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Abstract

Heart disease is the leading cause of death watktlwbDespite considerable progress in
the prevention and treatment of heart diseasenaies a highly prevalent source of patient
morbidity and mortality. The heart has the abitldychange in shape, size, structure and
function in response to adverse stimuli in a pre¢agsown as cardiac remodelling which is
intended to be an adaptive response initially laatlsecome detrimental leading to
eventual heart failure (HF). The mechanisms uypdeglthe progression from remodelling
to HF remain poorly understood. Remodelling inttleart is known to be associated with
alterations in cardiac gene expression for whiahdcription factors play a significant role.
It has been reported that the RUNX family of traigmon factors which play important
roles in developmental pathways, have been inerghsimplicated in disease and in
tissue injury. One member of this family of tramgton factors, RUNX1, has been shown
to be up-regulated in heart tissue taken from hupadients with MI. Despite this
knowledge, a precise quantitative measure of tteeesl expression &tunxin the heart in
terms of regional and temporal changes using anamodel has not been previously
explored. Therefore the aim of the work presemntdtis thesis was to investigate the
altered expression of tHRunxgenes in two different experimental animal moaé¢lseart
disease: a mouse model of myocardial infarction) @hid a rat model of hypertension and
altered left ventricular (LV) mass to assess thenges irRunxexpression in response to

the different cardiac disease types.

For this study a mouse model of Ml was developeaadguihe well-established coronary
artery ligation (CAL) method and the phenotypeha$ imodel was characterised at
different time points by assessing survival tremasformingin vivo functional
measurements (pressure-volume (PV) loop method@adyelectrocardiograms) with
assessment of structural alterations of remodellgigg histological and morphometric
measurements. The model was found to exhibit no@tiye clinical features consistent
not only with other published murine model data ddab those of human MI. The mouse
MI model was then used to measBwnxgene expression in the hearts using real time
quantitative reverse transcription PCR (qRT-PCRYJ) iamamunohistochemistry (IHC)
methods. This was to assess whole heart and @gmpression differences, how
expression levels change over time as the M| dpgelassessment of expression patterns
of the differentRunxgene members and exploration of potential link& Wiunx
expression and possible functional relevance ttdagt. In the mouse mod&unxgenes



were found to be up-regulated in response to Mh\ighest levels confined to the areas
within and around the infarct and peri-infarct mgby 4 weeks post-MI extending into the
remote regions by 8 week&unxlevels were found to be highest in the hearts thiéh

greatest dysfunction.

The second model of heart disease for assessimgetanRunxwas a rat model of
hypertension, with congenic sub-strains of this ei@thowing altered LV mass also tested.
The congenic rat strains were specifically bred el®df rat with a chromosome 14
substitution. This contained a quantitative ti@aus (QTL) from either normotensive or
hypertensive strains for genes associated with 12¢sn These models were analysed
usingin vivo PV methodology to assess function without influefioen blood pressure

(BP) loading conditions (to assess whether the @TBP-dependent) and structural
remodelling in the form of cardiac fibrosis was m@&d histologically. The data revealed
enhanced systolic function with diastolic dysfuantand cardiac fibrosis in hypertensive
animals consistent with other published modelse dtromosome 14 congenic rat strains
showed a BP-independent diastolic dysfunction groved function linked to cardiac
fibrosis. Furthermore, in contrast to the Ml mqodkee levels oRunxlwere significantly
down-regulated in the rat models of hypertensiahatered LV mass indicating potential
differences in the triggers for altered expres$ietween volume-overload versus pressure-

overload models of heart disease.

Overall this thesis has shown the altered exprassiRunxgenes in two different animal
models of heart disease which has not been prdyiexplored and indicates potential for

future investigation into the functional significaofRunxin the heart during disease.
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The primary function of the heart is to maintaircalation of blood to the organs and
tissues of the body. The inability to supply tkg@en and nutrients necessary to support
the needs of the body is the major consequenceant disease and constitutes the basis of
heart failure (HF). Heart disease is currentlyldagling cause of morbidity and mortality
worldwide (WHO, 2011). In order to understand tbenplex nature of heart disease for
the research of novel treatments it is importantrtderstand the basic functioning of the

heart and its adaptive capabilities as an orgamglumormal and pathological conditions.

1.1 Cardiac EC coupling

The mammalian heart is divided into a right antidefe and has four chambers; two atria
and two ventricles. The right and left ventricesich receive blood from the right and
left atrium respectively) represent two synchronousscular pumps contracting in a timed
fashion. Contraction occurs at the level of théhiidual contractile cells of the heart, the
cardiomyocytes, by a process known as excitatiartraotion (EC) coupling which is the
sequence of events from electrical excitation efