define the myocyte arrangement and ECM organisation in 

normal myocardium in greater detail than has previously been achieved and to develop 

methods for quantifying this 3D structure.  Myocytes and non-myocyte cells are embedded in 

3D ECM, which is comprised of a highly organised collagen network.  Perimysial collagen, 

defined as the ECM associated with groups of cardiomyocytes (Robinson, Geraci, et al., 

1988a), determines myocardial architecture and plays a central role in the mechanical 

performance of the heart. There has been continuing development of the understanding of the 

muscular anatomy of the heart. Ventricular myocardium has been described as (i) discrete 

muscle bundles that follow a complex helicoidal pathway through the ventricular wall (Mall, 

1911; Robb & Robb, 1942; Torrent-Guasp, Whimster, & Redmann, 1997), (ii) a continuum 

in which myocyte orientation varies smoothly across the ventricular wall from subepicardium 

to subendocardium (Streeter & Bassett, 1966), and (iii) more recently, as an ordered 

arrangement of muscle layers or myolaminae (LeGrice, Smaill, Chai et al., 1995). This 

laminar model of ventricular myocardium views cardiac myocytes as being organised in 

branching layers surrounded by an extensive perimysial collagen network. The 3D 

arrangement of myocardial laminae accommodates the changing fiber orientation across the 

ventricular wall, and the regular discontinuities that have been observed widely in ventricular 

myocardium (Feneis, 1943; Hort, 1960; Spotnitz, et al., 1974) lie along cleavage planes 

between laminae. 

There is accumulating evidence that myolaminae are a key element of myocardial structure 

and that they play an important functional role in the heart. Consistent transmural 

distributions of ventricular myolaminae have been reported for various species in fresh and 

processed myocardial tissue with different microscopic techniques (Costa, et al., 1999; 

Hooks, Trew, Caldwell et al., 2007; Young, Legrice, Young et al., 1998), and also in in vivo 

hearts using diffusion tensor magnetic resonance imaging (DT-MRI) (Chen, Liu, Zhang et al., 

2005; Helm, Tseng, Younes et al., 2005). Whole-heart studies have demonstrated that the 

large shear deformations which occur during ventricular filling and ejection are aligned along 
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the myocardial laminae (Costa, et al., 1999; LeGrice, et al., 1995a; Spotnitz, et al., 1974). 

Furthermore, examination of excised tissue blocks from the LV free wall has shown that 

myocardium shears preferentially in directions parallel with the laminar structure (Dokos, 

Smaill, Young et al., 2002). Finally, it has been demonstrated experimentally that LV 

myocardium has significantly different bulk electrical conductivities associated with both 

fiber and laminar orientation (Hooks, et al., 2007). 

Despite the demonstrated importance of the laminar structure, there has been no systematic 

attempt to characterise either the relationship between 3D perimysial collagen organisation 

and the laminar arrangement of myocytes, or the way in which this architecture varies across 

the ventricular wall. Light microscopy and scanning electron microscopy have been used to 

characterise the arrangement of endomysial collagen, which interconnects adjacent myocytes, 

in considerable detail (Caulfield & Borg, 1979; Robinson, Cohen-Gould, & Factor, 1983) and 

also to visualise features of the perimysial collagen network (Caulfield & Borg, 1979; 

LeGrice, et al., 1995b; MacKenna, Omens, & Covell, 1996; Robinson, et al., 1983; Robinson, 

Geraci, et al., 1988). However, such studies have been limited to tissue volumes too small to 

capture the extensive nature of myolaminar architecture. High resolution imaging in much 

larger volumes is required to characterise fully the 3-D organisation of perimysial collagen 

across the LV wall. This has been made possible by the recent development, in our 

laboratory, of an automated system for imaging extended tissue volumes (Gerneke, Sands, 

Ganesalingam et al., 2007; Sands, Gerneke, Hooks et al., 2005). 

In this chapter, extended-volume confocal microscopy has been used to reconstruct the 3D 

organisation of perimysial collagen across the LV wall in normal rat hearts. This work 

demonstrates that the perimysial collagen network is more complex than has previously been 

realised. Three distinct forms of perimysial collagen were identified, which constitute an 

ordered structural framework and variations in this arrangement result in differences in 

myocyte organisation across the wall. Laminar structure is evident throughout the 

subendocardium and midwall but not the subepicardium where perimysial collagen is 

composed of regularly spaced cords. In the subendocardium and midwall, perimysial 

collagen is present mainly in the form of extensive sheets.  
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2.2. Methodology 

2.2.1. Animals and tissue preparation 

Adult male rats were anaesthetised with 5% halothane and the hearts exposed through a 

thoracotomy. Heparin (100 IUkg
-1

) was injected into the LV and allowed to circulate for one 

minute before the hearts were quickly excised and immersed in chilled saline. Hearts were 

immediately suspended on a gravity-driven Langendorff apparatus and perfused with 

cardioplegic solution (in mM: 118 NaCl, 60 KCl, 1.18 MgSO4, 1.18 KH2PO4, 24.8 NaHCO3, 

10 D-glucose, 0.25 CaCl2 and 30 2,3-butanedione monoxime) oxygenated with a mixture of 

95 % O2 - 5 % CO2 and warmed to 37 ºC. While still on the Langendorff apparatus, the heart 

was then perfusion-fixed with Bouin‟s solution  (Saturated Aqueous Picric Acid 71.4%, 

Formalin 23.8% and Glacial Acetic Acid 4.8%) until yellow and perfusion stained for 2 hours 

with picrosirius red dye (0.1 % Sirius Red F3BA, in picric acid). The stained heart was left in 

Bouin‟s solution for 5–7 days after which 2 mm-thick equatorial rings (Figure 2-1A) were 

cut through the ventricles and small transmural blocks were cut from the lateral LV free wall 

of these rings (Figure 2-1B) (Young, et al., 1998b). These tissue blocks were dehydrated in a 

graded ethanol series (50, 70, 95, 100, 100% ethanol) and then in propylene oxide (x 2), 

embedded in an agar resin
1
 and polymerized for 48 hours at 60 ºC. 

2.2.2. Image acquisition 

Tissue blocks were imaged from one Wistar and six WKY rat hearts using a purpose-built 

system that has been described in detail elsewhere (Sands, et al., 2005). Briefly, the resin-

embedded tissue block was mounted on a high-precision three-axis stage, which together 

with a confocal laser scanning microscope (TCS4D, Leica) with a Krypton-Argon Laser 

(Omnichrome, CA, USA) and lens (HC PL APO 20 x NA 0.70, Leica), were used to acquire 

extended images.  The WKY volumes were approximately 4 mm × 1 mm × 0.3 mm with 

isometric voxels of size 1 µm
3
, and the Wistar heart was imaged at 1.22 µm

3
 over a 

dimension of 4 mm × 1 mm × 1 mm. A higher resolution image (560 µm × 420 µm × 

330 µm, (0.4 μm
3
 voxel size) was also acquired from the midwall of one WKY heart.  

A grid of overlapping images was drawn out over a surface image (see Figure 2-1D) to 

define a 2D image plane (dimensions were approximately 1 mm (longitudinal) by 4 mm 

(radial, the width of the LV free wall)).  Each region within the grid was imaged in 

                                                           
1
 PROCURE 812, ProSciTech, Queensland, Australia. 
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consecutive views across the surface of the tissue block.  These 2D image planes were 

repeated at 1 μm increments into the tissue block (see Figure 2-1E) for approximately 35 μm 

depth. The surface was then milled (Ultramill SP2600, Leica) to remove 30 μm and the 

process was repeated.  The combination of imaging and milling was called an „image-mill 

cycle‟.  At each region designated by the grid, images within one image-mill cycle were 

stacked up in the z-direction.  Each stack was then background corrected, 3D de-noised and 

de-convolved using a Gaussian approximation to the point spread function to reduce noise 

and blur.  Following this, within each 2D image plane, overlapping regions were montaged 

and then the 2D image planes were stacked up in the z-direction to produce a single extended 

image volume for that image-mill cycle.  This process was repeated for each of the 

image-mill cycles.  Each tissue block was imaged for least 200 μm into the block (in the 

circumferential direction).  Finally, consecutive extended image volumes (each 

corresponding to one image-mill cycle) were overlapped in the z-direction by visual 

comparison.  Any repeated 2D image planes were removed and any movement in the x and y 

directions were corrected for to produce the complete 3D image (approximately 4 mm x 

1 mm x 200 µm) (see Figure 2-1DF).  Each block took approximately 5 days but imaging 

needed to be done during work hours as supverision was required at each milling step.  

Finally, histogram equalisation was used to correct intensity variation with imaging depth. 

Volume images were rendered and visualised using Voxx
2
. 

                                                           
2
 http://www.nephrology.iupui.edu/imaging/voxx/ 
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Figure 2-1. Schematic of a tissue block that is imaged to create an extended image volume. (A) An equatorial 

ring approximately 2 mm thick was cut from the ventricles; (B) A transmural block of tissue 

approximately 3 mm wide was cut from the LV free wall between papillary muscles; (C) The tissue block is 

embedded in resin so that the longitudinal-radial surface is exposed for imaging; (D) A grid is drawn across a 

surface image to define a 2D image plane; (E) Consecutive image planes are imaged at 1 μm depth in the 

circumferential direction; (F) 2D image planes within one „image-mill cycle‟ are stacked in the z-direction and 

then combined with consecutive stacks to produce a final 3D image of the LV free wall.  A „wall line‟ is drawn 

from epicardium to endocardium in the longitudinal-radial view in order to identify the same desired location in 

this view, or in; (G) The longitudinal-circumferential view.  epi = epicardial surface 

 

2.2.3. Image analysis 

Software custom-written in LabVIEW
3
 allowed the user to digitally resample the extended 

tissue volumes on arbitrary planes. To characterise the transmural variation of structural 

parameters it was necessary to define a transmural axis (Figure 2-1F), normal to the 

epicardial surface (0%), and extending to the origin of papillary muscle or endocardial 

trabeculae (100%). Transmural variation of fiber angle was determined from a series of 

image planes resampled perpendicular to the axis drawn in Figure 2-1G such as in Figure 

2-2. Each image plane was divided into sub-regions in which the local structural orientation 

was computed using an intensity gradient technique (Vetter, Simons, & Mironov, 2005). The 

fiber angle for each plane was determined to be the contrast-weighted average of the 

sub-region orientations. 

                                                           
3
 National Instruments, www.ni.com 

http://www.ni.com/


Chapter 2 – 3D ECM 

 
 

30 

 
Figure 2-2. Transmural variation of fibre angles.  Perpendicular image planes from a single adult WKY rat LV 

wall from subepicardium (3%) to subendocardium (97 %) used for quantification of average fibre angles. 

 

In order to determine collagen density, image subvolumes (400 µm x 400 µm x 200 µm) 

aligned with myolaminae were extracted at uniformly spaced intervals (7, 25, 50, 75, 93%) 

along the transmural axis defined above. Collagen was segmented from each sub-volume 

using a modified Top-hat filter (Russ, 2002) that identified voxels that were bright relative to 

the local background.  Where there were large contiguous volumes of collagen, a 

clustering-based thresholding technique was used to segment collagen. In the high-resolution 

image where nuclei were abnormally bright, a region growing algorithm was used to identify 

collagen on the basis of its connectivity. 

Flat transmural cutting planes show varying projections of myocardial structure due to 

transmural rotation of the fiber orientation. To make consistent comparisons across the wall it 

is useful to view the structure from the same relative orientation. A curved transmural cutting 

plane was defined perpendicular everywhere to the local myofiber axis (defined as the 

cross-fiber plane), enabling structure to be visualised across the LV wall independent of fiber 

rotation. Changes in perimysial collagen organisation were computed on this plane by using a 

measure of local collagen alignment. For each collagen pixel, segmented on the cross-fiber 

plane, the fraction of collagen was computed along a 120 µm-long line centred on the pixel. 

This was repeated for 1° steps over 180° and the maximum fraction and corresponding 

orientation were recorded. The distributions of these data were generated over defined 

regions, and the normalised variance of the maximum aligned collagen fraction was 
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determined. Figure 2-3 presents two examples of collagen organisation that can be 

differentiated by the normalised variance of co-linearity (σ/µ. In Figure 2-3A, the collagen 

(left) has the punctate appearance typical of areas with little collagen alignment in the 

viewing plane; here the collagen co-linearity is clustered about a low mean (middle) with a 

normalised variance of 0.016. The scattered organisation of collagen is additionally shown by 

the broad distribution of angle of maximum alignment (right). Figure 2-3B illustrates aligned 

collagen (left) with a greater normalised variance (0.059, middle) and a predominant angle 

clustered around 50° to the vertical axis (right). 

 

 
Figure 2-3. Collagen linearity in different transmural locations.  Measures of linearity for two different regions 

representing punctate (A) and aligned (B) collagen.  In (A), there is a low, clustered distribution of maximum 

alignment, with a normalised variance (σ/µ) of 0.016 and a spread of random alignment angles.   (B) shows a 

broader range of maximum alignments (σ/µ = 0.059) and a cominant alignment angle ~50° to the vertical axis. 

 

2.2.4. Statistics 

Evidence of variation in sample measurements was tested using two-factor ANOVA 

(STATISTICA, StatSoft. Inc, USA) with significance demonstrated for p < .05. Variation 

was subsequently explored using two mutually orthogonal vectors of post hoc contrast 

coefficients. 
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2.3. Results 

The complex organisation of ventricular myocardium is revealed in Figure 2-4, where 

transmural image volumes from the LV free wall are shown for one WKY heart (Figure 

2-4A) and the Wistar heart (Figure 2-4B). High-intensity collagen is bright, while lower 

intensities correspond to myocyte auto-fluorescence. Cleavage planes between adjacent 

bundles of myocytes are evident, particularly in the midwall. Virtual erosion of myocytes 

reveals an extensive 3D collagen network with qualitatively similar transmural variation in 

density and organisation for WKY (Figure 2-4C) and Wistar (Figure 2-4D) rat hearts. Both 

volumes have papillary muscles and trabeculae at the endocardial surfaces, and collagen 

surrounding a large subepicardial blood vessel is evident in Figure 2-4D. 

 

 
Figure 2-4. 3D volume renderings extracted from images of WKY (A) and Wistar (B) rat LVs.  Correseponding 

collagen structures are revealed in (C) and (D) respectively by decreasing tissue intensity to become almost 

transparent.  The rendered volume size is ~4 x 1 x 0.25 mm, with 1 µm
3
 for (A) and (C) and 1.22 µm

3
 for (B) 

and (D) voxel sizes.  Note the large subepicardial vessel to the left in (B) and  (D) and papillary muscles and 

trabeculae on both endocardial surfaces.  

 

In Figure 2-5 the transmural changes in myocyte orientation (A) and collagen density (B) 

have been quantified across the image volumes represented in Figure 2-4, omitting the region 

encompassing the large subepicardial vessel in the Wistar heart. In both LV walls, myocyte 

orientation changes from around -80° (base-apex direction) at the epicardium (0 %) to 

approximately 60° at the subendocardial interface with trabeculae or papillary muscle 

(100 %), but remains relatively constant across endocardial trabeculae and papillary muscle. 

Transmural fiber rotation here is ~140° and ranged from 100-150° across all seven hearts. 
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The collagen volume fraction (Figure 2-5B) is relatively uniform across most of the 

ventricular wall, with an apparent reduction at around 70% wall position. However, there is a 

sharp increase in collagen fraction at the epicardium (wall position < 5%) and considerable 

variability near the endocardium (wall position >100%). Table 1 summarises the transmural 

variation of collagen fraction across all hearts. A single-factor ANOVA shows no statistically 

significant difference either between hearts, or with transmural position. 

 

 
Figure 2-5. Transmural variation of myocyte orientation (A) and collagen fraction (B) in WKY and Wistar LV 

blocks.  Note that myocyte orientation and collagen densities are omitted from the region of the large 

subepicardial vessel in the Wistar block.  Walls position was 0% at the epicardium and 100% at the 

subendocardial origin of the trabeculae and papillary muscle. 
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 Transmural Location 

 7% 25% 50% 75% 93% 

Mean 0.114 0.112 0.118 0.104 0.109 

SD 0.015 0.005 0.007 0.015 0.013 
 

Table 1. Collagen fraction at 5 transmural  locations  (subepicardium 7% to subendocardium 93%) across 7 

normal adult rat LV walls. 

 

A cross-fiber plane is used to analyze structural detail in a consistent orientation relative to 

the fiber axis. A 2D image is extracted from the transmural volume on a thin curvilinear 

section defined to be normal everywhere to the local myofiber axis (Figure 2-6C). One such 

cross-fiber plane has been flattened (Figure 2-6A) and it is evident that there are substantial 

differences in myocyte and collagen organisation in different transmural regions. Throughout 

most of the wall, the predominant features are the discontinuities between groups of cells. 

These cleavage planes are evident because they have opened during tissue processing and 

reveal two approximately orthogonal populations of myocardial laminae.  

 

 
Figure 2-6. A curved transmural cutting plane was defined normal to the local fiber orientation at every point 

(C). Tissue from the Wistar image volume was resampled on this cross-fiber plane and flattened into a 2D image 

(A). Collagen was extracted from this image using local intensity thresholding (B). 
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The corresponding organisation of perimysial collagen is revealed in Figure 2-6B where 

myocytes have been removed. This view reveals an ordered and extensive arrangement of 

perimysial collagen. In the midwall, collagen is arranged in a parallel array of sheets with a 

predominant orientation around -40° to the transmural axis, although there is a further 

subpopulation of orientations that are approximately perpendicular to this. In the 

subendocardial region there are no openings between groups of myocytes, however collagen 

appears to form dense septae with a uniform orientation. In contrast, there are no planes of 

discontinuity in the subepicardial region nor is there any evidence that perimysial collagen is 

arranged in sheets. 

Collagen organisation has been quantified on cross-fiber planes in all seven hearts using the 

measure of local collagen alignment outlined in Section 2.2.3. Collagen was segmented on 

each cross-fiber plane, with collagen surrounding vessels or on the heart surfaces removed 

from consideration. The normalised variance of collagen co-linearity (σ/µ was measured in 

three regions on each plane, one in the sub-epicardial region, one in the midwall, and one in 

the sub-endocardial region. Single-factor ANOVA showed no significant difference between 

each heart. A two-sample F-test showed no significant difference between the midwall and 

sub-endocardial regions (p=.28) which each had a normalised variance measure of 

0.032±0.006 (SEM). However the sub-epicardial region, with a normalised variance measure 

of 0.014±0.002 (SEM) was shown to be significantly different to each of the other two 

regions (p=.004 to the midwall, and p=.001 to the sub-endocardium). 

Subvolumes were extracted from the Wistar dataset (Figure 2-4B) in subepicardial, midwall 

and subendocardial regions to investigate the transmural variation in 3D collagen 

organisation more fully (Figure 2-7). In the subepicardial region, perimysial collagen forms a 

dense array of long wavy cords that are sparsely interconnected and run parallel with the 

myocyte axis (A). In the midwall, sheets of collagen surround groups of cells (B) giving rise 

to the cleavage planes seen in Figure 2-4 and Figure 2-6. Longitudinal collagen cords are 

also present in the midwall but these appear to be more sparsely distributed. Perimysial 

collagen in the subendocardial region (C) had a similar organisation to that seen in the 

midwall, but appears more concentrated into sheets. 
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Figure 2-7. Comparison of subepicardial (A), midwall (B), and subendocardial (C) blocks extracted from the 

Wistar image volume showing myocytes and collagen (top) and collagen only (bottom).  Block sizes were 

300 µm on each side and presented with the common imaging plane on the front face. 

 

The form of perimysial collagen organisation at different transmural locations was quantified 

on cross-fiber planes in all seven hearts using the measure of local collagen alignment 

outlined in Section 2.2.3.  Collagen was segmented on each crossfiber plane, with collagen 

surrounding vessels or on heart surfaces removed from consideration. The normalised 

variance of collagen colinearity (σ/µ) was measured in three regions on each plane: one in the 

subepicardial region, one in the midwall, and one in the subendocardial region (Table 2). 

Collagen colinearity was substantially greater in subendocardial and midwall regions than in 

the subepicardial region. Moreover, alignment angles were clustered in preferred directions in 

subendocardial and midwall regions but were randomly distributed in the subepicardial 

region. These results are consistent with an ordered arrangement of perimysial collagen on 

cross-fiber planes across most of the LV free wall but suggest that perimysial collagen in the 

subepicardial region is principally in the form of longitudinal collagen cords (see Figure 

2-3A). Two-factor ANOVA confirmed the regional variation of collagen colinearity 

(p=.002), and the data were further examined using a matrix of orthogonal post hoc contrast 

coefficients. F tests demonstrated no differences between midwall and subendocardial 

regions (p=.91) but significant differences between the subepicardial region and the other two 
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regions (p=.003), which corresponds to the differences shown in the collagen arrangement 

shown in Figure 2-3. ANOVA also demonstrated a variation in the organisation between 

hearts (p=.014). 

 

 Subepicardium Midwall Subendocardium 

Mean 0.0144 0.0320 0.0327 

SD 0.0037 0.0128 0.0161 
 

Table 2. Normalised variance of collagen colinearity in 3 regions across 7 hearts.  Values are means and SDs of 

the normalised variance of collagen colinearity in 3 regions across 7 hearts.  Two-way ANOVA showed 

evidence of variation between groups (p=.002).  F-tests showed no significant difference between midwall and 

subendocardial regions (p = 0.91) but significant difference between the subepicardial region and midwall and 

subendocardial regions (p = .003). 

 

The relationship between myocardial laminar organisation and perimysial collagen structures 

was investigated in further detail (Figure 2-8), by imaging a further block of tissue from the 

midwall of the WKY heart at higher resolution (voxel size 0.4 µm
3
). In the front face of 

Figure 2-8A, myocytes and capillaries are seen in cross-section with their boundaries 

surrounded by fine endomysial collagen. The perimysial collagen forms an interconnected 

network (Figure 2-8B) in which extensive sheets of collagen are found on the surfaces of 

muscle layers as seen in Figure 2-7B. 

 

 
Figure 2-8. High resolution volume of normal adult rat heart midwall. WKY heart (A) with collagen extracted 

using connectivity-based local thresholding (B). The image was 320 x 320 x 240 µm with 0.4 µm
3

 voxel size. 
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Figure 2-9 contains subvolumes extracted from Figure 2-8, which reveal three distinct forms 

of perimysial collagen associated with myolaminae. The subvolumes B and E show that 

collagen within the muscle layers is primarily in the form of long, relatively large diameter 

(2–5 µm), branching collagen cords. These intralaminar cords are approximately aligned with 

the myocyte axis, and run adjacent to myocytes and capillaries. Fine processes originate from 

the cords and run obliquely for short distances. The other subvolumes (A, C, D) are chosen to 

reveal the organisation of the perimysial collagen on and between the muscle layers. The 

high-resolution volume images reveal the complexity and extensive nature of the collagen 

that surrounds and defines muscle layers. This meshwork (Figure 2-9A) consists of fibers 

with orientations predominantly oblique to the myocyte axis, and an apparent wide range of 

dimensions. In addition, adjacent layers are connected by long, convoluted fibers which 

integrate with surface collagen at each end (Figure 2-9D). Although interconnections 

between these fibers are sparse, multiple fibers appear to aggregate at layer edges to form 

thick collagen tendons (Figure 2-9C). All three forms of perimysial collagen (long cords 

within layers, meshwork on the surface of layers, and collagen between layers) are 

structurally distinct, however they are all interconnected, forming a coupled network. 

 
Figure 2-9. Perimysial collagen organisation revealed by high-resolution subvolumes. The image in (A) was 

opened to show the detail of the meshwork on two opposing laminar surfaces. Long intralaminar collagen cords 

were segmented from tissue volumes using connectivity-based thresholding (B and E) and show the relationship 

between the axial cords as well as small tethering branches that extend into the neighboring tissue. In (D), 

collagen spanning the cleavage plane separating adjacent layers is highlighted, and such collagen sometimes 

fuses to form larger collagen tendons near the edges of the laminae (C). 
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2.4. Discussion 

This chapter provides a systematic description of 3D myocyte arrangement and collagen 

organisation across the LV free wall in normal rat heart that is both more comprehensive and 

at higher resolution than previously available. This has been made possible through the use of 

a novel imaging system that enables confocal microscopy to be extended over large tissue 

volumes with preservation of image registration (Sands, et al., 2005) as well as visualisation 

tools that allow us to standardise views with respect to local tissue microstructure and to 

separate perimysial collagen from surrounding myocardial tissue. This study confirms that 

ventricular myocardium has an ordered laminar arrangement across much of the LV free 

wall, identify three distinct components of the LV perimysial collagen framework, and 

quantify the transmural variation in LV perimysial collagen conformation. It can also be 

argued that the observed 3D transmural organisation of perimysial collagen reflects variation 

in local mechanical loading across the LV wall and plays a crucial role in ensuring efficient 

pump function in the normal heart. 

2.4.1. 3D perimysial collagen organisation. 

The ordered nature of perimysial collagen organisation revealed when the effects of myofiber 

rotation are removed is striking (Figure 2-6). Over most of the LV wall, collagen is aligned 

in parallel planes that are significant in extent with a predominant orientation around -40° to 

the transmural axis. However, there is a further subpopulation of orientations approximately 

perpendicular to this. Figure 2-7B and Figure 2-7C show that this perimysial collagen forms 

extensive sheets that cover the surface of muscle layers and thereby define laminar 

architecture.  This laminar arrangement does not extend to the subepicardial region, where 

perimysal collagen is mainly in the form of longitudinal cords (Figure 2-7A). 

The colinearity measure outlined in Section 2.2.3 (and the associated distribution of 

maximum orientation) provides a robust means of differentiating between forms of 

perimysial collagen in the cross-fiber plane (see Figure 2-6). When collagen in this viewing 

plane has the punctate appearance and scattered distribution characteristic of longitudinal 

collagen cords, the mean value (µ) and variance (σ/µ) of the colinearity are both low, whereas 

the angle of maximum alignment has a broad distribution. On the other hand, when collagen 

in the cross-fiber plane has the ordered linear appearance associated with perimysial collagen 

that surrounds muscle layers, the mean and variance of the colinearity are both substantially 

greater, and the distribution of maximum alignment is clustered around predominant 
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orientations. The approach used in seven normal rat hearts quantitatively demonstrated that 

the 3-D arrangement of perimysial collagen is consistent with an ordered laminar 

arrangement of myocytes over much of the LV free wall. This study has also shown that there 

is transmural variation in the distribution of perimysial collagen forms, despite the fact that 

the perimysial collagen density remains relatively uniform. Laminar structure is not seen in 

the subepicardial region, where perimysial collagen is almost exclusively in the form of long, 

uniformly distributed cords aligned approximately with the myofiber direction. These 

findings provide strong support for the first of the specific hypotheses listed for this study. 

The high resolution images of a normal adult rat heart allowed reconstruction of the 3D 

architecture of midwall perimysial collagen at much higher resolution than has previously 

been reported. Figure 2-9 demonstrates that the perimysial collagen surrounding myolaminae 

is a meshwork of collagen fibers and bundles with a wide range of sizes that are typically 

oblique to the fiber axis (Figure 2-9A). Long cords run within the muscle layers, and these 

are aligned approximately with the fiber axis and appear to originate and terminate in the 

surface mesh. The finer oblique processes branching from these cords are likely to couple 

into the endomysial collagen of adjacent myocytes. Taken together, these two forms of 

perimysial collagen provide a collagenous skeleton that organises the ventricular myocardium 

into tightly coupled units forming a discontinuous structure. The third form of perimysium is 

the networks of long convoluted collagen fibers that cross cleavage planes and connect into 

the surface meshwork on adjacent layers (Figure 2-9D).  Despite transmural variation in the 

distribution of these forms, the density of perimysial collagen remains relatively uniform.  

Each of the three forms of perimysial collagen has been reported previously. Both the 

complex weave of collagen surrounding groups of myocytes and the loose network of long 

convoluted collagen fibers that connect adjacent cell groups were described in the earliest 

observations of cardiac collagen organisation (Abrahams, Janicki, & Weber, 1987; Caulfield 

& Borg, 1979; Jalil, Doering, Janicki et al., 1988; Robinson, et al., 1983; Weber, Jalil, Janicki 

et al., 1989). Coiled or wavy collagen cords running approximately parallel with the myocyte 

axis, have been reported in papillary muscle (Robinson,et al., 1988; Robinson, Geraci, et al., 

1988), RV trabeculae (Hanley, Young, LeGrice et al., 1999) and the LV free wall (Jalil, 

Doering, & Janicki, 1989; MacKenna, et al., 1996). LeGrice, Smaill and co-workers 

(LeGrice, et al., 1995b) developed a conceptual model of myocardial architecture that 

integrated the findings of Caulfield and Borg (1979) and Robinson (1983) with the findings 

relating to a discontinuous myocardium (Feneis, 1943; Hort, 1960; Spotnitz, et al., 1974). 
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LeGrice et al (1995b) showed that myocytes are grouped by perimysial collagen into 

branching layers approximately four cells thick and that the discontinuities, or cleavage 

planes, which separate adjacent muscle layers are extensive, particularly in the ventricular 

midwall. More recently, myolaminar structure has been observed in fresh, frozen cardiac 

tissue (Costa, et al., 1999; Hooks, et al., 2007) and in embedded cardiac tissue using extended 

volume imaging (Gerneke, et al., 2007; Sands, et al., 2005; Young, et al., 1998). Finally, both 

the fibrous architecture of the heart and its laminar organisation have been revealed in vivo 

using DT-MRI (Beg, Helm, & McVeigh, 2004; Chen, et al., 2005; Helm, et al., 2005).  

These views have been challenged recently. The idea that the structure and mechanical 

function of the ventricles is best described as a single band of muscle coiled into two helices 

has been enthusiastically promoted in the cardiothoracic surgery literature (Kocica, Corno, 

Carreras-Costa et al., 2006; Torrent-Guasp, Buckberg, Clemente et al., 2001). However, a 

recent review (Gilbert, Benson, Li et al., 2007) concluded that the weight of evidence from 

3D imaging is against the existence of the helical ventricular myocardial band. Other workers 

(Anderson, Ho, Sanchez-Quintana et al., 2006; Lunkenheimer, Redmann, Westermann et al., 

2006) have argued that there is no microscopic evidence for ordered laminar arrangement of 

ventricular myocytes. They state that "histological sections taken to show the full thickness of 

the ventricular walls in man fail to demonstrate lamellar fibrous shelves extending from 

epicardium to endocardium, as was suggested by LeGrice et al. (1995)" (Anderson, et al., 

2006). However, ventricular myocardium is a complex 3D structure and its architecture 

cannot be understood using 2D thin sections that do not account fully for its inherent 

anisotropy (Gilbert, et al., 2007). This is illustrated in Figure 2-10, which is extracted from 

the Wistar heart volume (Figure 2-4B) and presents a view that is parallel everywhere to the 

local myofiber direction. This figure shows that myofiber orientation is near parallel to epi- 

and endocardial surfaces, and the perimysial collagen which defines laminar structure is not 

clearly seen in this view which may explain why Lunkenheimer et al (2006) fail to observe 

laminar structure. In comparison, in Figure 2-6, which is derived from the same 3D data set 

and viewed perpendicular to the local myofiber direction, ordered arrangement of perimysial 

collagen is clearly evident in midwall and subendocardial regions. The failure to demonstrate 

lamellar fibrous shelves extending from epicardium to endocardium (Anderson, et al., 2006) 

is not surprising. Figure 2-5 shows that myolaminae do not extend across the full thickness 

of the ventricular walls. Muscle layers branch and interconnect and must do so to 

accommodate the transmural rotation of the myofibers; this is clearly articulated in the 
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original literature reporting laminar organisation of ventricular myocardium (LeGrice, et al., 

1995b; Young, et al., 1998). 

 

 
Figure 2-10. A curved transmural plane defined such that the muscle fibres lie in the cutting plane everywhere 

(perpendicular to the cross-fibre plane in Figure 2-6).  The epicardium is to the left, and a papillary muscle lies 

to the right. 

 

2.4.2. Myocardial architecture and mechanical function 

There can be no doubt that the 3D arrangement of cardiac myocytes and connective tissue is 

intimately associated with the effectiveness with which the heart operates as a pump. The 

cardiac connective tissue hierarchy has been viewed as a framework for maintaining spatial 

registration of myocytes (Caulfield & Borg, 1979; Robinson, et al., 1983), for limiting the 

extension of myocytes during diastole (Hanley, et al., 1999; MacKenna, et al., 1996; 

Robinson, 1988) and for transmission of force (Caulfield & Borg, 1979) and storage of 

energy during systole (Robinson, et al., 1983; Robinson, et al 1987; Robinson, Geraci, et al., 

1988; Weber, Janicki, & Shroff, 1988).  Bioengineering analyses provide a more complete 

understanding of the relationship between structure and mechanical function (Hunter, Pullan, 

& Smaill, 2003). The LV undergoes large changes in shape and dimension throughout the 

cardiac cycle and the extent of this deformation is greatest at the endocardium. Although 

there are substantial transmural gradients of 3D strain, myofiber extension is remarkably 

uniform across the LV wall in both systole and diastole (Costa, et al., 1999; Takayama, et al., 

2002; Waldman, et al., 1988) and sarcomere lengths do not exceed 2.25 µm in normal 

function (Weisman, Bush, Mannisi et al., 1988). The dimensional changes experienced by the 

inner wall of the LV during the cardiac cycle are much greater than can be accounted for by 
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local myocyte shortening, and have been related to altered myocyte arrangement in this 

region (Spotnitz, et al., 1974). 3D strain analysis reveals substantial shearing between 

adjacent subendocardial layers in systole (Costa, et al., 1999; LeGrice, et al., 1995a) and 

diastole (Takayama, et al., 2002), and the LV also undergoes significant torsional 

deformation throughout the cardiac cycle (Rademakers, Rogers, & Guier, 1994). Kinematic 

modelling suggests that systolic torsion and transmural myofiber rotation both contribute to 

uniformity of sarcomere length across the LV wall throughout ejection (Bovendeerd, 

Huyghe, & Arts, 1994; Rijcken, Bovendeerd, Schoofs et al., 1999). It has been shown 

experimentally (LeGrice, et al., 1995a) and theoretically (Arts, et al., 2001) that LV muscle 

layer orientations coincide with planes of maximum shear deformation.  

Such analyses suggest that three factors enable large ejection fractions to be achieved in the 

normal LV despite the restricted sarcomere-length range over which myocytes can shorten 

and develop force. These are myofiber rotation, the capacity to support substantial local shear 

deformations while maintaining appropriate transmural mechanical coupling (Ingels, 1997), 

and strain-locking mechanisms that prevent over-extension of myocytes. The different forms 

of perimysial collagen described in this paper together constitute an integrated framework 

that meets these functional requirements. Myolaminae provide structural units that enable 

local myocyte rearrangement or shearing to occur, while the dense array of longitudinal cords 

distributed throughout the LV myocardium limits passive extension along the myocyte axis. 

Finally, the 3D assembly of these connective tissue components accommodates myofiber 

rotation and provides mechanical coupling across the ventricular wall. The fact that laminar 

structure is not evident in the outer 10-20% of the rat LV may reflect the relatively low shear 

strains in this subepicardial region. However, at least two structural constraints could also be 

important. Firstly, laminae must insert into and become continuous with the epicardial 

surface. This may limit the capacity for relative movement between laminae and hence lessen 

the necessity for their presence. Secondly, the subepicardium must accommodate large 

coronary vessels and their dense surrounding connective tissue. 

It is clear that the changes in myocyte arrangement and perimysial collagen organisation 

which accompany many forms of heart disease are associated with impairment of long-term 

ventricular function (Weber, et al., 1989; Weisman, et al., 1988). Features of the ventricular 

remodelling that occurs in hypertension, myocardial infarction, and heart failure, have been 

characterised in extensive histological and biochemical studies. More recently, DT-MRI has 

been used to investigate changes in fiber orientation after myocardial infarction (Chen, Song, 
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Liu et al., 2003) and Helm et al have also used this approach to show that there are significant 

changes in myolaminar orientation in the failing heart (Helm, Younes, Beg et al., 2006). 

However, detailed information on the ways in which different cardiomyopathies alter 3D 

perimysial organisation across the ventricular wall is not available. The results provided here 

for the normal heart will provide an important frame of reference for such data in the future. 

2.4.3. Limitations 

The large volume images on which this study is based are generated by serial acquisition of 

individual voxels and this is a time-consuming process. As a result, data are presented here 

for restricted numbers of LV sites only. In addition, the stain used was non-specific for 

collagen types and therefore unable to distinguish different components of the collagen 

structures. Finally the study has been limited to rats. There are many well-characterised rat 

models of cardiac disease, and the organisation of myocytes and perimysial collagen in the 

normal rat heart is qualitatively similar to that observed in dog (LeGrice, et al., 1995b) and 

pig (Gerneke, et al., 2007). However, in these larger hearts the extent, relative to wall 

thickness, of the subepicardial region in which laminar structure is not evident, is less than in 

the rat heart. 

 

2.5. Conclusion 

In conclusion, the 3D relationship between myocyte organisation and perimysial collagen 

across the LV wall has now been characterised in a more systematic fashion than has 

previously been available. In particular, detailed structural information suggests that 

myolaminae are the principal intermediate-scale functional units throughout most of the LV. 

The results provided here for the normal heart provide an important frame of reference for the 

longitudinal study of HHD investigated in the following chapter. 
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Chapter 3. Myocardial remodelling and mechanical dysfunction in 

HHD: Introduction and motivation 

3.1. Introduction 

Cardiovascular disease encompasses a wide spectrum of diseases relating to the heart and 

circulation.  Together, they are the leading cause of death in New Zealand (Hay, 2004).  This 

seems contrary to the general improvement of cardiovascular health statistics.  In fact, the life 

expectancy for the total population has increased by at least ten years over the last 50 year 

period (Hay, 2004).  What is becoming increasingly apparent is that some types of 

cardiovascular disease, while manageable, can result in maladaptive changes in the 

cardiovascular structure and function that ultimately lead to the development of heart failure 

(Sharpe & Doughty, 1998).  Furthermore, heart failure is more likely to occur with advanced 

age (Kannel & Belanger, 1991).  Heart failure is a huge burden to both the sufferer and 

society.  The prognosis of heart failure patients remains poor (Bui, Horwic & Fonarow, 2011) 

and patients require frequent and prolonged hospital admissions that require substantial 

health-care expenditure (Sharpe & Doughty, 1998; Wright, Verouhis, Gamble et al., 2003). 

One of the main cardiovascular diseases in New Zealand that is associated with the 

development of heart failure is HHD (Hay, 2004; Wright, Verouhis, et al., 2003).  

Hypertension is defined as a chronic elevation of arterial blood pressure above 140/85 mmHg 

(New Zealand Guidelines Group, 2003).  In the majority of cases, high blood pressure has no 

discernible origin and this condition is termed essential hypertension. 

Hypertension leads to significant structural and functional changes in response to both 

haemodynamic and non-haemodynamic changes.  Cellular hypertrophy and ECM collagen 

fibrosis translate to global LV geometry changes, namely wall thickening and concentric 

hypertrophy.  These adaptions allow the LV to function at higher pressure-loads but to the 

detriment of diastolic function. In fact, diastolic dysfunction may be evident before there is 

clinical LV hypertrophy (Aeschbacher, Hutter, & Fuhrer, 2001). Humans with HHD can 

remain in this period of LV compensation for some time and in fact remain unaware of their 

high blood pressure as they remain asymptomatic.  However, decreased LV compliance 

elevates LV end diastolic pressure causing a secondary elevation of left atrial pressure with 

subsequent left atrial dilatation and increased pulmonary pressures.  At the cellular level, 
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there is ongoing remodelling and hypertrophied cells are at risk of necrosis and apoptosis thus 

reducing the number of contractile units (Anversa, Olivetti, Leri, 1997).  At the same time the 

chronically elevated arterial pressure has increased systemic vascular resistance, resulting in 

increased LV afterload.   Systolic dysfunction may develop further on in HHD but the 

mechanism by which diastolic dysfunction leads to systolic dysfunction remains unclear.  If 

left untreated, LV function will transition from LV compensation to LV decompensation and 

subsequently result in LV dilatation.  In addition, the RAAS and natriuretic pathways are 

activated (Gaddam, Verma, & Thompson, 2009; Verma & Solomon, 2009). 

Clinically, the development of LV decompensation is regarded as the syndrome of heart 

failure and can be either diastolic failure or systolic failure or both.  Over one third of patients 

with known heart failure, including those with HHD have been demonstrated to have 

diastolic impairment while preserving systolic function (Gaasch & Zile, 2004).  The signs 

and symptoms of heart failure include poor exercise tolerance, shortness of breath associated 

with poor LV pump function, orthopnoea due to pulmonary congestion and peripheral 

oedema and liver congestion (signs of RV failure secondary to LV failure).  

While the pattern of HHD has been well established, the mechanisms that mediate the 

pathological remodelling of myocardium causing transition from compensated hypertrophy to 

decompensated heart failure remain poorly understood. 

 

3.2. Myocardial remodelling in HHD 

In pressure overload conditions such as in hypertension, excessive collagen deposition, 

termed fibrosis, is a serious complication that can cause diastolic dysfunction, which often 

precedes LV dilatation and systolic dysfunction (Hess, Schneider, Kock et al., 1981; Jalil, 

Doering, Janicki, et al., 1989; Janicki & Brower, 2002; McLenachan & Dargie, 1990).  

Increased collagen fractions of 20% or greater is typical of hearts from hypertensive animals 

and humans (Diez, Laviades, Mayr et al., 1995; Diez, Querejeta, Lopez et al., 2002; Jalil, et 

al., 1989; Matsubara, Matsubara, Okoshi et al., 1997; Rossi, 1998; Weber, et al., 1988; 

Weber, Janiki, & Pick, 1990).  The initial changes associated with the remodelling process 

appear to be compensatory and adaptive.  Reactive fibrosis, for example, which involves 

remodelling of the perimysium and endomysium, is believed to help normalise force across 

hypertrophying myocytes.  Collagen weave surrounding myocytes becomes denser and can 
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separate cells from each other by encasing them in “cement” (Jalil, Doering, Janicki, et al., 

1989).  Newly formed fibres appear and fill in interstitial spaces (Eghbali, et al., 1989; Jalil, 

Doering, Janicki, et al., 1989; Silver, Pick, Brilla et al., 1990) and perivascular collagen 

(around blood vessels) expands (Eghbali, et al., 1989; Thiedmann, Holubarsch, Medugorac et 

al., 1983).  However, if the abnormal loading is not relieved, dying cells are replaced with 

reparative fibrosis and there can be a loss of contractile function and the ventricle begins to 

dilate (Weber, Anversa, Armstrong et al., 1992).  Increased collagen may lead to myocardial 

dysfunction by restricting myofibrillar and myocyte motion.  Through tighter coupling, and 

the reduction of contractile capabilities, cell damage is incurred through the increased 

diffusion distance between blood vessels and myocytes (Weber, Janicki, et al., 1990).  The 

resultant reparative fibrosis disrupts the organisation of the collagen matrix, producing 

myocyte misalignment leading to ventricular dilatation and changes in stiffness (Janicki & 

Brower, 2002).  The correlation between ventricular and myocardial stiffness and collagen 

concentration has been established in hypertrophied rat papillary and trabeculae muscles 

(Bing, Matsushita, Fanburg et al., 1971), in non-human primate with experimental 

hypertension (Weber, Janicki, et al., 1988), in rats with renovascular hypertension (Doering, 

Jalil, Janicki et al., 1988), and in rats with myocardial fibrosis secondary to drug 

administration (Jalil, Janicki, et al., 1989).  These studies did not discount the contribution of 

myocyte hypertrophy to increased ventricular stiffness.  In a genetic rat model of 

hypertension, however, the regression of myocyte hypertrophy with application of the drug 

hydralazine did not reverse the fibrosis and treated hearts exhibited passive myocardial 

stiffness similar to that measured in the untreated animals (Narayan, Janicki, Fanburg et al., 

1989).  Moreover, ventricular hypertrophy is commonly observed in endurance-trained rats 

with no associated fibrosis or altered diastolic function at rest (Burgess, Buggy, Price et al., 

1996; Thomas, et al., 2000).   

As the types I and III fibrillar collagens have different mechanical properties, changing their 

ratio (type I: type III) within myocardium could alter ventricular mechanics, and indeed this 

seems to be the case in both development and disease progression.  There is a distinct shift 

from type III to type I collagen in neonatal rat hearts (Borg, Buggy, Sullivan et al., 1986), and 

the amount of type III is much larger in young rats (4 weeks) than compared to older rats (24 

months) (Medugorac & Jacob, 1983).  Shifts in the myocardial collagen types I and III ratio 

also occur in certain pathologies.  Experimentally induced hypertension has a transient 

increase in type III but overall, type I collagen is increased (Burgess, et al., 1996) and there is 
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an association with diminished myocardial relaxation capacity.  At the site of a myocardial 

infarct, there is typically an immediate laying down of thin type III collagen which is 

immature, and the wound is susceptible to stretch.  After three weeks, type I collagen 

increases relative to type III, so that the types I/III ratio increases and the infarct region 

becomes progressively less compliant (Cleutjens, Verluyten, Smiths et al., 1995; Jugdutt, 

2004; McCormick, Musch, Bergman et al., 1994).  Impaired LV function due to coronary 

artery disease, and also dilated cardiomyopathy, are associated with increased type I and III 

collagens but with an exaggerated type I to type III ratio (Bishop, Greenbaum, Gibson et al., 

1990).  These results imply that collagen remodelling with age, or as a result of hypertension 

or a myocardial infarct, leads to an abnormally high proportion of type I collagen that 

produces increased myocardial stiffness and may contribute to impaired ventricular function.  

An abnormal amount of type III collagen associated with increased collagen and a decreased 

type I:type III ratio has been measured in failing hearts (Mukherjee & Sen, 1991).  There is 

relatively more collagen type III in hypertrophied tissues from a rat genetic model of 

hypertension at 24 months, when these animals are believed to be in heart failure (Medugorac 

& Jacob, 1983). 

In addition to increased overall collagen and an altered type I:type III ratio, collagen 

cross-linking properties may be responsible for changes in diastolic stiffness.  The extent of 

collagen intramolecular and intermolecular cross-linking is higher in ventricular tissue than in 

striated muscle, and increases with age as collagen matures (Medugorac & Jacob, 1983).  In a 

dog model of pressure overload, both collagen and cross-linking of collagen types I and III 

increased (Iimoto, Covell, & Harper, 1988) but collagen-linked glycosylation, and not 

collagen concentration, appeared to be the major factor affecting diastolic function in dogs 

with experimental diabetes (Jyothirmayi, Soni, Masurekar et al., 1998).  Again, after several 

weeks of collagen scarring in damaged regions of a myocardial infarct, the total number of 

cross-linkages is higher in the damaged region than the non-damaged region, contributing to 

the scar‟s inability to distend (Jugdutt 2004).  There is also evidence that points to reductions 

in myocardial collagen cross-linking being important in the development of heart failure 

(Weber, 1989).  Mice with a genetic defect preventing adequate collagen cross-linking have 

impaired contractility (Capasso, Robinson, & Anversa, 1989).  In rats with LV hypertrophy 

transitioning to heart failure, increased soluble collagen (which reflects a decreased amount 

of cross-linked collagen that is less soluble) parallels the development of dilatation 

(Woodiwiss, Tsotetsi, Sprott et al., 2001).  The increased laying down of collagen, which is 
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predominately type III in the decompensating and dilating ventricle would mean that there 

was reduced cross-linking in the newly synthesised collagen resulting in a more compliant 

ventricle (Weber, Janicki, et al., 1988). 

The reduction in collagen cross-linking can be achieved by increased specific degradation of 

collagen by MMPs.  Reduced MMP plasma levels (MMP-1 and MMP-9) have been detected 

in patients with systemic hypertension in the initial phases of HHD (Laviades, Varo, & 

Fernández, 1998; Li-Saw-Hee, Edmunds, & Blann, 2000).  In a genetic model of 

hypertension, the development of compensated hypertrophy is associated with an increase in 

TIMP-4 levels, which reduces MMP activity (Li, Simon, Bocan et al., 2000; Mujumdar & 

Tyagi, 1999).  However, as this model progresses to decompensation, MMP-2 and MMP-3 

levels increase (Iwanaga, Aoyama, Kihara et al., 2002; Mujumdar & Tyagi, 1999) and the 

enhanced proteolytic activity is thought to contribute to progressive remodelling leading to 

LV dilatation (Iwanaga, et al., 2002).  The disruption of fibrillar collagen in chronic volume 

overload is associated with enhanced myocardial MMP activity (Li, et al., 2000; Spinale, 

Ishihra, Zile et al., 1993).  Experimentally induced volume-overload results in a significant 

activation of myocardial MMPs within 12 hours.  Over a period of a week, collagen 

concentration is reduced by almost 50%, and the LV significantly dilates as reflected by a 

parallel shift of the pressure-volume relationship along the volume axis. (Janicki & Brower, 

2002).  Inhibition of MMP-1 in the pacing pig model of congestive heart failure prevented the 

development of wall thinning and dilatation by maintaining myocyte and collagen integrity.  

This suggests that the disruption of collagen by abnormal activity of specific collagenase in 

pathological conditions is necessary for the onset of heart failure (King, Coker, Goldberg et 

al., 2003).  

Chronic hypertension triggers a series of characteristic changes in LV structure that enable 

the heart to compensate initially for increased pressure load (Jalil, et al, 1989), but contribute 

to a progression through diastolic heart failure (Kass, Bronzwaer, & Paulus, 2004) to 

decompensated heart failure (Brower, Gardner, & Forman, 2006). Early myocardial 

remodelling in HHD includes myocyte hypertrophy and reactive or reparative myocardial 

fibrosis that is a result of both increased collagen types I and III synthesis by fibroblasts 

combined with increased crosslinking within the ECM and unchanged or decreased 

extracellular collagen degradation (Brower, et al., 2006; Diez, et al., 1995; Diez, Panizo, Gil 

et al., 1996; Weber, Janicki, et al, 1988). A rise in collagen content is associated with an 
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increase in LV chamber and/or myocardial stiffness and leads to diastolic dysfunction while 

systolic ejection fraction is preserved at rest (Brilla, Funck & Rupp, 2000; Brilla, Janicki, & 

Weber, 1991; Conrad, et al., 1995; Diez, et al., 2002; Gaasch & Zile, 2004; Hess, et al., 1981; 

Jalil, et al., 1989; McLenachan & Dargie, 1990; Thiedmann, et al., 1983; Weber, Sun, & 

Guarda, 1994).  With the development of decompensated heart failure, the heart becomes 

dilated and this is accompanied by an ongoing reduction in ejection fraction. Corresponding 

changes at the tissue level are proliferation of interstitial fibrosis, apoptosis and increasing 

disorder in myocyte arrangement (Berk, Fujiwara, & Lehoux, 2007). 

Also of interest, is the role of the RAAS in the progression of HHD.  While initially 

described as a circulating hormonal system, genes encoding components of this system have 

been found in the heart (Sun & Weber, 2003) and blockade can reverse cardiac fibrosis in 

HHD (De Mello & Frohlich, 2011). Furthermore, in human hearts local angiontensin II 

production was low in normal hearts but increased with the severity of heart failure class 

(Serneri, Boddi, Cecioni et al, 2001). In a transgenic mouse model that overexpresses cardiac 

angiotensin II,  hypertension resulted in local angiotensin II activity increasing inflammation, 

oxidative stress and myocyte death (Xu, Carretero, Liao et al, 2011). In addition, local 

inflammation as a result of myocyte necrosis may trigger replacement fibrosis as well as 

MMPs in which mast cells appear to play an important role (Janicki, Brower, & Gardner, 

2006; Shiota, Rysa, Kovanen et al., 2003).  Immunomodulatory agents such as TGF- have 

been shown to interact with fibroblasts and increase fibrosis (Hermida, Lopez, & Gonzalez, 

2009; Leask, 2007) and the chemokine CXCL16 has been known to enhance MMP activity in 

tissue biopsied from human failing hearts (Dahl, Husberg, & Gullestad, 2009). 

Studying structural changes in human hearts is difficult and has been done in the past with 

various degrees of success (Brilla, et al., 2000; Brilla, Moderer, Salge et al., 1994; Diez, et 

al., 2002; Hess, et al., 1981; Rossi, 1998b).  Since human tissue is usually acquired from 

biopsies in patients undergoing surgical procedures, or from hearts removed during 

transplantation, the quality of this tissue is not ideal for conducting functional measurements 

and its source is not reliable.  In addition, studies that would involve observing patients from 

the early stages of essential hypertension and left untreated to progress to death would be 

unethical.   

Research carried out by Rossi (1998b) provides important insight into the changes in 3D 

ECM arrangement that occur in human HHD.  Rossi obtained human hearts post mortem 
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from humans who had died from non-cardiac causes and grouped them according to known 

chronic arterial hypertension, cardiac weight and autopsy findings: normal (with no history of 

hypertension), hypertrophied, severely hypertrophied and severely hypertrophied with 

clinical findings indicative of LV decompensation.  The cells in these hearts were then 

macerated leaving behind a collagen skeleton.  Figure 3-1 shows scanning electron 

microscopy images from each of the different groups.  In normal hearts there is a clear 

separation between perimysium, which forms a sheath around groups of cells, and 

endomysium that interconnects individual cells (Figure 3-1A).  In hypertensive hearts, there 

is a series of myocyte and collagen changes that are apparent with increasing severity of 

disease.  Endomysial collagen becomes denser, encasing myocytes, and perimysial collagen 

becomes more obscured (Figure 3-1B).  Myocytes become hypertrophied but then become 

more variable in size (Figure 3-1C) with significant atrophy or even replaced by collagen 

scarring (Figure 3-1D).   While the author did not refer specifically to a laminar 

myocardium, as mentioned above there was clear separation of groups of myocytes by 

perimysium in the normal hearts and in the hearts from humans with LV decompensation, 

there were a “number of broad bands and sheets of collagen surrounding disorganised muscle 

bundles” (Figure 3-1D).   These qualitative changes in ECM collagen were supported by 

quantification of volume fractions of fibrosis that increased significantly (p < .05) from one 

group to the next in disease severity from 6.5±1.5% in the normal hearts to 31.1±10.5% in the 

most severe group. 
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Figure 3-1. Scanning electron microscopy images of ECM collagen skeletons from human adult hearts. (A) 

Control adult myocardium.  Perimysium (per) groups myocytes, endomysium (end, arrow heads) surround and 

interconnect individual myocytes and collagen struts (curved arrow) connect myocytes to the perimysial sheath.  

(B) Hypertrophied myocardium. Myocyte hypertrophy surrounded by diffuse excess of endomysium associated 

with perimysial broad bands of collagen (per), and the perimysial sheath is obscured (arrow).   (C) Severely 

hypertrophied. Myocytes of variable size surrounded by dense endomysium that obscures collagen struts 

(arrows).  (D) Severely hypertrophied heart from an adult human with LV decompensation.  In addition to 

changes seen in (C), a number of broad bands of perimysium (per) surround disorganised muscle bundles that 

contain regions of scar-like foci with myocyte loss and/or atrophy (arrow).  Bar = 20 µm.   Modified from 

(Rossi, 1998b). 
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Lopez, Diez and coworkers (Lopez, Gonzalez, & Querejeta, 2006) studied hypertensive 

patients with systolic heart failure and diastolic heart failure.  They report significantly 

greater myocardial MMP-1 expression, as well as MMP-1:TIMP-1 ratios in biopsies from 

systolic patients than for diastolic patients and normotensive controls.  In addition, they found 

that perimysial and endomysial collagen were reduced for hypertensive systolic heart failure 

patients compared with diastolic heart failure and controls, and argued that the increased 

fibrosis seen in these patients is due to proliferation of perivascular and replacement collagen. 

On this basis, it was proposed (Berk, et al., 2007; Lopez, et al., 2006) that the transition to 

decompensated heart failure in HHD is caused by degradation of endomysial and perimysial 

components of the collagen scaffold.  This provides a conceptual framework for explaining 

the development of LV dilatation and systolic dysfunction during the progression from 

compensated LV hypertrophy to systolic heart failure.  Similarly, the proposed mechanisms 

resemble well-established processes that lead to LV remodelling in response to chronic 

volume loading (Zheng, Chen, & Wang, 2009).  Zheng and co-workers, demonstrated 

persistent collagen loss and increased MMP-1 and MMP-9 expression associated with LV 

dilatation in dogs with chronic mitral regurgitation. However, dissolution of perimysial and, 

in particular, endomysial components of the extracellular collagen matrix is not consistent 

with Rossi‟s findings (Figure 3-1). Also, more recently, Lopez and colleagues have 

demonstrated a quantifiable increase in collagen in hearts from humans with long standing 

congestive heart failure (Lopez, et al., 2009).  What is interesting to note from this study was 

that the failing hearts had almost a 9-fold increase in insoluble collagen and approximately 3-

fold increase in collagen cross-linking. The majority of patients‟ heart failure was secondary 

to HHD.  This issue requires detailed further investigation. 

 

3.3. The spontaneously hypertensive rat as a model of HHD 

This research project utilises a convenient model of HHD.  The spontaneously hypertensive 

rat (SHR) provides the means to study the evolution of hypertension leading to heart failure 

in its two year lifespan (Conrad, et al., 1991; Pfeffer, Pfeffer, Fishbein et al., 1979).  A large 

pool of data already exists describing aspects of geometrical, structural and functional 

changes in SHR.  There are very few comprehensive studies that span the entire life of the 

SHR and even these do not succeed in completely describing the many changes that appear to 

be interdependent in the disease progression. 
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The purpose of this research is to delineate facets of human disease that may have clinical 

importance.  Most knowledge of pathophysiological outcomes in heart disease is derived 

from experimental work on animal models.  Animals with comparable cardiovascular 

anatomy, such as pigs and sheep, have been studied after experimental inducement of a 

particular disease trait, such as pacing or stunning leading to volume-overload failure 

(Devlin, Matthews, & McCracken, 2000; Dixon & Spinale, 2009).  A common problem with 

experimentally induced hypertension or heart failure models - either by surgical procedures 

(Weber, et al., 1990), or pharmacologically induced (Ammargeuliat et al., 2001; Kato, et al., 

1995; Woodiwiss, et al., 2001), in large animals, or in smaller animals, such as rats - is that 

these animals generally have damage associated with the experimental procedure itself that is 

not related to human cardiac disease.  As a result, these animals tend to have accelerated 

disease development and can only be studied short-term. 

The need for an animal model which „naturally‟ develops high blood pressure that transitions 

to heart failure with age, in a manner similar to humans, was met by the development of a 

genetic breed of hypertensive rats, the SHR (Udenfriend & Spector, 1972).  A male Wistar rat 

with established high systolic blood pressure above 150 mmHg, was mated with a Wistar 

female that had a high systolic blood pressure of around 130 mmHg.  Future generations were 

inbred until high blood pressure was consistent and at around 20 generations, the breed was 

considered stable and became available for research worldwide (Okamoto & Aoki, 1963).   

The normotensive control for the SHR, the Wistar Kyoto rat, or WKY, was released several 

years later from the Wistar colony that the SHR had been developed from.  However, these 

animals were not inbred to maintain genetic consistency while the SHR line was being 

established; therefore the WKY is not a true genetic control but is still considered to be 

appropriate (Louis and Howes, 1990). 

Arterial blood pressure, normally discussed in terms of systolic blood pressure (SBP), is 

elevated from a very early age in SHR.  The specific age is dependent on the particular SHR 

colony being studied depending on their own set of genetic characteristics (Trippodo & 

Frohlich, 1981).  In one colony, SBP increased as early as 3 weeks of age and increased 

steadily until a maximum level was reached at 20 - 28 weeks (Trippodo & Frohlich, 1981).  

Other reports include raised but not significant blood pressure at 1 month (Engelmann, 

Vitullo, & Gerrity, 1987) or at 6 weeks that steadily increased to reach a steady-state between 

24 – 36 weeks (Mujumdar & Tyagi, 1999). Meanwhile, WKY had a slow increase in SBP 
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that stabilised anytime between 7 weeks of age (Mujumdar & Tyagi, 1999; Trippodo & 

Frohlich, 1981) and 12 months (Engelmann, et al., 1987). 

Elevated SBP is associated with abnormal hypertrophy in SHR.  Normal heart growth in 

WKY was slow and age-related with LV wall-thickness reaching a maximum around 18 

months (Engelmann, et al., 1987).  In contrast, SHR LV wall thickness increased rapidly 

during the first 6 months (Engelmann, et al., 1987) and even when blood pressure stabilised, 

SHR LV mass continued to increase with age (Pfeffer, et al., 1979) reaching a plateau around 

18 months (Engelmann, et al., 1987).  The development of hypertrophy in young adult and 

middle-aged SHR is a compensatory response which permits the heart wall to adapt to an 

increased mechanical stress and may in fact elevate systolic function (Brooksby, Levi, & 

Jones, 1992; Cingolani, et al., 2003; Delbridge, Connell, Morgan et al., 1996; Mirsky, et al., 

1983; Pfeffer et al., 1976).  The hypertrophy eventually leads to the development of impaired 

contractile function (Bing, et al., 1995; Brilla, et al., 1991; Brooks, et al., 1997; Conrad, et al., 

1991; Mirsky, et al., 1983).  The reduced ability to eject an adequate stroke volume from the 

LV results in elevated LA filling pressures and leads to retention of fluid in the pleural and 

pericardial spaces and development of RV hypertrophy (because of increased afterload on the 

RV) (Bing, et al., 1995; Conrad, et al., 1991).  Subsequently, the SHR develop dilated LV 

and progressively worsen until they have overt heart failure (Bing, et al., 1995; Brilla, et al., 

1991; Brooks, et al., 1997; Pfeffer, et al., 1979).  The mortality rate of the SHR at 20 months 

of age is 80% compared to 7% in WKY at the same age (Nagaoka, Kawaji, Imai et al., 1970). 

Remodelling of the non-myocyte components of myocardium is a well recognised feature of 

HHD (Pardo Mindan & Panizo, 1993; Rossi, 1998b) and heart failure in both humans (Brilla, 

et al., 2000) and the SHR (Bing, Ngo, Humphries et al., 1997; Brilla, et al., 1991; Jalil, 

Doering, Janicki, et al., 1989).  In SHR myocardium, there is substantial ECM collagen 

remodelling (reactive fibrosis) following the development of high blood pressure and 

hypertrophy (Brilla, et al., 1991; Diez, et al., 1996).  In SHR that are failing, reparative 

fibrosis is evident due to myocyte necrosis (Badenhorst, Veliotes, Maseko et al., 2003; Bing, 

et al., 1995; Engelmann, et al., 1987).  This collagen remodelling that occurs within SHR 

myocardium with disease progression appears to be associated with diastolic dysfunction and 

impaired coronary reserve (Bing, Matsushita, Fanburg et al., 1971; Brilla, et al., 2000; Brilla, 

et al., 1991; Brilla, Matsubara, & Weber, 1996; Cingolani, et al., 2003; Fenning, 2004). 
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How changes in collagen ultimately contribute to impaired function remains controversial 

(Badenhorst, Maeko, Tsotetsi et al., 2003).  Several different collagen properties have been 

investigated in SHR: Increases in collagen concentration, proportion (of total area or 

volume), collagen phenotypes (Bing, et al., 1997; Conrad, et al., 1995; Doering, et al., 1988; 

Jalil, et al., 1989; Thiedemann, Holubarsch, Medugorac et al., 1983) and, cross-linking 

properties (Badenhorst, Maeko, et al., 2003).  Collagen degradation status is also changed in 

the failing hearts.  LV tissue from LV decompensated SHR have increased MMP-2, while 

TIMP-4 decreased and overall decreased levels of elastin (Iwanaga, et al., 2002; Mujumdar & 

Tyagi, 1999).  These collagen properties, when altered, have been shown to impact on 

myocardium to varying degrees.  However, little emphasis has been placed on overall 

reorganisation of collagen within myocardium.  The changing relationship between collagen 

and myocytes, i.e., how collagen contributes to myocyte architecture, influences myocardial 

mechanical properties.  This research project seeks to readdress what has been overlooked in 

past SHR studies by capitalising on the progressive nature of the disease from hypertensive 

heart disease to failure.  Serial characterisation of 3D structural information from LV free 

wall from SHR as well as WKY controls will provide the opportunity to consider the overall 

reorganisation of myocardium and ECM collagen‟s contribution.  Particular focus will be 

given to the laminar organisation which has not been characterised in SHR myocardium 

previously. 

 

3.4. Measurements of cardiac dysfunction in humans 

In order to be able to make comparisons between human disease and animal models it is 

beneficial to utilise clinical tools for assessing human cardiac function to track HHD 

progression in the animal model.  There is considerable interest in identifying indices that 

signal the onset of transition to heart failure, so that appropriate and timely treatments can be 

initiated (Rademaker & Richards, 2005).  In addition, the average heart failure patient in New 

Zealand is over 70 years of age, is equally likely to be male or female and is also likely to 

have multiple pathologies (Sharpe & Doughty, 1998; Wright, Verouhis, et al., 2003).  

Coexistent pathologies make the diagnosis of heart failure difficult and a range of clinical 

investigations is often required (Struthers, 1996).  There are several clinical tools available 

for assessing cardiac geometry and function.  The most useful in heart failure are arguably 

echocardiography and cardiac hormone measurement (Sharpe & Doughty, 1998).  There are 



Chapter 3 – Myocardial remodelling in HHD: Introduction 

 
 

57 

new developments in cardiac MRI to study myocardial delayed enhancement of gadolinium 

contrast to identify areas of fibrosis.  Some recent work shows that high magnification can 

achieve resolution close to myocyte size (Schelbert, Hsu, Anderson, et al., 2010) but this is 

not routinely done clinically because of cost and time required and therefore was beyond the 

scope of this study. 

3.4.1. Echocardiography 

Echocardiography has proven to be a clinically useful, reproducible, and accurate technique 

for serial assessment of LV remodelling and changes in LV function (Anand, Florea, Soomon 

et al., 2002).  Also known as cardiac ultrasound, the technique uses high frequency sound 

waves which tissue and reflect off tissue boundaries so that structures defined by these 

boundaries can be recorded (Nishimura, Gibbons, & Tajik, 2004).  Three main types of 

echocardiography are used clinically: (1) M-mode echocardiography yields a 1D (depth) 

view of cardiac structures, and the displacement of tissue boundaries throughout the cardiac 

cycle can be measured to provide geometrical and functional information (Mandinov, Eberli, 

C.Seiler et al., 2000), (2) 2D echocardiography provides a view of a plane through the heart 

chambers with a time-varying display through the cardiac cycle, and (3) Tissue Doppler 

imaging (TDI) is used to measure velocity, and is commonly employed to estimate blood 

flow (Nishimura, et al., 2004). 

A patient who presents with possible heart failure can exhibit a range of clinical symptoms.  

Within this context, echocardiography plays a critical diagnostic role by providing cardiac-

specific information (Gaasch & Zile, 2004).  Ejection fraction (EF) or fractional shortening 

(FS) are often measured from 2D or M-mode echocardiograph image sequences, respectively.  

If systolic function is severely depressed, well established criteria classify this as systolic 

heart failure (ACC/AHA Practise Guidelines, 2009; Chavey, Blaum, Bleske et al., 2001).  

However, up to 40% of patients with typical symptoms and signs of heart failure have normal 

or near-normal systolic function (Gaasch & Zile, 2004; Gandhi, Powers, Nomeir et al., 2001; 

Kitzman, 2002; Vasan, Larson, Benjamin et al., 1999; Zile, Baicu, & Gaasch, 2004; Zile & 

Brutsaert, 2002).  In these cases, echocardiography is used to determine whether symptoms 

are a result of diastolic dysfunction, specifically by using TDI to assess patterns of mitral 

blood flow (Mandinov, et al., 2000).  Early and active filling of the ventricle are represented 

by the „E‟ and „A‟ waves seen in the transmitral inflow velocity profile, and the ratio of these 

two velocities changes with impaired function (Vitarelli, Tiukinhoy, DiLuzio et al., 2003).  
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These patterns underpin guidelines from the American College of Cardiology and the 

American Heart Association for diagnosing diastolic heart failure (ACC/AHA Practise 

Guidelines, 2009).  Echocardiography is an important tool for discriminating between 

systolic and diastolic heart failure (Gaasch & Zile, 2004). 

3.4.2. Brain natriuretic peptide 

In addition to echocardiography, measurement of cardiac hormones, specifically natriuretic 

peptides, have shown promise as non-invasive, easily measured, and accurate markers for 

diagnosis of heart failure and LV dysfunction (Doust, Glasziou, Pietrzak et al., 2004; 

Richards, 2004; Rodeheffer, 2002; Sharpe & Doughty, 1998).  Members of the natriuretic 

peptide family are structurally and functionally related and include A, B and C-types.  Atrial 

natriuretic peptide (ANP) is synthesised by myocytes, predominately located in the atria.  

ANP secretion is stimulated by increased circulatory blood volume, elevated atrial pressure 

and atrial wall stretch (Raine, Erne, & al, 1986).  BNP is released from ventricular myocytes 

with increasing concentration in response to ventricular wall stretch, ventricular dilation 

and/or increased filling pressure (Richards, Crozier, Yandle et al., 1993; Vanderheyden, 

Goethals, Verstreken et al., 2004).  BNP has been reported to increase in several 

cardiovascular diseases that are precursors to heart failure including hypertensive ventricular 

hypertrophy (Bettencourt, Ferreira, Sousa et al., 1999; Nishikimi, Yoshihara, & al, 1996; 

Uusimaa, Tokola, Ylitalo et al., 2004) and myocardial ischaemia and infarction (Morita, 

Yasue, & al, 1993).  Additionally, rising plasma BNP levels appears to be more sensitive to 

the severity of heart failure compared to ANP (Cowie, Struthers, Wood et al., 1997; 

Mukoyama, Nakao, & al, 1990).  A third peptide, C-type natriuretic peptide (CNP), is 

manufactured and secreted mainly by the vascular endothelium (Azzazy & Christenson, 

2003; Boomama & Meiracker, 2001).  The amino-terminal fragment of CNP has been 

reported to be a poor measure of cardiac function (Wright, Prickett, Doughty et al., 2004).  Of 

these three natriuretic peptides, then, BNP is considered to be the most sensitive marker of 

LV status (Doust, et al., 2004).  There is strong evidence supporting the use of BNP analysis 

as a pre-screening tool for echocardiography (Struthers, 2002).  Plasma BNP has a high 

negative predictive value for diagnosing heart failure, which is particularly important where a 

patient has associated respiratory problems (Davis, Espiner, & al, 1994; Wright, Doughty, 

Pearl et al., 2003).  Furthermore, there is good evidence that where management of heart 
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failure reduces BNP levels, prognosis is improved (de Lemos, McGuire, & Drazner, 2003; 

Richards, 2004). 

The details for how these different clinical measurements are incorporated into a longitudinal 

study design characterising both LV structural and function changes in SHR, a model of 

HHD, are provided in the next chapter.  The results are then presented and discussed in 

Chapter 5. 
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Chapter 4. Myocardial remodelling and mechanical dysfunction in 

HHD: Methodology and Procedures 

4.1. Research Context 

The following two chapters outline the longitudinal study of SHR, an experimental model of 

HHD, from 3 months of age up to almost 25 months of age, studying the relationship between 

changing myocardial structure and cardiac function.  Chapter 4 outlines the methodology and 

procedures used to study a colony of SHR and their age-matched controls, WKY.  Chapter 5 

presents the findings from this study. 

4.1.1. Research location 

All animal research was carried out within the University of Auckland.  Animals were bred 

and cared for in the Animal Research Unit, Faculty of Medicine and Health Sciences 

(FMHS).  Echocardiograph assessment was carried out in the Cardiovascular Research 

Imaging Unit, Department of Medicine, Auckland City Hospital.  Subsequent animal 

experimentation and tissue handling were carried out equally within the Department of 

Physiology, FMHS, and at the Bioengineering Institute.  Resin embedded tissue was 

polymerized in an oven situated within the Biomedical Imaging Research Unit, FMHS.  All 

imaging was carried out within the Department of Physiology, FMHS.  The only component 

of this study analysed off campus was the BNP assay at ENDOLAB, Christchurch Medical 

School, NZ. 

4.1.2. Animal colonies 

In this study, 70 SHRs and 70 WKYs were randomised into groups that were allowed to age 

to four different end-points: 3, 12, 18 and 24 months.  Approximately 10% of the animals 

died or were euthanised prior to the specified end-point due to strokes, development of 

diabetes or cancer.  These rats were not included in the analysis.  Each animal was monitored 

on a regular basis, weighed weekly, and observed for any signs of poor health.  Animals over 

18 months were weighed three times a week in order to detect sudden changes in body weight 

(BW) (change > 10g) and other signs of heart failure including laboured breathing and pale 

eyes and tail.  SHR with these signs were included in the 24 months age group if presence of 

heart failure was confirmed by echocardiography. 
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4.2. Procedures and Instrumentation 

This study was approved by the Animal Ethics Committee of the University of Auckland and 

conforms to the Guide for the Care and Use of Laboratory Animals (National Institute of 

Health Publication No. 85-23, Revised 1996).  

A few days before each animal was killed, systolic blood pressure (SBP) and heart rate (HR) 

were measured via the tail cuff method (Section 4.2.1).  Subsequently, echocardiograph 

assessment was carried out (Section 4.2.2) and then the animals were allowed to recover for 

several days.  Each animal was anaesthetised and blood samples were collected for plasma 

analysis (Section 4.2.4).  Then the lungs, liver, kidneys and heart were excised for weighing 

(Section 4.2.3).  All extracted organs were then dried except for the heart where only a wet 

weight was obtained before being used for further experimentation.  Most hearts were used 

for LV passive pressure-volume testing (Sections 4.2.6 to 4.2.8) and the LV stained 

afterwards while at least two hearts from each group were immediately fixed and stained 

(Section 4.2.9).  Stained tissue was then histologically processed and imaged (Section 

4.2.10).  Also, a few hearts from both 24-month old groups were prepared for 

immunohistological staining after wet weights were obtained (Section 4.2.11).  

4.2.1. Tail cuff sphygmomanometry 

To confirm that SHR were hypertensive and WKYs were normotensive, SBP was determined 

using a digital blood pressure monitor (Model 179, IITC Inc., Life Science Instruments, CA) 

and tail cuff sphygmomanometer.  HR was also recorded.  Animals were left in a heated 

(> 26 °C), darkened room for approximately 30 minutes prior to blood pressure 

measurements and then placed in a fitted Perspex tube placed on a heating pad.  A cuff was 

positioned at the base of the exposed tail and was automatically inflated to 240 mmHg and 

then deflated at a constant rate.  SBP was identified as the pressure when blood flow was 

sensed distal to the cuff by a light meter.  SBP was recorded as the average of at least five 

consecutive traces.  Care was taken to keep animals calm in order to minimise measurement 

artifact. 

4.2.2. Echocardiography 

Echocardiograph assessment of cardiac structure and function was used to confirm a 

diagnosis of cardiomyopathy and determine the degree of disease progression (LV 
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hypertrophy, compensated and decompensated LV heart failure).  Imaging was performed by 

an experienced ultrasonographer using either a 12.5 MHz or 7.5 MHz broadband phased 

array transducer (ATL HDI 5000, Bothell, WA). All animals were sedated with an 

intraperitoneal injection of Zoletil® (30 mgkg
-1

) (Virbac Laboratories, NZ), which is a 

general anaesthesia that has a rapid onset/offset with minimal cardiac depression (Brown,  

Fenning, Chan, et al. 2002) and imaged in a supine position.  ECG electrodes were positioned 

on the animals‟ limbs and the chest/upper abdomen was shaved prior to imaging. Standard 

transthoracic parasternal long axis (LAX) and short axis (SAX) views were acquired (see 

Figure 4-1A and B respectively) and a modified 4-chamber view was also obtained. Gain 

and focus were optimised and images were saved to super-VHS videotape from which 

individual frames were digitised.  Pulsed wave Doppler was performed by imaging a 1.5 cm 

volume between the mitral valve tips and recording the signal at 400 mmsec
-1

 sweep speed.  

All analyses were performed off-line by a single observer, who was blind to the status of the 

animals.  All measurements were made in triplicate and then averaged. 

 

 

  
Figure 4-1. Examples of echocardiography views.  (A) 2D LAX view of left side of a rat heart; (B) 2D SAX 

view of a rat LV; (C) M-mode measurement of LV dimensions.  LV = left ventricle, MV = mitral valve, 

LA = left atrium, IVS = interventricular septum, PW = posterior wall of the LV, LVEDD = LV end diastolic 

diameter, LVESD = LV end systolic diameter. 
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M-mode measurements (Figure 4-1C): Leading-edge measurements were made from the 

SAX M-mode images (LV end-diastolic diameter (LVEDD), LV end-systolic diameter 

(LVESD), end-diastolic inter-ventricular septal (IVS) and posterior wall (PW) thicknesses). 

These were used to estimate Fractional shortening (FS) and Relative wall thickness (RWT): 

FS = (LVEDD – LVESD / LVEDD) * 100%,  

 RWT = ((PW + IVS) / LVEDD) 

2D measurements: Measurements were made from a SAX view where EDArea and ESArea 

were estimated by tracing diastolic LV endocardial and epicardial boundaries and these were 

used to estimate the Fractional area change: 

Fractional area change = (EDArea – ESArea / EDArea) * 100%  

LV mass (LVM) (g) was calculated by the area-length method with length measurements 

derived from LAX (Youn, Rokosh, Lester et al., 1999). 

TDI: Mitral E velocity and A velocity and the deceleration time (DT) (msec) of the E velocity 

waveform were measured (interval between the peak early diastolic velocity and the point 

where the steepest deceleration slope was extrapolated to the baseline).  

Care was taken to maintain animal body temperature post-echocardiography and they were 

monitored until fully awake.  Some animals, particularly the aged WKY and SHR, were slow 

to recover from the anaesthetic and two SHRs eventually died.  Typically, animals lost 

weight after this procedure but then recovered it within 2 - 3 days.   

4.2.3. Extraction of organs 

Organ hypertrophy and congestion were measured in each animal.  Two to eight days after 

echocardiography, animals selected for experimentation were anaesthetised with 5% 

Halothane.  The thoracic cavity was opened and the heart was removed with the ascending 

aorta intact.  Each heart was immediately immersed in chilled saline, trimmed of any excess 

connective tissue, then blotted on tissue paper and weighed to obtain a wet weight 

(heart ww).  The enlarged failing heart from an SHR is compared with a heart from an 

age-matched WKY in Figure 4-2.  The RV free wall was later removed for separate 

weighing (RV ww).  The lungs, liver and kidneys were also removed, trimmed, blotted and 

weighed and then placed in an oven (50 °C) overnight.  Dry weight measurements were made 
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on the following day.  Tibial length (TL) was measured on both hind limbs and averaged to 

provide an index for normalising heart weights across ages and strains, independent of 

disease-related weight fluctuations.  The ratio of heart ww to TL (hww / TL) was used to 

determine the presence or absence of cardiac hypertrophy.  The ratio of RV ww to TL 

(RV ww / TL) was used to identify RV hypertrophy that typically developed after the onset 

of LV failure.  Lung, liver and kidney weights were normalised with respect to TL to indicate 

organ hypertrophy and wet weight / dry weight (ww / dw) ratios were estimated to identify 

tissue oedema. 

 

  
Figure 4-2. Excised hearts from representative 24 month old WKY (left) and SHR in failure (right) immersed in 

chilled saline solution. 

 

4.2.4. Plasma collection and BNP assay 

Plasma BNP measurements were made to provide further clinical evidence of disease 

progression.  Just prior to heart excision, heparin (100 IUkg
-1

) was injected into the LV and 

allowed to circulate.  Approximately 1 mL of blood was withdrawn from the LV and mixed 

with EDTA.  The blood was separated by centrifugation for 10 minutes at 3,000 G.  The 

plasma was frozen at -20 
o
C, and couriered to ENDOLAB to determine BNP levels.  Plasma 

(0.3 mL) was extracted on C18 sep-pak cartridges (Waters, USA) prewashed with 5 mL 

methanol and 5 mL of 0.1% trifluroacetic acid (TFA). BNP was eluted with 2 mL of 80% 

Isopropanol in 0.1% TFA, dried under an air stream at 37 
º
C, and reconstituted with 0.2 mL 

of 0.1 M phosphate buffer (pH 7.4) containing 0.05 M NaCl, 0.1% BSA, 0.1% Triton x-100 

and 0.01% NaN3 (assay buffer).  
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The extracted BNP was then assayed by radioimmunoassay.  In this procedure standard 

(BNP-45 Rat, Bachem USA, 4030222.0500) or extract (50 μL) was added to polystyrene 

tubes together with 50 μL of BNP-45 antiserum (RAB011-17, Phoenix Laboratories USA). 

The cross-reactivity of BNP was: BNP-32 (Rat) 100%; BNP-45 (Mouse) 0.18%; BNP-26 

(porcine) 0%; ANP (Rat) 0%; Endothelin-1 (Rat) 0%.  These data were provided by Phoenix 

Laboratories, USA. 

The assay was incubated for 22-24 hours at 4 ºC, after which 50 μL of 
125

I labelled Rat 

BNP-45 (2,500 cpm) was added and incubated at 4 ºC for 22-24 hours.  Bound and free BNP 

were separated using a solid phase second antibody method.  Assay buffer (0.5 mL of 5% 

Sac-Cel (IDS, UK) plus 5% Dextran (Pharmachem, USA)) was added, vortexed and 

incubated at room temperature for 30 minutes, then centrifuged at 2,000 G for 15 minutes at 

20 ºC. The pellet was then counted in a gamma counter.  

BNP was iodinated using a Chloramine-T method in which 5 μg BNP was reacted with 

18 MBq of Na
125

I (Amersham, UK).  Two minutes later, cysteine was added to terminate the 

reaction. The mixture was separated on a 10 cm Brownlee Aquapore RP300 7 μL HPLC 

column using a gradient of 0-100% acetonitrile in 49 mM phosphate buffer pH 2.9 over 30 

minutes  

The within-assay coefficient of variation was 7.1% for BNP levels less than 15 pmolL
-1

 and 

6.6% for levels of BNP > 15 pmolL
-1

.  The mean assay detection limit is 2.5 pmolL
-1

 with the 

minimal detectable BNP level in plasma being 1.66 pmolL
-1

. 

4.2.5. Semi-automated pressure-volume pump and recording system 

In vitro pressure-volume studies were carried out to assess passive LV function using an 

automated system developed for the purpose. A pump was assembled from a stepper motor 

and a 1 mL glass syringe as illustrated in Figure 4-3.  The stepper motor (Model 2B176BKP-

200-6, EAD, NW, USA) was used to translate the glass syringe plunger via a lead screw 

coupled to its base.  The axial displacement of the plunger was sensed with a potentiometer 

(50 K Slider, ALPS, Taiwan) allowing volume change to be monitored. 
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Figure 4-3. Schematic of the biaxial pump that contained a glass syringe coupled via a threaded rod to a stepper 

motor (computer controlled).  A voltage potentiometer detected displacement of the syringe as an indicator of 

volume.  The pump was contained within a Perspex box that had a vent directly over the motor. 

 

The syringe was connected to an inflatable balloon that was introduced into the LV via 

double lumen vinyl tubing (ID 0.89 mm, OD 2.00 mm, Dural Plastics & Engineering, 

Australia).  Pressure inside the balloon was measured using a differential pressure transducer 

(Model MP24-1, Validyne Engineering Corp, CA, USA), connected via a side-port, and 

referenced to atmosphere.  Figure 4-4 is a photograph of the set-up.  All joints were carefully 

sealed to prevent leakage. 

 

 
Figure 4-4. Pressure-volume experimental equipment.  A balloon was attached to double lumen tubing and 

connected to a differential pressure transducer from one lumen and the pump from the other. 
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The configuration of the intraventricular balloon is illustrated in Figure 4-5.  The tubing had 

a slanted end with the luminal septum cut out in order to facilitate fluid movement around the 

balloon and tube opening.  Once inserted, the end of the tubing extended almost the entire 

length of the balloon to ensure that the balloon was positioned longitudinally when inserted 

into the heart.  The top of the balloon was secured to the tubing by suture wound tightly 

around it several times, double knotted and then set with superglue.  The balloon itself was 

made from 20 μm thick Palletfast™ film (AEP, NZ) that was stretched into shape over the 

rounded ends of plastic rods.  Rods of varying diameter were used to fabricate different sized 

balloons.  Once the balloon and tubing were assembled, they were filled with dye-coloured 

fluid and left overnight to detect any leakage. 

 

 
Figure 4-5. A thin film balloon tied with suture to the end of double lumen tubing that was attached to a 

differential pressure transducer (DPT) and a pump at the other end.  The tube ending inside the balloon was 

slanted and the septum between the two lumens partially cut away in order to facilitate fluid movement. 
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A customised software application to carry out the pressure-volume experiments was 

developed using the LabVIEW™ programming language
4
.  Potentiometer and pressure 

transducer signals were acquired with a Pentium IV desktop computer (Dell Dimension 8100 

1.3 GHz, Dell) equipped with a laboratory data acquisition card (PCI-6023E, National 

Instruments), which was also used to control the stepper motor via its digital I/O functions.  

The user interface for the application is displayed in Figure 4-6. 

 

 
Figure 4-6. User interface window of the software controlling the pressure-volume experiments.  On the left 

hand side are controls for pump displacement.  Two scrolling charts displayed averaged displacement (of the 

syringe) and pressure.  Additional features included the ability to enter displacement limits (D0 and Dmax) and 

displacement and pressure scaling factors. 

 

Displacement and pressure data were initially sampled at 100 Hz and subsequently averaged 

to four data points per second.  Three displacement protocols were employed.  These were: 

(1) manual control, (2) servo-control to a preset pressure, and (3) a repeated series of ramp 

inflations and deflations between specified initial and final volumes that are controlled by 

pump displacements.  The schematic of the third of these protocols is shown in Figure 4-7.  

From a minimum displacement (D0) (where the volume inside the balloon was associated 

                                                           
4
 National Instruments, www.ni.com 

http://www.ni.com/
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with a pressure of 0 mmHg), the balloon was inflated to generate a predetermined maximum 

pressure (Pmax) and the corresponding maximum displacement (Dmax) was used to limit 

following inflations.  The pump cycled between D0 and Dmax a total of three times producing 

three inflation/deflation cycles.  This protocol was repeated several times for a number of 

volume loading steps to new Pmax values, which required D0 and Dmax to be reset each time. 

 

 
Figure 4-7. Pump displacement protocol 3.   From a beginning displacement (D01), the balloon was inflated 

until Pmax1 was reached.  The displacement at this time defined Dmax1.  The pump then returned to D01 and then 

cycled between these displacements limits a total of three times.  This was repeated for a series of volume 

loading steps for as many Pmaxn as required.  For each volume step, a new beginning displacement (D0n) and a 

new maximum displacement (Dmaxn) were determined and the pump cycled between these two displacements 

limits as before. 

 

The differential pressure transducer was calibrated using a sphygmomanometer and was 

highly linear (R
2
 = .996).  The potentiometer was calibrated by measuring axial displacement 

accurately and comparing with output voltage.  This relationship was also highly linear and 

an example is shown in Figure 4-8. 
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Figure 4-8. Representative calibration plot for pump displacement.  The linear “best-fit” equation is given with 

a R
2
 value. 

 

The balloon was further supported by positioning a short length of stiff plastic tube slit along 

one side around both the aortic cannnula and the double lumen tubing (see Figure 4-9D).  

Axial translation of the pump syringe was used to derive volume displacement.  The formula 

used was: Volume (mL) = 4/3 x  x L x (D/2)
2
, where L = displacement and D = internal 

diameter of the syringe.  It was assumed that the internal cross-sectional area was constant 

along the length of the syringe. 

4.2.6. Tissue preparation for LV pressure-volume testing 

Twelve animals were selected at 3, 12, 18 and 24 months of age from SHR and WKY strains.  

After the hearts had been extracted and weighed a metal cannula with side perforations was 

secured in the aorta with suture.  The heart was then suspended vertically on a gravity-driven 

Langendorff perfusion apparatus.  Modified Krebs-Henseleit solution (in mM: 118 NaCl, 

4.75 KCl, 1.18 MgSO4, 1.18 KH2PO4, 24.8 NaHCO3, 10 D-glucose and 1 mM CaCl2) 

oxygenated with a mixture of 95% O2 - 5% CO2 and warmed in a bath set at 37 ºC was 

perfused through the heart.  This continued until blood was flushed from the coronary vessels 

and the heart began beating again.  The heart was then arrested and relaxed with a high 

potassium modified Krebs-Henseleit solution (as above, but with 60 mM KCl and 0.25 mM 

CaCl2) and 30 mM 2,3-butanedione monoxime (BDM) was added.  Perfusion was then halted 

and the heart was prepared for the experiment.   
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4.2.7. LV pressure-volume experimental protocol 

Each heart had an incision made in the left atrial appendage to allow the balloon to be 

inserted through the mitral valve into the LV.  The balloon (Figure 4-9A) was best positioned 

by inserting it into the ventricle inside a „guide‟ tube made of heat shrink tubing slit along 

one side.  The balloon was secured with its proximal end at the level of the mitral valve 

annulus (Figure 4-9B) using a purse-string suture (Figure 4-9C).  Throughout the 

experiment the heart was immersed in a container of the high potassium modified 

Krebs-Henseleit solution described above.   

The balloon was attached to a semi-automated pressure-volume pump described in section 

4.2.5.  The balloon was initially inflated to a pressure of zero mmHg to determine D0.  A 

series of volume loading steps were carried out, each to a different Dmax producing the 

following peak pressures (Pmax = 5, 10, 15, 20, 25 and 30 mmHg) on the first cycle.  At each 

volume-loading step, three inflation/deflation cycles were carried out.  Between each step, the 

system was allowed to re-equilibrate while the pressure trace was quickly compared to 

atmospheric pressure in order to account for baseline variation.  Before beginning the next 

volume-loading step, the pump was servo-controlled to a preset pressure (P = 0 mmHg) and 

D0 was reset.  The pump speed was approximately 0.0036 mL/sec.  Typically, the time from 

suspending the heart on the Langendorff rig to the final inflation/deflation cycle was less than 

90 minutes. 
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Figure 4-9. The process of positioning a balloon (A) in the heart involved opening the LA and inserting the 

balloon into the LV via the mitral valve (B).  Then a purse-string suture around the atrial appendage and balloon 

tubing (C) secured the balloon in place in the ventricle.  The balloon was prevented from moving up and down 

by securing the balloon tubing to the aortic cannula with additional supportive tubing (D). 

 

4.2.8. Non-filtered LV pressure-volume data 

A series of volume loading steps are shown in Figure 4-10.  Each step included three 

inflation/deflation cycles between a minimum volume (derived from D0 when P = 0 mmHg) 
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and a maximum volume (derived from Dmax that generated peak pressures of Pmax = 5, 10, 15, 

20, 25, 30 mmHg).  Three specific elements of the LV pressure-volume response were 

identified.  These were (1) system creep, (2) hysteresis, and (3) strain-softening.  During the 

initial inflation at each volume-loading step, the pressure-volume curve shifted to the right 

when the balloon was inflated past the previous Pmax.  This was not seen in subsequent 

inflation cycles, which were monophasic.  This unusual response appeared only when the 

balloon was inflated past the previous Pmax and resulted in a rightward volume shift.  

Additionally, there was a downward shift in pressure at the end of each deflation that meant 

that a new V0 was required to achieve a zero pressure before beginning the next volume-

loading step.  This downward pressure shift decreased with each consecutive 

inflation/deflation cycle within a volume-loading step.  Both the rightward and downward 

creep became less noticeable with each consecutive volume-loading step.  The characteristics 

of this creep suggest that the system was readjusting itself with each new maximum volume.  

This is consistent with the balloon conforming to the endocardial surface of the LV and its 

resting position becoming more stable. 

 

 
 

Figure 4-10. Typical raw data obtained from one experiment.  Six volume loading steps each with 3 

inflation/deflation cycles, were carried out between a relative zero pressure and a range of developed peak 

pressures (Pmax = 5, 10, 15, 20, 25 and 30 mmHg).  Following the 30 mmHg volume-loading step, the heart was 

removed while the balloon remained suspended at the height that it was inside the heart and inflated and 

deflated twice (bo trace) to assess the contribution of the balloon to the recorded pressures in the heart. 

-5

0

5

10

15

20

25

30

35

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Volume (mL)

P
re

s
s

u
re

 (
m

m
H

g
)

5

10

15

20

25

30

bo



Chapter 4 – Myocardial remodelling in HHD: Methodology 

 
 

74 

Each deflation curve was characteristically different from the preceding inflation curve.  This 

trend indicated that the isolated hearts exhibited history dependent pressure-relaxation 

properties or hysteresis.  At the beginning of each deflation, pressure dropped quickly with a 

small decrease in volume before becoming less responsive to changes in volume.  The 

pressure-relaxation relation did not appear to change between cycles (i.e., it was determined 

by the initial inflation) and did not alter greatly between volume steps within one experiment. 

For each new volume-loading step, strain softening was observed.  During the first inflation, 

pressure rose to a new level, while the following cycles reached a lower peak pressure.  The 

drop in peak pressure was most noticeable between the first and second cycles but was 

minimal between the second and third cycles, indicating that the ventricle had been 

pre-conditioned by the initial inflation.  To minimise the influence of these factors the final 

inflation of each volume-loading step was selected for further analysis. 

 

 
 

Figure 4-11. Effect of filtering on data.  Data points are presented at discrete pressures and volumes.  Slopes 

calculated about each selected data point are plotted unfiltered, with a 5-point triangle filter and a 7-point 

triangle filter, showing decreasing fluctuation in slopes about the underlying trend.  The raw (unfiltered) and 

smoothed data from the 7-point triangle are plotted underneath showing that the filtering had not affected the 

overall pressure – volume relation. 

 

While the raw data produced reasonably smooth curves, there was a cyclic variation observed 

in consecutive points.  This noise was introduced by slippage in the stepper motor as it turned 

the threaded rod and produced large variations in slopes between points (Figure 4-11).  The 
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application of a 7-point triangle filter across the data reduced this variation considerably 

while maintaining the overall LV pressure-volume relation.   

4.2.9. Histological staining and tissue processing 

The main focus of this thesis was to elucidate the normal myocardial arrangement of ECM 

collagen and then compare this structure with that seen in diseased myocardium.  To generate 

images, cardiac tissue needed to be fixed and stained and embedded in resin.  Hearts intended 

for only histological studies (at least 2 per group were imaged and intended to be 

representative rather than statistically powered as number of animals at each age were 

limited) were suspended on the Langendorff rig, flushed as above but were then immediately 

fixed with Bouins‟ Fluid (Saturated Aqueous Picric Acid 71.4%, Formalin 23.8% and Glacial 

Acetic Acid 4.8%) until yellow and then stained for 2 hours with picrosirius red dye (PSR: 

0.1% Sirius Red F3BA (Pfaltz and Bauer, CT, USA), Picric Acid 99.9%).   

For the hearts used for LV passive pressure-volume studies, the RV and septum were 

subsequently removed for additional shear testing (results of these studies are not presented 

here).  It was necessary to cannulate the left coronary artery in order to fix and stain the LV 

free wall in these hearts. This was done as follows. Fine cannulae were made by drawing 

down the tip of a short length of vinyl tube and fitting the other end over a 31G needle. This 

cannula was inserted into the left coronary artery via the ostium.  Once the tip of the cannula 

was correctly located, it was secured with a suture and the tissue was gravity-perfused with 

fixative and PSR, as outlined above.  This technique had varying degrees of success and few 

of these hearts were included in image analysis. 

The stained tissue was left in Bouins‟ Fluid for 5 – 7 days (Young, et al., 1998a) after which 

time the hearts were transversely sliced and blocks cut out from the lateral LV free wall (see 

Figure 2-1A).  These tissue blocks were dehydrated (50, 70, 95, 100, 100% ethanol and 

propanol oxide x 2) and embedded in an agar resin (PROCURE 812, ProSciTech, 

Queensland, Australia).  The resin was then polymerised for 48 hours at 60 ºC until hardened.   

4.2.10. Confocal imaging and extended image volume handling 

Details of image acquisition and image analysis have been outlined in Chapter 2 

(Sections 2.2.2 and 2.2.3 respectively).  The final 3D images for each transmural block were 

approximately 4 mm x 1 mm x 200 µm).  In addition to the high resolution extended volume 
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images for the normal adult WKY‟s LV midwall (shown in Figure 2-8), an age matched (12 

month old) SHR‟s LV midwall was also imaged at the same resolution (0.41 µm
2
) and block 

size (500 µm x 500 µm x 200 µm).  Additional qualitative and quantitative image analysis for 

comparison between diseased and normal myocardium are described in the Appendix and 

Section 4.3.3 below. 

4.2.11. Immunohistological staining and confocal imaging 

LV tissue from 24 month-old SHR (n=8) and WKY rats (n=4) was collected, processed and 

immunohistochemically labelled for type I collagen, as follows.  Beating Langendorff-

perfused hearts (see 4.2.6) were arrested with cardioplegic solution. Transmural segments 

were dissected from the LV free wall, fixed (4% paraformaldehyde, phosphate buffer solution 

(PBS), 2 days) and stored in PBS at 4 °C.  Cavity pressure was not regulated during fixation.  

The tissue blocks were blotted, embedded in 6% agar with the epicardial surface face 

uppermost and 120 µm sections were cut using a vibratome (Campden).  The sections were 

stained (f-actin, Phalloidin-Alexa
 
Fluor 488; 1:25 in PBS, 3 hours; Molecular Probes), 

washed (PBS),
 
and blocked (1 hour, 10% goat serum in PBS) before being immunostained 

(overnight at
 
4 °C) with rabbit anti-rat type I collagen AB (1:20 in 5% goat serum/1% 

BSA/PBS; Chemicon
 
Temecula, CA, USA). After washing (PBS), slides were stained for 2 

hours
 
with secondary AB (CY5 goat anti-rabbit AB; 1:200;

 
Jackson ImmunoResearch 

Laboratories, West Grove, PA, USA). Slides were washed (PBS),
 
mounted (Citifluor; Agar

 

Scientific), stored (dark, 4 °C) and imaged using a confocal microscope
 
(Leica TCS SP2).  

Five 5 μm optical sections (x63)
 
of longitudinally orientated myocytes from each heart were

 

analyzed.  Type I collagen area fraction was determined using a macro written in ImageJ to 

determine surface areas of labelled collagen. Collagen fraction was expressed as a percentage 

of total area. 

 

4.3. Data Analysis 

4.3.1. General  measurements and in vivo physiological parameters 

All general measurements and in vivo functional measurements are expressed as group 

mean ± SEM.  All parameters (including SBP, HR, wet and dry weights and BNP levels) 

were compared in a two factor multi-variate analysis of variance (MANOVA).  The 
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MANOVA provided a conservative indication of significance for the effect of strain, age or 

strain*age interaction for individual dependent variables.  Statistical significance was based 

on a value of p < .05.  Software used for MANOVA and ANOVA calculations was 

STATISTICA (StatSoft. Inc, USA). 

4.3.2. Pressure-volume loops 

The inflation curve from the third inflation/deflation cycle of each volume loading step was 

extracted from the saved data using a custom macro written in Visual Basic and run in an 

Excel workbook.  The baseline was then lowered to the final pressure at the end of the third 

inflation/deflation cycle for the Pmax = 10 mmHg volume loading step.  These data were then 

smoothed using a 7-point triangle averaging function (weighted: 1/16, 1/8, 3/16, 1/4, 3/16, 

1/8, 1/16).  In order to compare groups, linear interpolation was used to obtain volumes 

corresponding to integer pressure values.  To characterise LV diastolic function more fully, 

the following parameters were evaluated: minimum volume defined at P = 4 mmHg; LV 

chamber capacitance defined as the change in volume between P = 4  mmHg (in 30 mmHg 

curves); and, LV stiffness (ΔP / ΔV) at low and high pressures.  Finally, LV compliance was 

plotted as a function of pressure in order to determine trends in LV chamber stiffness with 

age and disease independent of load.  Additional information relating to LV pressure-volume 

loop data is given in Section 4.2.8. 

All data are expressed as group mean ± SEM.  Curve parameters were tested using a 2-factor 

ANOVA design (Strain, age and a strain x age interaction) with LV stiffness at low and high 

pressures compared using repeated measures.  Planned contrast estimates with Pressure 

nested in Strain and Age were used to detect a difference in LV stiffness – pressure relations 

between strains at integer pressures.  Statistical significance was based on a value of p < .05.  

4.3.3. Quantiative image analysis 

The transmural variation of myocyte orientation was quantified in SHR and WKY controls 

using methods introduced in Chapter 2. Two different approaches were adopted for 

quantification of myocyte dimensions, collagen content and spacing between muscle layers. 

In the first instance, structural data were acquired from image sub-volumes at sites along the 

transmural axis.  In the second, volume images were digitally resampled along a curved 

cutting plane transmural to the local myofibre axis so that comparisons of different structures 

could be made in the same relative orientation (independent of myofibre axis). The use of 
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these two approaches, described in greater detail in Section 2.2.3, provides a means of 

assessing the robustness of morphometric techniques developed. 

Myocyte dimensions were quantified in image subvolumes at selected transmural sites, as 

follows. A uniform 50 μm
2
 grid was superimposed on individual image sections 

reconstructed transverse to the local myocyte axis, and cells were selected if a grid point lay 

within the myocyte boundary and that boundary was distinct.  "Best-fit" ellipses were 

overlaid on the selected cells and their semi-minor axis lengths were recorded. This 

procedure was carried out using ImageJ
5
  and was repeated at approximately 25 µm intervals 

throughout the stack. Collagen density was also quantified at these selected transmural sites 

by segmenting collagen in each sub-volume, using the methods outlined in 2.2.3.  Finally, 

features of myolaminar organisation were quantified in midwall image subvolumes.  A line 

perpendicular to the layer orientation was superimposed on individual image sections. The 

line profile was viewed as a 1D histogram in NIH Vision Assistant 7.0
6
 enabling cleavage 

space, blood vessels and myocytes to be differentiated.  The total length of the tissue 

(myocytes) between the two outermost cleavage spaces was determined, omitting any 

cleavage space and/or blood vessel space. This length was then divided by the total number 

of cleavage spaces to produce an average layer thickness.  The procedure was repeated on at 

least 8 sections at  > 25 µm intervals through the stack. 

Complementary methods were used to acquire morphometric data digitally resampled along 

the curved cutting plane transverse everywhere to the local myofibre axis.  Specific structural 

features were segmented in midwall regions cropped to 500 x 500 µm. These included 

myocytes, blood vessels and interlaminar spaces, as well as the principal collagen 

components:  endomysium, perimysium, perivascular and replacement fibrosis. The 

structures were traced digitally with CADPro™ 
7
 and areas associated with each were 

determined.  The same procedures were also carried on surface images from high resolution 

blocks (560 x 560 µm). The transmural variation of collagen fraction was also estimated with 

respect to the curved cutting plane transverse to the local myofibre axis using methods 

outlined in Section 2.2.3.   These data are averaged across the ventricular wall in the results 

presented here.  Finally, laminar width measurements were also made in the midwall for all 

extended volume images using the curved cutting plane.  The distance between adjacent 

                                                           
5
 http://rsb.info.nih.gov/ij/ 

6
 www.ni.com/vision 

7
 http://www.cadpro.com/ 

http://rsb.info.nih.gov/ij/
http://www.ni.com/
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muscle layers was determined along a set of 5 lines, each 200 µm apart, overlaid on the 

image. To characterise laminar remodelling independent of changes in cell size, laminar 

width was normalised with respect to average myocyte diameter and the number of myocytes 

across each layer was determined.  

4.3.4. Statistical analysis 

All data are expressed as group mean ± SEM.   All structural parameters measured in the 

images shown in Chapter 4 were compared in a nested ANOVA with two factors of interest 

(strain and age) and „rat‟ nested in strain x age (STATISTICA, StatSoft. Inc, USA).  Global 

collagen fractions were compared with „location‟ being an additional factor, which was 

nested in rat x strain x age, and then all SHR groups were compared to all WKY groups at 

each location using a planned comparison post-hoc test.  As the nested ANOVA design for 

myocyte minimum dimensions was complex (strain, age, strain x age, rat (strain x age) and 

myocyte (rat x strain x age)) and had large group sizes (up to 240 myocytes measured per 

rat), a program in SAS (details, details) was written to carry out the statistical analysis.  

Statistical significance was based on a value of p < .05. 

 

 

4.4. Summary 

A sophisticated high through-put imaging system has been utilised to provide detailed 3D 

information about the ECM collagen arrangement in myocardial laminae.  The use of an 

animal model of HHD with an age-matched control in a longitudinal study design has 

allowed the characterisation of normal collagen structure, which is analysed in Chapter 2 to 

be compared to progressive disease-related remodelling seen in Chapter 5.  Also in Chapter 5 

are the additional clinical measurements of SBP, echocardiography and BNP measurements 

to provide a means to make comparisons with human HHD and the corresponding passive 

LV function measurements provide evidence for the mechanical implications of the structural 

remodelling that will be quantified. 
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Chapter 5. Myocardial remodelling and mechanical dysfunction in 

HHD: Results and discussion 

Seventy SHR and WKY controls were raised in each age group, but 1 SHR and 4 WKY rats 

died or were euthanised and therefore not studied. SHRs that demonstrated signs of end-stage 

heart failure between 18 and 24 months were studied and included with the latter end-point.   

 

5.1. Haemodynamic and morphologic characteristics 

Haemodynamic and morphologic characteristics of SHR and WKY throughout this study are 

presented in Figures 5-1 to 5-6.  The significance of strain and age interactions for these data 

(as well as in vivo function results) is summarised in Table 3 (Page 91).  

Compared to WKY controls, SHR had elevated systolic blood pressure at all ages (Figure 

5-1), but there was no statistically significant difference in HR (Figure 5-2). Normalised 

heart (Figure 5-3) and lung (Figure 5-4) weights were consistently greater for SHR than 

WKY with marked increases in both between 18 and 24 months, consistent with the onset of 

HF.   The increase in normalised RV weights (Figure 5-5) and liver wet to dry ratios (Figure 

5-6) in SHR is statistically significant between 18 and 24 months indicating secondary 

right-sided heart failure due to LV decompensation.  It was also noted that SHR in heart 

failure commonly had pleural effusions and thrombi in the left atria. 
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Figure 5-1. Systolic blood pressure in WKY and SHR rats from 3 to 24 months.  Data expressed as mean±SEM; 

n = 12-17 for all groups.  p < .001 effect of strain and p<.01 strain x age interaction. 

 

 

Figure 5-2. Heart rate measurements derived from blood pressure trace recordings in WKY and SHR rats from 

3 to 24 months.  Data expressed as mean±SEM; n = 11-17 for all groups.  p < .05 effect of age. 
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Figure 5-3. Heart mass determined by wet weight measurement normalised to average TL from 3 to 24 months.  

Data expressed as mean±SEM; n = 9-13 for all groups.  p < .001 effect of strain, age and p<.01 strain x age 

interaction. 

 

 

Figure 5-4. Lungs wet weight measurement normalised to average TL from 3 to 24 months.  Data expressed as 

mean±SEM; n = 9-13 for all groups.  p < .001 effect of strain, age and strain x age interactions. 
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Figure 5-5. RV mass determined by wet weight measurement normalised to average TL from 3 to 24 months.  

Data expressed as mean±SEM; n = 5-10 for all groups.  p < .05 effect of age. 

 

 

Figure 5-6. Liver wet weight to dry weight ratios from 3 to 24 months.  Data expressed as mean±SEM; n = 9-15 

for all groups.  p < .01 effects of strain and age. 
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5.2. Echocardiograph assessment of LV geometry and function 

Echocardiograph estimates of LV geometry in SHR and age-matched controls are presented 

from Figure 5-7 to Figure 5-13.  There were no differences in LV end-diastolic and 

end-systolic dimensions between strains up to 12 months (Figure 5-7 and Figure 5-8 

respectively).  From 18 months, however, both dimensions increased progressively in SHR.  

Wall thickness was substantially greater in SHR for all ages at all sites measured (Figure 5-9 

and Figure 5-10). RWT (Figure 5-11) provides a description of the relative change in LV 

geometry (wall thickness is normalised with respect to LVEDD). RWT remained constant 

across all the WKY age groups.  RWT was elevated in SHR LVs at 3 and 12 months 

(reflecting hypertrophy), but decreased subsequently with LV dilatation.  The variation in 

LVM, LV mass derived from echocardiography measurements, is presented in Figure 5-12. 

LVM was greater in SHR than WKY controls at all ages.  Moreover, while both strains 

demonstrated an overall increase in LVM with age, this increase was more pronounced in 

SHR.  The derived LVM correlated well with combined LV, atria and aorta wet weights 

(heart ww – RV ww) for both strains (Figure 5-13).  The linear relationship between these 

two estimates of LV mass was less steep for SHR than for WKY, reflecting the overall 

enlargement of SHR hearts with disease progression. 

 

Figure 5-7. Echocardiograph assessment of the internal LV end diastolic diameter from WKY and SHR hearts 

from 3 to 24 months of age.  Data expressed as mean±SEM; n = 10-17 for all groups.  p< .05 effect of strain and 

p<.001 age. 
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Figure 5-8. Echocardiograph assessment of the internal LV end systolic diameter from WKY and SHR hearts 

from 3 to 24 months of age.  Data expressed as mean±SEM; n = 10-17 for all groups.  p < .01 effect of strain 

and age, and p<.05 strain x age 

 

 

Figure 5-9. Echocardiograph assessment of LV posterior wall thickness in diastole from WKY and SHR hearts 

from 3 to 24 months of age.  Data expressed as mean±SEM; n = 10-17 for all groups.  p < .001 effect of strain. 
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Figure 5-10. Echocardiograph assessment of interventricular septum wall thickness in diastole from WKY and 

SHR hearts from 3 to 24 months of age.  Data expressed as mean±SEM; n = 10-17 for all groups.  p < .001 

effect of strain and p<.01 strain x age interaction. 

 

 

Figure 5-11. Echocardiograph assessment of LV relative wall thickness in diastole from WKY and SHR hearts 

from 3 to 24 months of age.  Data expressed as mean±SEM; n = 10-17 for all groups.  p < .001 effect of strain. 
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Figure 5-12. Echocardiograph derived LV wall mass from WKY and SHR hearts from 3 to 24 months of age.  

Data expressed as mean±SEM; n = 7-14 for all groups.  p < .001 effect of strain, age and p<.01 strain x age 

interaction. 

 

 

Figure 5-13. Comparison of echocardiograph derived LV wall mass with heart wet weight measurements from 

WKY and SHR hearts from 3 to 24 months of age.  Data expressed as mean±SEM; n = 10-17 for all groups. 
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Figure 5-14. Echocardiograph determination of LV fractional shortening from WKY and SHR hearts from 3 to 

24 months of age.  Data expressed as mean±SEM; n = 10-17 for all groups.  p < .001 effect of strain and age. 

 

 

Figure 5-15. Echocardiograph determination of mitral E wave DT from WKY and SHR hearts from 3 to 24 

months of age.  Data expressed as mean±SEM; n = 9-17 for all groups.  p < .001 effect of strain, and p<.05 

strain*age interaction. 
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Systolic function was estimated from both M-mode and 2D echocardiography measurements.  

Fractional shortening (FS) was unchanged with age in WKY rats (Figure 5-14). However, 

while it was similar in SHR and WKY controls at 3 and 12 months, FS exhibited progressive 

and substantial reduction in SHR at 18 and 24 months.  TDI was used to assess diastolic 

function.  However, the DT of blood flow across the mitral valve was the only index that 

provided useable information in this regards.  DT was reduced at all ages in SHR compared 

to WKY (Figure 5-15).  

 

5.3. Neuropeptide levels 

There was clear separation in plasma BNP levels between SHR and WKY with age and 

disease progression (Figure 5-16).  WKY plasma BNP levels were relatively similar across 

all age groups.  However, SHR BNP levels were elevated at 3 and 12 months and increased 

progressively thereafter, consistent with the development of decompensated heart failure. 

 

 

Figure 5-16. Plasma brain natriuretic peptide concentration from WKY and SHR hearts from 3 to 24 months of 

age.  Data expressed as mean±SEM; n = 10-16 for all groups.  p < .05 effect of strain, age and strain x age 

interactions. 
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The significance of strain and age effects and the interaction of strain and age in the data 

presented to this point are summarised in Table 3 below. 

 

 Main effects Interaction 

Parameter Strain (p values) Age (p values) Strain x Age (p values) 

BW (g) .952 .000*** .021* 

BW/TL (g/mm) .783 .000*** .079 

SBP (mmHg) .000*** .080 .007** 

HR (/min) .455 .011* .289 

Heart ww (g) .000*** .000*** .001** 

Heart ww/TL (g/mm) .000*** .000*** .001** 

RV ww/TL (g/mm) .070 .027* .085 

Lungs ww/TL (g/mm) .000*** .000*** .000*** 

Lungs ww/dw .380 .163 .232 

Liver ww/TL (g/mm) .285 .006** .012* 

Liver ww/dw .005** .007** .261 

Kidneys ww/TL (g/mm) .004** .000*** .087 

Kidneys ww/dw .006** .004** .317 

LVEDD (mm) .033* .000*** .091 

LVESD (mm) .002** .001** .023* 

PWT (mm) .000*** .246 .518 

IVS (mm) .000*** .812 .031* 

RWT (mm) .000*** .713 .109 

LV mass (g) .000*** .000*** .009** 

FS (%) .008*** .000*** .319 

DT (msec) .000*** .090 .015* 

Plasma BNP (mmol/L) .010* .036* .019* 
 

Table 3. MANOVA results including all the independent parameters measured in this study.  Conservative 

estimate of statistical significance of effects of strain, age and strain x age interactions for each parameters.  

***p<.001, **p<.01, *p<.05  
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5.4. Passive LV pressure-volume relations 

 

Figure 5-17. Passive LV filling relationships for WKY rats (solid lines) and SHR (dashed lines) at 3,12,18 and 

24 months. Numbers in each group were n = 9, 9, 8, 8, respectively, for WKY rats and n = 8, 10, 9, 8 for SHR. 

Age (in months) is adjacent to appropriate curve. A) LV pressure volume curves; 

 

Figure 5-18. LV compliance (derived from Figure 5-17) as a function of filling pressure.  WKY rats (solid 

lines) and SHR (dashed lines) grouped by age (in months) adjacent to appropriate curve 
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The passive LV pressure-volume relationships presented in Figure 5-17 show marked 

differences between SHR and age-matched WKY controls.  There is relatively little 

difference in these relations with age in WKY rats.  However, at 3, 12 and 18 months, LV 

pressure-volume curves for SHR lie to the left of all the WKY curve (along the volume axis), 

but at 24 months are well to the right, presumably reflecting LV dilatation.  The variation in 

passive LV compliance with pressure is compared for species and age group in Figure 5-18. 

For filling pressures <10 mmHg, passive LV compliance was less at all end-points for SHR, 

but varied considerably with age.  LV compliance was markedly reduced at 12 months and 

increased progressively thereafter.  However, there was no difference in LV compliance for 

filling pressures >10 mmHg with age or species.  

 

Strain                   

Age 

(months) 

    

N 

Min Vol (P=4) 

(mL) 

LV stiffness (P=4) 

(mmHg/mL) 

LV stiffness (P=29) 

(mmHg/mL) 

WKY 3 8 0.26 ± 0.03 41.34 ± 7.048 318.23 ± 167.00 

 12 10 0.214± 0.03  58.57 ± 11.90 307.28 ± 26.21 

 18 9 0.31 ± 0.02 53.30 ± 6.63 300.83 ± 23.52 

  24 8 0.30 ± 0.03 46.30 ± 7.85 285.02 ± 20.33 

SHR 3 9 0.17 ± 0.01 79.21 ± 14.09 358.71 ± 35.42 

 12 9 0.15 ± 0.01 174.28± 36.26 382.35 ± 59.10 

 18 8 0.21 ± 0.02 99.03 ± 20.96 290.91 ± 20.78 

  24 8 0.39 ± 0.04 69.82 ± 12.16 300.80 ± 22.72 

 

Table 4. Parameters characterising mean inflation curves to a 30 mmHg maximum for all WKY and SHR age 

groups. „Min Vol‟ is the volume inside the LV when P = 4 mmHg.  Slopes of inflation curves are given at 

integer pressures (4 and 29 mmHg) provide LV stiffness, the inverse of LV compliance.  Data expressed as 

mean±SEM.  p < .05 effect of age for „Min Vol‟; strain and age for „LV stiffness‟. 

 

Data characterising limiting behaviour of passive pressure-volume relationships in SHR and 

age-matched WKY controls are presented in Table 4.  These results recapitulate the 

compliance results already outlined for Figure 5-18, but indicate, in addition, that LV 

stiffness at 29 mmHg is reduced with age in both SHR and WKY rats.  
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5.5. Myocardial remodelling with ageing and HHD 

5.5.1. Initial findings 

Presented in Figure 5-19 are representative subvolumes from extended volume images 

acquired from SHR and WKY controls at 3, 12, 18 and 24 months. The 3D reconstructions 

are each extracted from comparable sites in the LV midwall and are oriented transverse to the 

local myofiber axis, and typify the structural remodelling observed in SHR with the 

progression of HHD. 

 

 

Figure 5-19. LV midwall blocks (400 x 400 x 200 μm) from WKY rats (top) and SHR (bottom) at 3, 12, 18 and 

24 months 

 

  

5.5.2. Transmural variation in myofibre orientation 

Transmural variation in myocyte orientation was compared between species and ages.  

Myofibre orientation varied across the LV wall in a linear fashion from approximately -60° at 

the subepicardium to +60° at the subendocardium in all hearts (Figure 5-20) irrespective of 

age or species.  
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Figure 5-20. Transmural variation of myocyte fibre orientation in all WKY (○) and SHR (●).  Walls position 

was 0% at the epicardium and 100% at the subendocardial origin of the trabeculae and papillary muscle. 

 

5.5.3. Myocyte dimensions 

In order to quantify morphologic changes, myocyte dimensions were measured.  Figure 5-21 

shows the traditional 2D image analysis of minimum myocyte diameters measured 

(independent of myocyte orientation that would alter the cross-sectional dimensions 

depending on the obliqueness of the myocyte cross-section).  A more accurate representation 

of myocyte changes with age for SHR and WKY rats, independent of myocyte fibre axis, are 

shown in Figure 5-22.  For myocyte cross-sectional area, box plots were used for strain and 

age-group comparison to avoid making assumptions about the underlying statistical 

distribution.  There were significant differences between strains and in strain x age 

interactions (p < .001).  At 3 months, WKY and SHR myocyte cross-sectional areas were 

similar and there was little variation in WKY with age.  However, marked changes in 

myocyte cross-sectional dimensions were seen in SHR, between 3 and 12 months with 

increases in both median and range. These changes were sustained at 18 and 24 months 

although increased appearance of myocytes of relatively small cross-sectional area, adjacent 

to regions of focal fibrosis, increased the range.   
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Figure 5-21. Myocyte minimum diameter in the midwall region of hearts from WKY and SHR from 3 to 24 

months of age.  Data expressed as mean±SEM; n = 2-5 rats per group and 53-210 myocytes per rat.  p < .05 

effect of strain, age and strain x age interaction  Note that the error bars are smaller than the data points. 

 

 

Figure 5-22. Variation of LV myocyte cross-sectional area with age for SHR and WKY rats.  Box and whisker 

plot of myocyte cross-sectional area: box represents first quartile, median and third quartile, while whiskers 

show 10 and 90 percentiles 
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5.5.4. Collagen content 

Collagen fractions measured from subvolumes sampled at different transmural locations for 

each age group are provided in Table 5.  As shown in Chapter 2, WKY hearts had increased 

collagen in the subepicardial region.  The aged (24 months old) rats also had increased 

midwall collagen fractions.  SHR showed increased collagen in both midwall and 

subendocardial regions between 3 and 12 months and then further small increases with age. 

 

  Transmural Location 

 Age (months) n 7% 50% 93% 

WKY 3 2 0.106 ± 0.003 0.104 ± 0.007 0.124 ± 0.011 

 12 2 0.102 ± 0.023 0.088 ± 0.019 0.106 ± 0.003 

 18 3 0.103 ± 0.010 0.109 ± 0.008 0.126 ± 0.009 

 24 4 0.128 ± 0.011 0.186 ± 0.060 0.137 ± 0.028 

SHR 3 2 0.112 ± 0.025 0.116 ± 0.016 0.1600
a
 

 12 2 0.126 ± 0.037 0.206 ± 0.026 0.223 ± 0.003 

 18 2 0.161 ± 0.016 0.186 ± 0.005 0.241 ± 0.039 

 24 3 0.149 ± 0.013 0.213 ± 0.035 0.207 ± 0.036 
 

Table 5. Global collagen fractions sampled at sub-epicardium (7%), midwall (50%) and sub-endocardium 

(93%) for WKY and SHR groups aged at 3, 12, 18 and 24 months.  Group means±SEM are presented in a table. 

p < .05 effect of strain, age and strain x age interaction.  
a 
One image sub-volume was not included due to having 

insufficient contrast that was required for collagen extraction hence no SEM is provided. 

 

Global collagen fraction was estimated from the transmural volume images reorientated 

along the curved cutting transmural plane (i.e. independent of myocyte fibre axis).  Variations 

in LV collagen content with age for SHR and WKY rats are presented in Figure 5-23 and are 

consistent with the global trends from the alternative method of determining collagen 

fractions (Table 5).  Global collagen fraction was very similar for SHR and WKY rats at 3 

months (see Figure 5-23). However, there was a marked and relatively linear increase in 

global collagen fraction with age in SHR with a much less pronounced increase for WKY. 

Strain and strain-age interactions were statistically significant (p < .001). 

5.5.5. Laminar organisation of myocytes 

As mentioned previously (Section 5.5.1), laminar organisation became less evident with 

disease progression in SHR.  Figure 5-24 shows that the average layer widths in SHR were 

significantly larger than WKY controls at 3 and 12 months, presumably as a result of 
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myocyte hypertrophy.  Subsequently, corresponding with the progression from compensated 

to decompensated HF, there was a substantial increase in layer width.  

 

 

Figure 5-23. Variation of LV collagen fraction with age for SHR and WKY rats.  Average transmural collagen 

fractions ± SEM for WKY (○) and SHR (●) 

 

To investigate this further, the number of myocytes per layer was determined on the digitally 

resampled 2D images to provide a measure of laminar remodelling that was independent of 

cell size. Changes in this index with age are compared for SHR and WKY rats in Figure 

5-25. WKY rats averaged three to four myocytes per layer and this did not change with age.  

Laminar architecture was similar in SHR at 3 and 12 months, but the number of myocytes per 

layer increased significantly at 18 and 24 months.  Strain and strain x age interactions for the 

number of myocytes per layer were statistically significant (p < .001). 

 

0

0.1

0.2

0.3

0 3 6 9 12 15 18 21 24

C
o

ll
a

g
e

n
 F

ra
c

ti
o

n

Age (months)



Chapter 5 – Myocardial remodelling in HHD: Results 

 
 

98 

 

Figure 5-24. Average layer width at midwall of LV free wall from WKY and SHR aged 3, 12, 18 and 24 

months (n = 2 – 5).  p < .05 effect of strain, age and strain x age interaction. 

 

 

 

Figure 5-25. Average myocytes  ± SEM per layer in midwall regions for WKY (○) and SHR (●).  p < .05 effect 

of strain, age and strain x age interaction. 
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The results presented thus far indicate that significant morphologic changes occur in SHR 

from around 12 months. The 3D architecture of myocytes and the endomysial and perimysial 

collagen scaffold were therefore reconstructed at higher resolution (0.4 μm voxel dimension) 

in both SHR and WKY rats at this age.  In Figure 5-26, sub-sections of these 3D image 

volumes are presented together with corresponding volumes in which collagen has been 

segmented. These images reinforce many of the findings above.  Myocardium has a laminar 

arrangement in both, although myocyte hypertrophy, increased range of cross-sectional 

dimensions and increased numbers of myocytes per layer are evident in SHR.  The most 

striking differences are in the associated collagen framework. In the WKY specimen, the 

loose organisation of the perimysial collagen cords connecting adjacent muscle layers has 

allowed these structures to move during fixation and processing, whereas the perimysial 

collagen surrounding and interconnecting muscle layers is fused and thickened in the SHR.  

In addition, the endomysial collagen surrounding individual myocytes is qualitatively 

thickened in the SHR segment and appears to have fused with the perimysial collagen cords 

within layers that are evident in WKY.  The overall impression is that the connective tissue 

matrix is much more rigid in SHR than WKY.  

To quantify these differences, sections from the high resolution volume images were 

segmented. Myocyte and blood vessel boundaries, cleavage planes, perimysial and 

endomysial collagen, as well as perivascular connective tissue and replacement fibrosis tissue 

were all accurately identified (see Figure 5-27) and the tissue fraction occupied by these 

structures is presented in Table 6. 
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Figure 5-26. High resolution images of LV midwalls from a 12 month WKY rat (A) and (B) and SHR (C) and 

(D) (block size 200 x 200 x 50 μm).  (B) and (D) show changes in collagen structures that were segmented from 

A and C respectively.  Collagen appears brighter while the myocytes are stained with variable intensity.  Long 

perimysial cords can be differentiated from endomysium in WKY. The increased collagen in SHR has fused 

interlaminar spaces, focal  and thickened endomysium that engulf perimysium and capillaries. 
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Figure 5-27. High-resolution comparison of 12-month old WKY and SHR LV midwall structure. Top row: 

Confocal micrographs (560 µm x 560 µm, 0.4 µm voxel size). Bottom row: Segmentation of microstructural 

features:  Key: Myocytes (green), blood vessels (yellow), endomysium (dark blue), perimysium (red), 

interlaminar space (light blue), focal replacement fibrosis (dark grey). 
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 Strain 

Structure identified WKY (%) SHR (%) 

Cleavage plane 18.8 1.1 

Myocardium 81.2 98.9 

Myocyte 82.0 67.4 

Endomysium <2 9.5 

Perimysium 6.9 11.1 

Focal replacement fibrosis 0.0 6.4 

Vessel 10.8 5.5 

 

Table 6. Quantification of segmented WKY and SHR images shown in Figure 5-27 shown of a 560 µm
2
 area.  

Myocyte to Vessel are given as percentages of 'Myocardium'. 

 

As expected, the space occupied by cleavage planes is much greater in WKY rats than in 

SHRs. All components are expressed as a fraction of the remaining (tissue) area and the most 

striking differences between strains is the substantial increase in endomysial collagen in 

SHR. While total perimysial collagen was similar in both strains, it was identified more 

readily at interlaminar boundaries in the SHR, while in WKY the cross-sections of the long 

perimysial cords could be seen within laminae.  These cords were more difficult to 

distinguish in SHR as the proliferating endomysium encompassed the individual structures.  

Large areas of replacement fibrosis were evident in the SHR, but not the WKY specimen. 

Finally the proportion of vascular space to total tissue area is substantially reduced in SHR 

relative to WKY. 

Additional immunohistological staining of type I collagen was carried out in hearts from four 

24 month old WKY rats and eight SHR in overt heart failure.  The area fraction for type I 

collagen in the SHR hearts was significantly increased with respect to the age-matched WKY 

controls (Figure 5-28).  Representative images of processed tissue from the two strains are 

presented in Figure 5-29.  In the WKY hearts, myocytes are linearly arranged in a 

semi-continuous fashion with long Type I collagen-stained collagen cords running between 

groups of myocytes (Figure 5-29A and B).  Corresponding specimens from the SHR hearts 

are presented in Figure 5-29C and D). Myocytes are much more disorganised and have a 

crimped appearance and this is typical of most such specimens. The extent of Type I collagen 

is clearly much greater in these images.  Notably, the changes in collagen arrangement 

observed in this sub-study is consistent with the remodelling described previously. That is 
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thickening and fusion of the perimysial collagen between myocyte layers (Figure 5-29C) and 

the infiltration of replacement fibrosis into space occupied by necrotic myocytes (Figure 

5-29D). 

 

 

Figure 5-28. Quantification of type I collagen in LV midwall from hearts from 24 months old SHR (n = 8) and 

WKY (n = 4). p< .05 significance for strain. 
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Figure 5-29. Presence of Type 1 Collagen in hearts from 24 months old WKY (A) and (B) and SHR (C) and 

(D).  Actin staining (green) and type 1 collagen specific staining (red). 63 x magnification. 
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5.6. Discussion 

The main objective of this thesis was to provide new insights into the association between 

ventricular remodelling in HHD and the progression to heart failure.  This chapter describes 

the longitudinal changes in myolaminae architecture with particular focus on alterations in 

perimysial collagen arrangement.  These structural changes have been characterised using a 

novel high resolution 3D imaging technique, and correlated with a range of clinical and 

experimental measures of diastolic and systolic function.  A genetic model of hypertension 

was studied at four end-points representing different stages of the disease progression and 

compared with age-matched controls.  The results presented here confirm that the myocyte 

hypertrophy and fibrosis that occurs as a result of hypertension is initially associated with 

changes in passive LV compliance consistent with diastolic dysfunction. However, after a 

period of stable cardiac function, animals develop systolic failure as manifested by reduced 

FS, LV dilatation and substantial increases in BNP. The progression to systolic heart failure 

is matched by a characteristic sequence of changes in ECM collagen organisation. The 

perimysial collagen between adjacent laminae thickens fuses and in some regions becomes 

indistinguishable from the collagen within layers. This progressive loss of laminar 

organisation coincides with expansion of endomysial collagen surrounding individual 

myocytes as well as focal replacement fibrosis.  Together, the perimysial and endomysial 

remodelling lead to a loss of normal laminar organisation shown to be important in 

physiological myocardial mechanics.  From these findings, it can be argued that remodelling 

of connective tissue architecture rather than fibrosis per se may precipitate systolic 

dysfunction in HHD. 

5.6.1. Clinical assessment of disease progression 

A unique feature of this work is that standard clinical diagnostic tools: echocardiography and 

natriuretic peptide assay, have been used to track the course of disease process in vivo in 

addition to the standard experimental measures such as post mortem morphometry.   This 

provides a breadth of data not readily available in human patients.  Results are characterised 

by striking parallels in observations across different techniques.  This supports the view that 

natriuretic peptide assays used in conjunction with echocardiography provide a powerful 

means of early identification of ventricular dysfunction and transition to heart failure. 
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The results from this study can be grouped into three stages of disease progression: (1) 

compensated hypertrophy, (2) the transition toward heart failure, and finally, (3) overt heart 

failure. 

SHR at 3 and 12 months displayed the stable compensated hypertrophy characteristic of the 

first stage of hypertensive heart disease.  Persistently elevated SBP was accompanied by 

increased heart wet weight, LV mass and LV wall thickness (refer to pages 81 - 86).  The 

observed combination of increased LV mass and increased RWT is indicative of concentric 

hypertrophy (Ganau, Devereux, Roman et al., 1992).  This type of hypertrophy is viewed as 

an adaptation to chronic hypertension that normalises wall stress, in the face of raised systolic 

pressure.  SHR had raised HR and preserved systolic function while experiencing raised 

arterial pressure.  As a consequence, ventricular function was enhanced (Mirsky, et al., 1983).  

In contrast, measurements of early transmitral blood flow DT (page 88) were decreased in 

SHR, indicating impaired diastolic function.  In association with high blood pressure, 

concentric hypertrophy and diastolic dysfunction, these animals had elevated circulating 

levels of BNP (page 89).   

High SBP has been observed in SHR well before the earliest age studied here (Bell, Kelso, 

Argent et al., 2004; Sen & Tarazi, 1986).  Likewise, myocyte hypertrophy and associated 

ventricular wall thickening coincides with the initial rise in blood pressure (Tomanek & 

Hovanec, 1981).  Similar myocyte cross-sectional areas have been reported for SHR and 

WKY at 1 month of age (Engelmann, et al., 1987) but by 16 weeks hypertrophic growth is 

evident (Bell, et al., 2004).  Beyond that, WKY hearts have slow age-related myocyte growth 

while in SHR transverse myocyte growth is significant by 6 months and appears to reach a 

maximum at around 12 months in some, but not all, cases (Emanuel, Mackiewicz, Pytkowski 

et al., 1999; Engelmann, et al., 1987).  Previous echocardiograph assessment of LV wall 

thickness and mass showed no difference between SHR and WKY strains at 3.5 months, but 

was significantly greater in SHR hearts by 4.5 months (Slama, Ahn, Varagic et al., 2004).  In 

comparison, LV hypertrophy was observed earlier in the current study.  Other studies have 

reported similar patterns of preserved or elevated systolic function during the first 14 months 

or less (Cingolani, et al., 2003; Kuoppala, Shiota, Lindstedt et al., 2003; Slama, et al., 2004), 

although absolute values of FS were lower than reported here.  One explanation for the higher 

absolute values is the exaggerated endocardial motion identified by Escurdo et al (2003) in 

SHR hearts. They recommended using midwall measurements instead of endocardial 
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measurements to represent LV function.  Slama and colleagues (2004) also reported a shorter 

DT in the hypertensive animals at 4.5 months, while impaired LV relaxation (prolonged 

isovolumic relaxation) was observed at 2 months, and altered filling patterns were seen from 

3 months.  Diastolic dysfunction was also detected in 11 month old SHRs (Cingolani, et al., 

2003).  Most human hypertensive patients have analogous diastolic dysfunction illustrated by 

echocardiography (Bettencourt, et al., 1999; Fouad, Slominsky, & Tarazi, 1984; Inouye, 

Massie, Loge et al., 1984).  

In one study of plasma BNP levels for SHR aged between 1 and 4 months, BNP 

concentration increased significantly with the development of hypertension (Yokota, 

Yamamoto, Kitamura et al., 1993).  The timing of the initial rise in BNP concentration 

remains uncertain as gender differences confuse the issue (de Bold, Bruneau, & Bold, 1996).  

In another study, 11 month old SHR had significantly higher levels plasma BNP compared to 

age-matched WKY (45 ± 2.5 pgmL
-1

 vs 33.3 + 1.8 pgmL
-1

) (Cingolani, et al., 2003).  These 

values are higher than mean plasma BNP levels (18.0 ± 1.6 pgmL
-1

 vs 11.5 ± 0.5 pgmL
-1

 for 

the 12 month SHR and WKY, respectively) measured in this study.  Overall, the trends 

observed in this study agree with those observed in humans with hypertensive heart disease 

who also have elevated plasma BNP (Bettencourt, et al., 1999; Nishikimi, et al., 1996; 

Uusimaa, et al., 2004). 

The second identifiable phase of HHD is perhaps the most clinically interesting in this study.  

Several altered characteristics indicated a shift away from compensated hypertrophy between 

12 and 18 months in SHR.  SHR hearts had further increased wet weight and LV mass (pages 

82 and 87 respectively).  SHR RV developed hypertrophy (page 82), presumably as a result 

of increased RV work against increased pulmonary pressure due to LV dysfunction. LV 

hypertrophy was typical of eccentric hypertrophy, consistent with LV dilatation relative to 

LV wall thickness (Ganau, et al., 1992).  Moreover, at 18 months impaired systolic function 

was also evident in SHR hearts (pages 88).  Diastolic function had also worsened compared 

to the earlier age groups and controls (page 88).  A rise in BNP levels was also obvious in 

this transition phase in SHR (page 89).   

Development of LV dilatation with maintained wall thickness has been seen in SHR for a 

similar age range in other studies (Badenhorst, et al., 2003; Slama, et al., 2004).  Also, the 

decrease in FS is consistent with other SHR studies in which a reduction in EF and/or FS has 

been found by 18 months of age (Fenning, 2004; I Mirsky, et al., 1983; Slama, et al., 2004).  
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In addition to the onset of systolic dysfunction, impaired LV relaxation and filling patterns 

have been reported for SHR hearts (Kuoppala, et al., 2003; Slama, et al., 2004).  Finally, DT 

was shortened in SHR at 18 months, while at this age WKY had the longest DT of all WKY 

age groups studied (Slama, et al., 2004). 

In hypertensive patients, BNP levels correlate well with LV mass and are significantly higher 

in patients with diastolic dysfunction than those who had normal diastolic function 

(Bettencourt, et al., 1999).  This could explain some of the scatter of SHR plasma BNP 

concentrations seen at 18 months, as not all SHR would have developed severely impaired 

diastolic dysfunction.   In addition, this rise in BNP levels reflected the varying degrees of 

increased LV volume associated with LV dilatation in the SHR that were progressing into 

heart failure.  This suggests a potential role for BNP as a good marker for early detection of 

organ damage that is likely to result in a shift from compensated hypertrophy to non-

reversible heart failure in long-term hypertensive patients.   

The final stage of hypertensive heart disease identified in this study was end-stage heart 

failure.  All SHR exhibited signs of heart failure (e.g., dyspnoea and/or peripheral oedema) 

by 24 months of age.  SHR hearts had undergone more eccentric remodelling (page 86), 

resulting in characteristically large LV end-diastolic dimensions (page 84) while maintaining 

LV wall thickness (pages 85 and 86).  SHRs with heart failure had significant RV 

hypertrophy (page 83).  Echocardiograph assessment point toward systolic heart failure at 

this stage as FS and SAX area change had declined by 34% and 24% respectively, compared 

with the same measures at 12 months.  Very high plasma BNP levels accompanied this overt 

heart failure.  Diastolic dysfunction was still evident, but the animals did not have the 

reduced end systolic volumes necessary to classify them as having predominately diastolic 

heart failure (European Study Group, 1998). 

When studying 24 month old SHRs, some other researchers have found it necessary to divide 

them into non-failing and failing groups based on clinical signs of heart failure (usually 

distinguished by the presence of RV hypertrophy and EF (73% non-failing vs 45% failing) 

(Bing, et al., 1995; Brooks, et al., 1997).  In this study it was not necessary to make this 

distinction as most SHR exhibited signs of heart failure prior to 24 months.  However, a 

decline in SBP was not observed in this study (page 81), as might be expected with end-stage 

heart failure (Bing, et al., 1995; Fenning, 2004).  This is probably a matter of timing as 

animals had their SBP recorded and underwent echocardiography within a week of showing 
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signs of heart failure and if heart failure was confirmed by an impaired FS, they were killed 2 

to 3 days afterwards.  It is possible that these animals would have survived for several more 

weeks with overt heart failure. 

Eccentric remodelling observed in this study is typical of SHR progressing to end-stage heart 

failure (Bing, et al., 1995; Conrad, et al., 1995; Conrad, et al., 1991).  The increased RWT 

would have elevated wall stress and in turn exacerbated ventricular dysfunction.  Inadequate 

myocyte cross-sectional growth may be responsible for the apparent absence of an 

appropriate wall thickening to complement cell lengthening in failure (Gerdes, Onodera, 

Wang et al., 1996) although two studies have shown evidence of such cellular hypertrophy up 

to 20 months in SHRs (Engelmann, et al., 1987; Pfeffer, et al., 1979). 

The development of systolic dysfunction and the subsequent classification of systolic heart 

failure can occur in human heart failure associated with long-term hypertension (Frohlich, 

Tarazi, & Dustan, 1971). Hypertension and hypertrophy increase the risk of myocardial 

injury (via MI, for example) which results in localised cell death (Vasan & Levy, 1996).  

Interestingly, contractile properties of the LV myocytes from 20 - 24 month old SHRs, with 

or without heart failure, did not differ from those of LV myocytes of younger SHRs 

(Emanuel, et al., 1999).  Thus it has been argued that myocyte dropout due to myocardial cell 

death or to apoptosis accounts for impaired systolic function and failure during both ageing 

and hypertension (Anversa, Hiler, Ricci et al., 1986; Capasso, Palackal, Olivetti et al., 1990; 

Engelmann, et al., 1987). 

The extreme levels of plasma BNP in SHR with severe heart failure very closely aligns with 

what is seen in humans with overt heart failure (Wieczorek, et al, 2002).  In humans, high 

BNP concentrations indicate poor prognosis or high risk of mortality.  It is not possible to 

distinguish between diastolic and systolic heart failure from BNP measurements alone, 

although BNP concentrations are reported to reflect severity of diastolic abnormality 

(Troughton, Prior, et al, 2004).  Measurements of BNP were selected over ANP primarily 

because BNP is known to increase more with heart failure than ANP (Cowie, et al., 1997; 

Mukoyama, et al., 1990).  It is also more stable once extracted (Buckley, Marcus, & Yacoub, 

1999), suggesting that BNP is a more practical marker than ANP. An alternative to BNP that 

is currently used in the clinical setting is the measurement of the inactive amino-terminal 

fragment of BNP (NT-BNP).  NT-BNP is released from myocytes with the active BNP but is 

more slowly metabolised (Goetze, Rehfeld, Videbaek et al., 2005), hence provides a 
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potentially more stable marker that corresponds to changes in status.  NT-BNP predicts LV 

mass in arterial hypertension and is a very strong prognostic marker of future cardiovascular 

events (Hildebrandt, Boesen, Olsen et al., 2004).  An NT-BNP assay for rats has not been 

established to date.  Used in combination with echocardiography, however, it was clear that 

the high levels plasma BNP reflected systolic dysfunction. 

Overall, echocardiography provided an excellent opportunity to study cardiac geometry and 

function in the SHR over a long time and thus permitted examination of long-term effects of 

ageing and pathology.  In humans, it is not common to be able to evaluate the progression of 

LV hypertrophy, for example, in hypertensive heart disease (Vasan & Levy, 1996).  

Furthermore, echocardiography has demonstrated that diastolic dysfunction is present early 

on in the disease development in SHR while systolic dysfunction was only associated with 

the onset of heart failure.   

High quality clinical echocardiograms are difficult to obtain with small hearts that are beating 

rapidly (around 400 beats per minute).  A 12.5 mHz neonatal probe was selected because it 

was suited to small, hypercontractile hearts.  Errors resulting from inadequate temporal 

resolution were minimised by selecting images at specific times in the cardiac cycle from the 

ECG.  An obvious error was the higher than expected values derived for FS.  As there was 

minimal scatter in FS for each group, the error is likely to be systematic.  Systolic function, 

estimated from M-mode measurements, relies on a single dimension of the LV SAX to 

extrapolate information about 3D structure.  A combination of the animals‟ small hearts and 

longitudinal movement throughout the cardiac cycle may have lead to end-systolic images 

being obtained towards the apex of the heart rather than just under the mitral valve.  Another 

potential consideration was the type of anaesthetic used.  Several echocardiography studies in 

rats have used a specific combination of anaesthetics to achieve a slower heart rate to achieve 

better resolution (Kuoppala, et al., 2003; Sakata, Yamamoto, Mano et al., 2004).  However, 

this would have affected cardiac function. Another research group that used the same 

anaesthetic as in this study reported no obvious decrease in cardiac function (Brown, 

Fenning, Chan et al., 2002).  Moreover, the FS values measured in their SHR and WKY rats 

were similar to the values reported here (Fenning, 2004).  The trends in systolic function in 

this study are internally consistent with morphometric changes and measured plasma BNP 

levels.  They are also consistent with trends reported in other studies in SHRs (Fenning, 

2004; Slama, et al., 2004) and observations made in human hypertensive heart disease with 
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severe ventricular dysfunction (Sakata, Yamamoto, Masuyama et al., 2001; Struthers, 2002; 

Uusimaa, et al., 2004).  

This chapter reports the first longitudinal study of the cardiac hormone BNP in SHR.  The 

addition of BNP assay to echocardiography provided a powerful tool for tracking disease 

status.  BNP levels were sensitive to LV hypertrophy and/or diastolic dysfunction.  In 

humans, this would be clinically useful for identifying and targeting hypertensive patients 

who are at high risk for progressing to heart failure (Rademaker & Richards, 2005).  

Accompanying the progression to heart failure, plasma BNP increased dramatically, 

indicating the severity of cardiac dysfunction.  This characteristic alone is extremely useful in 

humans who potentially have heart failure, where elevated BNP levels rule out other potential 

causes of shared symptoms such as pulmonary disease.  This study of plasma BNP status in 

SHR, an accepted model of human hypertensive heart disease, therefore reinforces the 

clinical findings of the function as BNP as an effective screening tool and its potential for 

tracking disease progression. 

Another important feature of the disease progression in SHR described in this chapter was the 

finding that LV diastolic function was impaired prior to the onset of failure.  In particular, the 

reduced DT of early mitral filling was indicative of reduced ventricular compliance (Diez, et 

al., 2002).  It is not possible to confirm this observation through non-invasive techniques.  

The diastolic filling properties were consequently studied in isolated hearts removed from 

these animals and discussed in the following sections. 

5.6.2. Passive LV function 

In vitro pressure-volume analysis provides useful information about factors that influence LV 

filling in diastole (Cingolani, et al., 2003) and the technique has been widely used as a 

measure of altered diastolic dysfunction in various pathological conditions.  Passive 

pressure-volume relations are affected by changes in myocardial structure and material 

properties and are therefore of particular interest in studies such as this (Brilla, et al., 1991; 

Gaasch & Zile, 2004; Zile & Brutsaert, 2002).  This chapter has outlined the use of a 

computer-controlled bidirectional pump and recording system to measure in vitro LV 

diastolic pressure-volume relations in a systematic study of the effects of hypertension on 

cardiac function.  Measurements made in rats at various stages of HHD demonstrated marked 

differences in diastolic mechanical properties compared with age-matched controls. 
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The LV pressure-volume relations for SHR and WKY showed significant differences in both 

operating volume ranges and stiffness (page 91).  Hearts from control animals produced 

similar curves for all age groups with an age-related volume shift between 12 and 18 months.  

In contrast, SHR hearts had smaller residual LV volumes and demonstrated stiffer ventricles 

over the lower range of physiological pressures.  With the onset of LV failure and associated 

ventricular dilation, residual and maximum LV volumes increased for SHR between 12 and 

18 months and even more dramatically after that. Paradoxically this occurred despite the fact 

that LV compliance was significantly reduced in SHR compared with age-matched WKY 

rats.  This difference was most pronounced at low physiological pressures (page 91) and was 

greatest at 12 months when SHRs transitioned from compensated hypertension to systolic 

heart failure.  Even with the progression to decompensated heart failure and subsequent 

ventricular dilatation, LV compliance was not increased with respect to WKY controls.  No 

difference in passive LV compliance was seen at higher passive pressures. 

Patients with HHD show evidence of LV diastolic filling abnormalities (Inouye, et al., 1984) 

including slowed maximal rate of LV filling (Fouad, et al., 1984) and decreased mitral flow 

deceleration time (see Chapter 2) (Brilla, et al., 2000).  The altered passive LV mechanics 

reported in this study parallel the diastolic dysfunction reported in humans.  Decreased LV 

compliance, or increased LV stiffness, has previously been reported in SHR compared to 

WKY over a range of ages.  Myocardial diastolic stiffness increased in hearts from young 

SHR animals (3 and 6 months) over the LV end-diastolic range of 0 – 25 mmHg (Brilla, et 

al., 1991).  Similarly, increased LV chamber stiffness was observed for 11 month old SHR 

(Cingolani, et al., 2003) and 14 month old SHR (Cingolani, Yang, Liu et al., 2004).  These 

two later studies were corrected for LV chamber volume at 0 mmHg and showed, 

independent of load, that SHR curves were shifted left-wards compared to controls.  This 

shift in SHR was due to a steeper LV pressure–volume slope between approximately 

0 - 15 mmHg that then became parallel to WKY curves at a higher pressure-range 

(15 - 30 mmHg).  This trend is similar to the results presented in this study where LV 

compliance was significantly different at lower, but not at higher pressures. 

It is possible that reduced LV compliance would be evident at higher filling pressures, but the 

results of this study suggest that the structural components that limit ventricular expansion 

are generally the same in all groups.  At lower LV filling pressures, where there is a 

significant difference, structural components may be restricting the initial reorganisation of 
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myocytes necessary for deformation during ventricular loading.  Two structural components 

that are likely to contribute to this altered LV passive stiffness are titin and the ECM.  The 

large intrasarcomeric protein titin contributes to passive tension at shorter to intermediate 

physiological sarcomeric lengths (Granzier & Irving, 1995).  It's elastic behaviour is 

determined by the ratio of its two isoforms (N2BA:N2B) (Helmes, Trombitas, Centner et al., 

1999).  N2B is the shorter of the two isoforms and thus an increased amount relative to the 

longer N2BA would result in higher passive tension (Warren, Jordan, Roos et al., 2003).  

This ratio was lowered in LV from SHR aged between 4.5 and 6 months compared to WKY 

(Warren, et al., 2003).  N2BA:N2B expression correlated negatively with normalised heart 

weight, indicating that this ratio decreased, and levels of N2B increased, as the myocytes 

became increasingly hypertrophic.  The second structural component considered here, ECM 

collagen, is thought to contribute to passive tension at intermediate to high sarcomeric 

extensions in the normal myocardium (Granzier & Irving, 1995).  However, at the single cell 

level, endomysial collagen maintains myocyte alignment and force transmission by forming a 

mesh around cells and interconnecting the mesh with short struts (Caulfield & Borg, 1979; 

Robinson,et al., 1988). 

Increases in absolute LV volume did not parallel the changes in LV stiffness as an age-related 

volume shift was seen in both the SHR and WKY curves.  The WKY shift can be attributed 

to an increased LV lumenal size with normal heart growth.  This is similar to a right-ward 

shift that was shown between 6 and 12 month WKY LV pressure-volume curves by Mirsky 

and colleagues (1983).  However, this shift was not commented on by this group and in fact 

another report combined 14 and 21 month old WKY curves when comparing them to age-

matched SHR (Badenhorst, et al., 2003).  In contrast, the age-related volume shifts observed 

in this study for the SHR curves were much greater.  The increase in absolute volume 

resembles the LV ventricular dilatation that signals the onset of heart failure in SHR  

(Badenhorst, et al., 2003; Fenning, 2004; Mirsky, et al., 1983; Pfeffer, et al., 1979) and is 

similar to what is seen in humans with extreme hypertensive cardiomyopathy (Cody, 1995; 

Iriarte, Perez Olea, Sagastagoitia et al., 1995).  The process of LV dilatation appears to be 

multi-factorial.  Several contributors have been proposed including: (1) myocyte elongation 

(Tamura, Onodera, Said et al., 1998), (2) loss of viable myocytes (via necrosis or apoptosis) 

(Janicki & Brower, 2002; Narula, Haider, Virmani et al., 1996; Sharov, Sabbah, Shimoyama 

et al., 1996), and, (3) the loss of appropriate collagen tethering between myocytes due to 
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some type of remodelling resulting in cell slippage (Linzbach, 1960; Weber, 1989).  The 

trigger for the onset of heart failure itself remains unclear. 

5.6.3. Mechanical properties of passive cardiac tissue 

The diastolic properties of the LV were studied in relaxed cardiac tissue.  Prior to mechanical 

tests, the heart had been relaxed using a hyperkalaemic solution to stop electrical activity.  

The solution also contained BDM to inhibit mechanical activity.  BDM protects against 

ischaemia (Stringham, Paulsen, Southard et al., 1992) and delays the onset of rigour by 

slowing down cross-bridge attachments (Ikenouchi, Zhao, & Barry, 1994), yet does not 

appear to alter passive compliance as was shown recently by measurements made in rat RV 

trabeculae (Kirton, Taberner, Young et al., 2004).  Oedema also affects passive LV 

compliance, but should not have been a factor in this study since the coronary circulation was 

not perfused.  MacKenna et al (1994) argued that some oedema may occur when the heart is 

immersed in a bathing solution.  However, such an effect would be small and as each 

experiment was carried out over the same time period, it was assumed that the effect of any 

such oedema would be the same in all hearts.  Where stiffening was detected during the 

course of the experiment, either from oedema or global ischaemia, the results were not 

included in the LV pressure-volume analysis.  In hearts that were included for analysis, three 

specific elements of the pressure-volume response were identified.  These were: (1) system 

creep, (2) hysteresis, and, (3) strain-softening.  Each is considered in turn below. 

The system creep observed in this project was attributed to the fitting of the balloon to the 

inside of the LV as the balloon was inflated to a new maximum pressure.  This was a 

limitation of the experimental set-up used.  Other research laboratories have typically used 

thicker walled latex balloons with intrinsic pressure-volume characteristics that may 

confound results.  To avoid this, the balloons used were typically larger than the volume 

required to inflate the heart and because they were not stretched during inflation they did not 

contribute to the measured LV pressure-volume relationship.  This approach has been 

improved upon by using thin film (similar to plastic food-wrap) to form the shape of the 

balloon (Emery, Omens, & McCulloch, 1997; MacKenna, et al., 1994).  These balloons 

occupied little residual volume in the LV and were large enough that pressure generated with 

the maximum volume loading imposed was negligible.  In the current study, a thin, slightly 

tacky, film was pre-stretched to form the shape of a balloon.  Therefore, the balloon alone did 

not generate any pressure when filled to the maximum volumes required.  The physical 
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characteristics of the balloon seemed to be advantageous for moulding to the inside of LV, 

which has papillary muscles protruding from the trabeculated endocardium surface, and 

maintaining that shape on subsequent deflations and inflations.  The resultant drop in pressure 

(to a negative value) on deflation meant that it was difficult to determine absolute volume at 

zero pressure.  However, the extent of creep decreased as the maximum inflation pressure 

was increased, indicating that for the 30 mmHg volume step, the balloon closely followed the 

endocardial surface.   

The second characteristic of the pressure-volume loops, hysteresis, reflects the viscoelastic 

properties of passive cardiac tissue (Pinto & Fung, 1973; Pinto & Patitucci, 1980).  This is 

most relevant in cardiac tissue that is in a passive state as viscoelastic effects were reported to 

not contribute to the LV diastolic pressure in beating canine hearts (Nikolic, Tamura, Tamura 

et al., 1990).  In passive cardiac tissue, hysteresis associated with dissipation of energy was 

observed in: (1) quick stretch followed by quick release of rabbit myofibrils (Bartoo, Linke, 

& Pollack, 1997), (2) quick stretch and release of rat papillary muscle (Pinto & Fung, 1973), 

and, additionally, (3) cyclic loading of rat RV trabeculae (Kirton, et al., 2004).  In passive LV 

pressure-volume relationships in rat whole hearts (Emery, et al., 1997; Fletcher, Pfeffer, 

Pfeffer et al., 1981; D.A. MacKenna, et al., 1994), similar patterns of hysteresis were 

observed.  The viscoelastic response of rabbit myofibrils has been attributed to the 

viscoelastic properties of titin filaments, rather than weakly bound cross-bridges (Bartoo, et 

al., 1997).  However, in larger tissue preparations, such as the whole heart, collagen, for 

example would need to be considered as it contributes to passive stiffness.  In bovine 

cartilage, collagen viscoelasticity was found to account for most of the stress relaxation 

observed with axial extension (Li, Herzog, Korhonen et al., 2005).  In hearts, wavy 

perimysial collagen fibres are thought to gradually create strain energy as they continuously 

straighten during diastolic filling (Hanley et al., 1999), which suggests that they may exhibit 

stress-relaxation properties during recoiling. 

The third characteristic identified as being typical of the LV pressure-volume response, 

strain-softening, was separate from the viscoelastic properties outlined above.  If the material 

properties of the passive heart were truly viscoelastic, then the tissue would always recover to 

its original relaxed state (Kirton, et al., 2004).  This did not happen in the present study.  

Strain-softening has been found previously in whole rat hearts (Emery, et al., 1997) and in 

blocks of rat and pig myocardium subjected to simple shear deformations (Dokos, et al., 
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2002).  An exception to this was found in viable rat trabeculae where strain-softening was not 

observed after repeated loading cycles (Kirton, et al., 2004).  Two arguments have been used 

to account for these differing results.  Firstly, the trabeculae were considered to be well 

oxygenated and viable, whereas in the previous two studies cardiac tissue was not oxygenated 

during the experimental protocol.  It is possible that the lack of perfusion and associated 

ischaemia would produce a non-physiological strain-softening response in the damaged tissue 

as suggested by Kirton and colleagues (2004).  While this is certainly a factor, in the current 

study as well as the former studies mentioned above, any experiments that showed signs of 

progressive stiffening were discarded. 

The second possible cause of strain-softening, which relates to differences in cardiac 

ultrastructure and how passive tissue properties change irreversibly under strain (Pinto & 

Fung, 1973) may be supplementary to tissue ischaemia.  Trabeculae have a linear myocyte 

and collagen arrangement (Hanley, et al., 1999; Ward, Pope, Loiselle et al., 2003), which 

makes them suitable for uni-axial mechanical testing such as that above.  Myocardium, on the 

other hand, has a complex laminar organisation with a highly detailed hierarchy of collagen 

(LeGrice, et al., 1995b).  The strain imposed on myocardium may irreversibly damage the 

collagen network leading to preconditioning of the tissue (Dokos, et al., 2002; Emery, et al., 

1997).  Emery and colleagues (1997) argued that strain-softening in the intact heart was due 

to breakage of interlaminar perimysial collagen, but this would not explain the softening at 

very low shear strains observed by others (Dokos, et al., 2002).  It is possible that other ECM 

collagen components are damaged, either by altering the way collagen fibres compress or 

extend such as unbending or by breaking endomysial collagen tethers that might interconnect 

adjacent collagen bundles.  Furthermore, it has been proposed that the degradation of small 

and medium-sized collagen fibres in rat myocardium decreases residual stress (the stress 

present in the tissue after all external loads are removed) resulting in a change in equilibrium 

of the unloaded LV (MacKenna, et al., 1994).  Repetitive volume loading or shear 

deformations may produce a similar effect by breaking some of these collagen connections.  

The ongoing remodelling and repair of collagen in vivo does not exist in these in vitro 

preparations so, potentially, any physiological damage is not recovered in the passive cardiac 

tissue preparations.  Strain-softening was observed between the consecutive pressure-volume 

loops resulting in a right-ward shift in the minimum volumes. 
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ECM collagen arrangements clearly contribute to the diastolic properties of the LV.  It is 

likely that changes in collagen properties play a role in the altered passive LV 

pressure-volume relations associated with ageing and the progression of hypertensive heart 

disease described in this chapter.  A detailed investigation of the 3D arrangement of collagen 

within myocardium in these hearts was also carried out and presented in the following 

section.  Understanding the patterns in collagen organisation may provide insight into what 

triggers the transition from compensated hypertrophy in HHD to heart failure. 

5.6.4. Myocyte arrangement and laminar organisation in HHD 

In this study, a novel extended volume confocal microscopy technique (Sands, et al., 2005; 

Young, et al., 1998) has been used to visualise the structural remodelling that occurs with the 

progression of HHD in an established animal model of genetic hypertension. LV myocyte 

arrangement and collagen architecture have been reconstructed in 3D and characterised in a 

longitudinal study of SHR and age-matched control rats, while established measures of 

diastolic and systolic function have also been acquired.  This is the first time that a 

quantitative time-course analysis of such breadth has been carried out in this disease model. 

The following structural changes occur between 3 and 12 months in SHR: myocyte 

hypertrophy; increased collagen density; perimysial remodelling, with fusion of the collagen 

between adjacent muscle layers; proliferation of endomysial collagen; and reduced capillary 

density. This remodelling was associated with marked impairment of diastolic function 

(reduced passive LV capacitance and compliance).  Progression to decompensated heart 

failure - as indicated by reduced fractional shortening, increased BNP levels and LV 

dilatation - occurred between 12 and 24 months. Accumulation of interstitial fibrosis 

continued, comprising replacement fibrosis (secondary to myocyte necrosis), perivascular 

fibrosis and a striking increase in endomysial collagen. However, there were also marked 

changes throughout this period in the laminar arrangement of LV myocytes and in the 

associated perimysial collagen framework. The laminar organization of LV myocardium in 

aging SHR was both less evident and less uniform than control, with increased numbers of 

myocytes per layer, increased variability in myocyte dimensions and a reduction in the extent 

of perimysial collagen between muscle layers compared with other collagen components.   

The results summarised above are generally consistent with the findings of the numerous 

other studies of the development of HHD in SHR (Bell, et al., 2004; Bing, et al., 1995; 

Boluyt & Bing, 2000; Cingolani, et al., 2003; Mirsky, et al., 1983; Pfeffer, et al., 1979).  They 
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also replicate many features of the progression to heart failure in human HHD (Rossi, 1998b). 

However, the principal findings of this study in relation to ECM remodelling are at variance 

with those of Lopez, Diez and co-workers (Diez, 2009; Lopez Salazar, Ravassa Albeniz, 

Arias Guedon et al., 2006). This group reported that both perimysial and endomysial collagen 

are reduced as patients with HHD progress to decompensated HF and argue that dissolution 

of the ECM scaffold facilitates the transition from diastolic failure to ventricular dilatation 

and systolic dysfunction.  While this sequence matches the ECM remodelling that occurs in 

volume overload (Zheng, et al., 2009), it appears that the progression to systolic failure is 

more complex than this in SHR.  It is evident that there is ongoing remodelling of perimysial 

collagen during the progression through diastolic failure to decompensated heart failure.  

Initially, this is manifested as fusion of the perimysial collagen that surrounds and 

interconnects adjacent muscle layers. Subsequently, laminar structure is disrupted and 

associated perimysial collagen components are reduced. However, throughout this process, 

there is a progressive increase in the endomysial collagen surrounding individual myocytes 

(as well as continuing accumulation of replacement fibrosis and perivascular fibrosis). These 

observations are consistent with those of Conrad (1995) in SHR and closely match the post 

mortem observations of Rossi (1998b) in failing human hearts.  Furthermore, this study 

demonstrated an increase rather than a decrease of type I collagen, the „stiffest‟ of all 

collagen types, contributing to the fibrosis associated with the myocyte disorganisation.  This 

provides further support for the idea that the diseased hearts retain their decreased LV 

compliance through to decompensated heart failure. 

5.6.5. Validity of Analysis 

There were two relatively unique aspects of this study that have not been established in the 

literature to date.  The first was the measurement of BNP in rats in both ageing normal rats 

and rats with HDD.  As discussed previously, the consistency in the results for both species 

along with the similarities with previously measured human trends in BNP with age and 

disease support the use of BNP in this animal model. The second new aspect was the 

comprehensive quantitative analysis of changes in 3D myocyte and ECM organisation that 

occur in HHD.  To reduce any source of internal error and assess the reliability of our data, 

measurements of myocytes diameter, collagen density and layer thickness were made in two 

ways.  Initially, quantification was carried out in a traditional 2D manner using the flat 

transmural plane to sample subvolumes for analysis.  Then a more sophisticated segmenting 

technique was used on digitally resliced images to remove any dependence on myocytes fibre 
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orientation.  As outlined in this chapter the trends between the two data sets are similar, with 

the later method providing more useful information that can now be compared with other data 

sets generated in the future. 

5.6.6. Study Limitations 

A major limitation of this study is that an animal model has been used to make inferences 

about human HHD. There are important differences between rat and human heart structure 

and physiology.  Also the cause of the high blood pressure and hypertrophy in the SHR 

remains unclear, however, a large body of work has established the SHR as an appropriate 

model of HHD (Doggrell & Brown, 1998).    

An important feature of this study was the ability to study the SHR systematically at different 

end-points in order to relate myocardial remodelling that has not previously been elucidated 

with established functional indices.  The size and resolution of the paediatric 

echocardiography probe used to determine cardiac dimensions and FS affected the 

repeatability of these measurements and probably introduced greater variability than would 

have been the case had a specialised rodent probe been used.  That said, the variation in these 

indices with time is internally consistent with a range of other functional measures made in 

this study and is generally consistent with those reported in related investigations of HHD.  

There were several limitations to the structural analysis indentified.  At the molecular level, 

analysis of collagen properties such as that of collagen cross-linking could not determined by 

imaging alone.  At the cellular level there was an assumption that all cells visualised were 

myocytes.  It was unclear whether fibroblasts survived the fixation process and were being 

stained with the PSR.  Additionally, the tissue blocks imaged were all from LV free wall and 

findings here can not be extrapolated to other parts of the mycardium such as the 

inverventricular septum.  
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5.7. Conclusion 

Longitudinal studies of SHR have been carried out to assess geometrical changes from the 

early stages of hypertensive heart disease through the transition to decompensated heart 

failure (Engelmann, et al.,1987; Mirsky, et al., 1983; Pfeffer, et al., 1979; Slama, et al., 2004).  

What is conspicuously absent from all these investigations is a comprehensive longitudinal 

study which links pathophysiological changes with established clinical measures of cardiac 

function.  In this work we have filled that gap and using state-of-the-art 3D imaging 

techniques, provided strong evidence to link the changes in cardiac function to myocardial 

remodelling, particularly the loss of laminar structure. Furthermore, while this is a study of a 

rat model of HHD, the limited knowledge available to date about the organisation of 

myocardium in human HHD that leads to heart failure provides support for the relevance of 

the findings in this study.  
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Chapter 6. Myolaminae in normal and diseased myocardium: Final 

discussion and future directions 

This chapter reviews the purpose of the research presented in this thesis.  A reflection of the 

achievements of this work in terms of each of the study objectives is followed by some 

suggestions for future research. 

6.1. Summary of principal findings 

6.1.1. Objective 1 

It was important in this study to try and resolve questions around the 3D structure of ECM 

collagen in myocardium as this was critical to being able to appropriately characterise the 

pathological structural changes that occur with disease later on in the thesis.  This task was 

addressed by the objective:  

“To reconstruct the 3D organisation of myocytes and the associated extracellular collagen 

framework at high spatial resolution across the LV wall in the normal heart and quantify 

more fully the 3D arrangement of the perimysial collagen matrix”. 

An analysis of high resolution 3D images taken of the LV midwall from normal myocardium 

demonstrated that perimysium had an ordered arrangement that played a direct role in 

laminar organisation. Three distinct forms of perimysial structures were seen in the midwall:   

(i) an extensive meshwork on laminar surfaces comprised of different sized oblique 

running fibres 

(ii) longitudinal cords that run within the myolaminae, aligned with the myocyte fibre 

axis, with small endomysial projections to tether to adjacent myocytes, and  

(iii) convoluted fibres connecting adjacent layers.  

The longitudinal cords appear to originate from and terminate at the laminar surface 

meshwork, forming collagenous scaffolding for the myocytes that are tightly coupled into 

layers.  The layers of myocytes are arranged in a discontinuous manner with the laminar 

surface meshwork defining the boundaries between cleavage planes, and networks of 

convoluted collagen fibres that cross these cleavage planes and are incorporating into the 
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adjacent meshwork.  While the density of perimysium remains constant, there is significant 

transmural variation in the distribution of these collagen structures. The subepicardial 

perimysium, in particular, is predominately in the form of longitudinal cords and this is 

associated with a lack of distinguishable myolaminae. 

The concept of collagen scaffolding is not new.  The pioneers of cardiac ECM collagen 

structure such as Caulfield, Borg and Robinson, have provided excellent examples of 

different collagen structures within a collagen hierarchy.   However, the complexity and 

importance of these structures in the 3D myocardial arrangement has not been elucidated 

until now.  Comprehensive analysis of ECM collagen requires visualisation and 

quantification using appropriate volume images such as those provided in Chapters 2 and 5.  

This study has demonstrated the reproducible secondary and tertiary patterns of myocyte 

arrangement, and perimysial collagen organisation that were more easily seen in 3D. 

The role of perimysial collagen, as demonstrated in this thesis, in organising myocytes into 

laminae adds weight to the laminar model of cardiac structure.  The laminar model gained 

momentum in the 1990s as researchers such as Spinale and LeGrice provided experimental 

evidence that disproved the idea that myocardium was comprised of helical muscle bundles.  

Supporters of this earlier view remain and argue for the existence of a helical ventricular 

muscle band (Kocica, et al., 2006; Torrent-Guasp, et al., 2001), while other researchers 

(Anderson, et al., 2006; Lunkenheimer, et al., 2006) have disputed the existence of any 

ventricular myocytes laminar arrangement.  This current work provides evidence of 

myolaminae that is consistent with the earlier works detailing laminar structure.  

Furthermore, direct comparison can be made between the normal rat hearts in this study and 

the collagen skeletons of human hearts presented by Rossi. 

6.1.2. Objective 2 

This study aimed to optimise the relevance of the outcomes to human HHD.  Therefore it was 

pertinent to carry out the objective:  

 “To characterise disease progression in an established animal model of HHD using an 

extensive portfolio of clinical tests, morphologic measures, and in vivo and ex vivo 

assessment of LV function”. 

Hypertension is initially a silent disease.   Humans with HHD may be unaware of their 

condition for decades and not seek medical attention until they develop signs and symptoms 
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of LV decompensation.  Clinical tools such as echocardiography and measurement of plasma 

BNP levels are routinely used for assessing disease status in these patients.  This study has 

shown that the same tools are useful in tracking disease progression in a convenient animal 

model of HHD, the SHR.   Furthermore, hearts from SHR respond similarly to human hearts 

with chronic hypertension but with the advantage that they can be studied to demonstrate the 

preclinical myocardial changes before progression to decompensated heart failure.  

The transition from compensated hypertrophy to decompensated heart failure in HHD seems 

to involve an interaction between changes seen in the normal ageing hearts and the extent to 

which the LV is able to adapt to chronically elevated blood pressure.   The haemodynamic, 

geometric and functional data presented here consistently indicate that this interaction can 

occur in SHR from 12 months of age.  The data obtained from echocardiograph 

measurements shows that in the SHR, LV hypertrophy persists throughout the course of the 

disease even during rapid LV dilatation and reduction in systolic function that indicate 

decompensation between 18 and 24 months.  Neurohormonal changes are evident in SHR at 

all ages, similar to humans with known pressure-overload and LV heart failure.  BNP levels 

highlighted the development of decompensation in SHR with a dramatic rise during the 

terminal phases of disease, while in WKY plasma BNP levels remained constant and did not 

change with age alone as expected from human studies.  The trends observed in this study 

support the idea of screening at risk populations with regular BNP measurements to identify 

those people who may be developing structural and functional myocardial changes who could 

then be referred for an echocardiogram. 

A new finding from the passive LV pressure-volume analysis is that LV compliance at low 

physiological pressures is reduced during the adaptive phase of HHD and remains 

significantly less in SHR than age-matched controls, even during the transition into 

decompensated heart failure.   This is contrary to the current understanding of HHD given by 

Lopez whereby HHD hearts are expected to shift from a paradigm of pressure-overload to 

volume-overload and in doing develop increased LV compliance.  It also follows that 

experimental models of hypertension and other genetic models such as the SHHF rats are not 

suitable models of human HHD as they do not provide the necessary temporal changes that 

occur leading up to the transition from compensation to decompensation.  This study 

confirms SHR as a relevant animal model of human HHD. 
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6.1.3. Objective 3 

The findings for the first two research objectives have provided a firm foundation for 

addressing the main research objective: 

“To describe and quantify the myocardial remodelling that occurs during the progression of 

HHD in this animal disease model with specific reference to the 3D organisation of myocytes 

and the associated extracellular collagen framework, and to correlate structural change with 

the development of mechanical dysfunction.” 

The findings of this thesis suggest that previous descriptions of the disease progression in 

HHD are inaccurate.  In addition to maintaining LV hypertrophy and reduced compliance 

during transition to heart failure, the new 3D structural information about myocardium in 

HHD provided in Chapter 5 demonstrates a one-directional continuum of changing myocyte 

arrangement and collagen organisation.  These structural changes are in addition to 

age-related changes seen in normal hearts.  In normal myocardium, groups of myocytes are 

organised within perimysial collagen scaffolding (discussed in Chapter 2).  The three types of 

perimysial collagen structures that make up this scaffolding become thickened during the 

adaptive phases of HDD but eventually are overwhelmed by, and are thus not distinguishable 

from, the extensive endomysial fibrosis. 

Rossi‟s work in human HHD appears to have been undervalued in scientific literature to date.  

The collagen skeletons of hypertensive human hearts presented in his landmark study (Rossi, 

1998) provide a useful reference of myocardial structural changes for the findings in this 

thesis.  Myocyte changes associated with HHD are the same in both studies.  During adaption 

to chronic hypertension myocytes become hypertrophied and extremely variable in size as the 

disease progresses (from hypertrophied to atrophied to myocyte loss).  Myocyte arrangement 

also becomes disorganised and cells are scattered in thickened endomysial collagen and 

replacement fibrosis. Rossi described similar changes in perimysial collagen to this study but 

did not recognise that the meshwork of perimysial collagen around organised groups of 

myocytes was in fact defining the boundaries of myolaminae and that these became thickened 

bands of collagen in terminal disease that were actually obliterating cleavage spaces. 

Whether the ongoing collagen remodelling incorporates the perimysial structures into the 

endomysium or if it is replaced by different endomysial structures remains unclear.  What is 

clear is that myocyte and laminar remodelling has profound electrical and mechanical 
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implications.  The increased endomysial encasing around individual myocytes distances each 

cell in space.  The altered endomysial collagen properties would contribute to decreased LV 

compliance at low filling pressures and would also impair the ability of myocytes to increase 

diameter as they shorten during contraction.  The high metabolic demand of the 

hypertrophied myocytes would not be able to be met as the diffusion distance for nutrients is 

increased and apoptosis and/or cell necrosis ensues.  The consequence of these changes to 

myocytes would be a distinct loss of functional units that both initially propagate an electrical 

signal and then generate force across the wall during the cardiac cycle.  

While local changes in myocyte mechanics may be a contributing factor to disease 

progression one must also consider the loss of laminar organisation that has occurred.  

Myocardial laminae that are most distinct in midwall from normal hearts become less 

discernable with HHD progression.  The timing of this loss of distinct laminar structure 

seems to be crucial as the most noticeable in transmural structural changes seen in SHR 

hearts occurred between 12 and 18 months, which is the time period that indicators of disease 

progression point to there being a critical shift from compensation to decompensation.  As 

discussed in Chapter 1, the freedom to undergo large shear deformations along cleavage 

planes arising from the laminar organisation is central to effective systolic and diastolic 

myocardial function.  It follows directly that the loss of this organisation will lead to impaired 

cardiac performance and in fact may be a key factor to HDD disease progression to heart 

failure. 

Remodelling of the cardiac ECM is a principal factor underlying the progression through 

impaired diastolic function to decompensated failure in HHD. The reduced diastolic 

compliance that occurs early in HHD is associated with myocyte hypertrophy and fibrosis 

and this fibrosis has been demonstrated in other studies to be associated with increased 

synthesis of type I collagen and crosslinking of loose reticular collagen networks that include 

types I and III collagen. Less clear, however, is how ECM remodelling gives rise to the 

systolic dysfunction and ventricular dilatation that characterise decompensated HF. Although 

apoptosis, replacement fibrosis and altered Ca
2+

 homeostasis play a role, it is widely argued 

that impaired systolic function in decompensated failure is due to the reversal of the 

profibrotic processes outlined above. That is, type I collagen is degraded and the extent of 

collagen crosslinking is reduced enabling ventricular dilatation to occur despite an increase in 

overall fibrosis.  This study argues against a reversal of fibrosis.  Instead the findings 

presented here demonstrate that there is further progression of fibrosis that is accompanied 
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with an increase in Type I collagen.  Furthermore, collagen cross-linking has been shown to 

be increased in hearts from humans with hypertensive heart failure (Lopez et al, 2009). 

The main objective of this thesis was to ascertain whether 3D structural information provided 

more insight into HDD compared to what is previously known.  The ability to reclassify the 

3D collagen architecture and, additionally, quantify disease related changes in myolaminae 

arrangement, has further enforced the significance of the relationship between ECM collagen 

and myocytes that produce a laminar myocardium.  Taken in consideration with the clinical 

indices of structure and function and the LV passive measurements provided in this thesis, a 

new understanding of HHD has been gained.  That is, HHD is the result of myocardial 

adaptation to chronically elevated hypertension that results in both cellular changes (myocyte 

hypertrophy and subsequent necrosis) and laminar architectural changes (reorganisation of 

groups of myocytes into a disorganised, non-laminar myocardium).  Myocardium reaches a 

critical point where both myocyte function and myocardial mechanics are impaired to such an 

extent that LV function cannot meet the demands of each cardiac cycle and LV function 

rapidly declines.  Homeostatic mechanisms activated during heart failure such as natriuretic 

hormones and MMPs are not enough to stop or compensate for the signals that are directing 

the underlying changes occurring as a result of elevated blood pressure and laminar 

remodelling continues despite being detrimental rather than being adaptive. 
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6.2. Future Directions 

6.2.1. Further questions about myocardial remodelling in HHD 

The remodelling of myolaminae demonstrated in this thesis suggests that there are signals 

that regulate the laminar structure and that this structure can be modified during HHD. While 

laminar myocardium has become an accepted concept in the last two decades, this thesis is 

the first study to demonstrate that laminar structure changes with disease.  Until now there 

has been no basis to consider what signalling processes are present within and between these 

layers to maintain their shape. 

It seems likely that the signals involved are a combination of direct cellular communication 

via biomechanical sensors and indirect signalling via third-party cells.  There has been 

interest in how cells situated in a 3D matrix communicate with each other.  Interest has also 

focused on the mechanisms whereby these pathways are stimulated. It is thought that 

regulation of collagen deposition through cell-matrix interactions is a response to local 

changes in mechanical signals (Brower, et al., 2006; Lorell & Carabello, 2000).  Likely 

biomechanical sensor candidates are molecules which span cellular membranes, linking ECM 

to the myocyte cytoskeleton, and thereby provide a mechanism for transducing forces within 

the myocardium into intracellular signals.  

Three families of molecules have been identified in this role: integrins; membrane-type 

MMPs (MT-MMPs); and a disintegrin and metalloproteinases (ADAMs) (Manso, Elsherif, 

Kang et al., 2006).  The latter two are enzymes that degrade integrins.  Integrins are 

transmembrane receptor proteins comprised of  and ß subunits and it is the different 

pairings of these subunits that determines the specific cell to ECM matrix attachment 

(Giancotti & Ruoslahti, 1999).  Integrin fragments have been shown to trigger myocyte 

attachment to collagen and it has been suggested that as myocytes grow, they shed their 

integrin attachments, which in turn stimulates new attachments to the ECM (Goldsmith, 

Carver, & McFadden, 2003).  Histological sections of cardiac biopsies taken from humans 

with known obstructive hypertrophic or dilated cardiomyopathy have shown increased levels 

of integrin fragments.  Both forms of cardiomyopathy were associated with increased 

ADAM17, while ADAM10 and ADAM15 expression was elevated in the dilated form only 

(Fedak, Moravec, & McCarthy, 2006).  The relationship between specific integrins expressed 

in different locations in the myocardium and the different enzymes that regulate their 
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shedding warrants further investigation into local control of myocyte arrangement into 

myolaminae.   Collagen turnover is constant in the heart and it would be interesting to know 

whether there is a preferential distribution of basal MMP activity to the myolaminae cleavage 

planes.  If that is the case, then increased MMP activity in heart failure, may be associated 

with areas of active scarring and inflammation (i.e. around hypertrophied myocytes contained 

within the laminar structure) while the level of activity within the cleavage spaces may be 

decreased. 

Cardiac fibroblasts are mechanosensitive cells that have multiple functions in myocardium, 

apart from synthesis and deposition of ECM components (predominately collagen), including 

cell-to-cell communication and secretion of growth factors and cytokines (Souders, Bowers, 

& Baudino, 2009). Fibroblasts could potentially play a key role in maintaining laminar 

organisation; in turn, sensing local changes in force and subsequently triggering remodelling 

via cell-to-cell and cell-to-ECM interactions. More work is needed to determine whether 

fibroblasts can be identifed with PSR staining or if other fixation/stanining techniques 

compatible with resin embedding can be imaged in order to localise fibroblasts in 3D 

myocardial structure and characterise their role in view of the laminar model.  

If there are specific signals that maintain laminar structure in normal myocardium then it 

follows that these signals would be modified in HHD and further signals activated.  With the 

reduction in functional myocyte units and impaired laminar shearing predicted in this study, 

the transmural variation of mechanical forces that biomechanical sensors detect would be 

altered.  If a reduction in force was experienced then perhaps there is less demand on 

myocytes to function in discrete groups and the signals that were maintaining the laminar 

spaces are then down-regulated.  There is a large body of work on cardiac cell signalling 

mechanisms during disease (Gonzalez, Lopez, & Ravassa, 2009; Graham & Trafford, 2008).  

In addition to the signalling mechanisms above, local and systemic hormonal and 

neurohormonal systems are known to be up-regulated in disease.   The RAAS and natriuretic 

peptides are arguably the most studied of these systems to date.  Other signalling molecules 

such as inflammatory cytokines endothelial oxide could play contributory roles. Once these 

up-regulated systems in HHD trigger fibrosis signalling pathways, they may orchestrate a 

global response that slowly binds the myocyte groups together and restricts local movement.  

The subsequent reduction in mechanical forces would feed back to the biomechanical sensors 

and further reduce the need for maintaining laminar architecture.  Previous studies have not 

provided a complete picture of the underlying processes causing the remodelling in 
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myocardium.  It will be a challenge to study these processes at the cellular level within 

myolaminae given the complexity of myocardium in 3D.   

A place to start would be to measure the cell mechanics in 3D in order to determine the local 

mechanical forces experienced around the myolaminae and how they change with HHD.  

Measurements of shear deformation of myocardium have been attempted in tissue blocks 

previously (Dokos et al, 2002).  This technique was not ideal as LV tissue blocks were 

dissected, glued between metal plates before being deformed and tissue integrity was 

unknown.  A much more ideal situation is the use of cardiac MRI where high resolution 

images can provide real-time analysis of global and regional structure and function in living 

tissue.  An added advantage of using MRI is the use of gadolidium contrast using delayed 

enhancement techniques to identify different fibrosis distributions. MRI perfusion techniques 

may be developed in the future to demonstrate altered organisation of laminar structure and 

the altered transmural wall mechanics (Esposito, DeCobelli, & Persecghin, 2009; Iles, 

Pfluger, & Phrommintikul, 2008).  Recent work studying ex vivo rat hearts using 

magnification much greater than usually used for MRI has been able to show fibrosis 

associated with individual cells due to chronic MI (Schelbert, et al, 2010). This study has 

reinforced the value of using the SHR as a model for HHD, however, it would be useful to 

study transmural changes in laminar structure with disease in a larger animal model (Dixon & 

Spinale, 2009).  Ultamitely the development of MRI techniques could mean that analysis of 

cardiac fibrosis and changes in laminar structure could be carried out  non-invasively in 

humans.  

6.2.2. Other cardiac pathologies 

The myocardial remodelling changes demonstrated in this study have been described in the 

context of HHD.  The syndrome of heart failure has many other causes.  Two other important 

causes are ischaemic heart disease and diabetic heart disease.  Myocardial remodelling 

following a myocardial infarct has been extensively studied (Weber, Sun, & Diez, 2008), 

however, laminar remodelling and the implications for the altered pathways for spread of 

electrical activation have not been addressed yet.   

There is an increasing amount of interest in diabetic heart disease as the prevalence of Type 2 

Diabetes Mellitus increases worldwide (Boudina & Abel, 2007).  Similar to hypertension, 

people with pre-diabetes or diabetes can remain unaware of their disease for several years and 

diabetic heart disease can develop silently.  The commonly used streptozotocin-inducing 
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diabetic rat model has shown increases in collagen fibrosis associated with diastolic 

dysfunction (Falcao-Pires, Goncalves, & Moura, 2009).  However, once injected, the rats 

reach a diabetic state within a week rather than going through the pre-diabetic phases seen in 

humans.  To improve the current understanding of diabetic heart disease it would be 

extremely valuable to reproduce the study in this thesis in a comparative model of diabetic 

heart disease.  Such a model would need to allow for temporal changes to occur, as proven 

important in the SHR, so that important stages in disease progression can be identified. 

6.2.3. Anti-remodelling agents 

Cardiac fibrosis and myocardial remodelling are important targets for clinically treating HHD 

as well as heart failure.  Angiotensin converting enzyme inhibitors (ACEI) is generally used 

as first line treatment for both HHD and heart failure (ACC/AHA Practise Guidelines, 2009).  

Aside from its lowering blood pressure benefits it reduces the fibrogenic signalling to 

fibroblasts through blocking of the conversion of angiotensin I to AngII (Gaddam, et al., 

2009).  While a global „anti-fibrotic‟ approach is beneficial, more work needs to be done in 

determining how the fibrosis is reduced and whether normal ECM collagen scaffolding is 

retained or recovered.   

Anti-fibrotic agents may reduce myocardial stiffness by reducing total collagen content but it 

is not clear what happens to the myocyte organisation.  It is not clear whether cell-to-cell 

contact is improved or whether myocytes will once again be grouped together into 

myolaminae to improve transmural deformation and LV function.   Improved understanding 

of how much myocardial organisational improvement is achieved with current anti-fibrotic 

medications may provide a good reason to reconsider the timing of introducing ACEI therapy 

in HHD.  As demonstrated in this study, myocardial remodelling in HHD is a one-directional 

continuum, if left untreated, and there is a point at which adaptive processes are no longer 

able to overcome the detriment to diastolic and systolic function.  In addition to clinically 

diagnosing HHD in patients earlier, it would be preferable to start using ACEI at a time when 

the transition to heart failure can be prevented.  Studies in SHR and humans using ACEI have 

shown that once LV decompensation is reached, starting medication will improve fibrosis but 

not reverse the remodelling continuum (Bing, et al., 2002; Brilla, et al., 2000; Cingolani, et 

al., 2004; Narayan, Janicki, Shroff et al., 1989). 

Several other pharmacological agents have been shown to improve LV remodelling in heart 

failure.  Current clinical practise uses beta-adrenergic receptor antagonists, calcium channel 
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antagonists or aldosterone receptor antagonists, which provide some benefit in both mortality 

and remodelling in addition to ACEI.  There are also more novel pharmacological targets 

being investigated.  Hearts from patients with established heart failure have increased 

expression of the main precursor to lysyl oxidase, an enzyme that increases collagen 

cross-linking (Lopez et al, 2009).  Lopez and colleagues (2009) showed that decreasing 

collagen cross-linking in the hearts from these patients improved LV stiffness.  Endothelial 

nitric oxide enhancement may also be a potential target with the use of a statin, or 

3-hydroxy-3-methylglutaryl-coenzyme A reductase inhibitors.  Statins have been proposed to 

provide some anti-remodelling protection via nitric oxide enhancement in addition to 

reducing de novo production of low density lipoprotein cholesterol (Landmesser, Engberding, 

& Bahlmann, 2004; Landmesser, Wollert, & Drexler, 2009).  Inflammatory molecules and 

immunomodulatory agents are also potential targets for anti-fibrotic treatment.  If future 

investigations of the regulation of laminar structure prove successful, the responsible 

signalling pathways would become new targets for more specific anti-remodelling treatment 

so that myocyte arrangement and collagen architecture could be prevented in HHD. 
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Appendix. Qualitative image analysis 

 

The preliminary qualitiative image analysis refered to on page 76 is presented here.   

 

A minimum of two hearts from each WKY rat and SHR group were included in the 

quantitave image analysis decribed in Chapter 4 and illustrated in Chapter 5.  This meant that 

sample sizes were small and within group variation was expected so there was a need to 

identify key characteristics that could be quantified.   Therefore a qualitative analysis tool 

was trialled to determine the nature of age-related changes of key structural features in 

extended volume images of the LV free wall from SHR and WKY rats. A LabVIEW™ 

application was written to present viewers with standardised, extended-focus sections of the 

mid-ventricular wall, reconstructed transverse to the myocyte axis (see Figure A-1Error! 

Reference source not found.).  

 

 
Figure A-1. Illustration of a midwall image shown to impartial viewer to qualitatively judge structural 

characteristics using a scoring criteria 
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Images from all hearts were presented in a blinded fashion and the viewer was required to 

grade the following seven features on a scale from 1 to 5: 

i) Degree of organisation into laminae (low to high) 

ii) Degree of opening of laminae (low to high) 

iii) Amount of endomysial collagen (low to high) 

iv) Amount of perimysial collagen (low to high) 

v) Degree of laminar disorder (ordered to disordered) 

vi) Degree of myocyte disorder (ordered to disordered) 

vii) Extent of replacement fibrosis (low to high) 

Four researchers who were familiar with looking at similar mypcardial images but were 

blinded to animal breed and age assessed all images according to the above scales. Inclusion 

of volume images in subsequent quantitative analyses was considered on a case-by-case 

basis, depending on image quality and whether specific information could be adequately 

extracted.  The collated results are show in histograms below. 

 

Figure A-2. Qualitative assessment of the degree of organisation of myocardium into layers. Grading from 1 

(low) to 5 (high) given as mean for each strain-age group. Ordered laminar arrangement of myocytes was 

evident at all ages in WKY rats and similarly in the younger SHR groups. In the older SHR groups, laminar 

remodelling was evident as laminar structure becomes progressively less evident. 
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Figure A-3. Qualitative assessment of myocardial laminae being separated by open spaces.  Grading from 1 

(low) to 5 (high) given as mean for each strain-age group. The collagen between layers proliferated and fused, 

forming distinct sheets reducing the opening between adjacent layers.   

 

 

 

Figure A-4. Qualitative assessment of  amount of endomysial collage visible.  Grading from 1 (low) to 5 (high) 

given as mean for each strain-age group. The collagen surrounding myocytes was difficult to resolve in WKY 3 

to 18 months at 1 µm voxel dimension, but was apparent at 24 months.  In SHR, endomysium could not be 

entirely resolved at 3 months but was clear at 12 months. These morphologic changes were accentuated with the 

progression to heart failure at 18 to 24 months. 
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Figure A-5. Qualitative assessment of extent of myocyte replacement evident.  Grading from 1 (low) to 5 (high) 

given as mean for each strain-age group.  Collagenous foci formed by replacement fibrosis increased with age, 

more so in SHR. 

The perceived qualititaive trends were then targeted for quantitative analysis.  Refer to 

Chapter 5 for more detailed quantitative analysis of the structural characteristics identified 

here. 
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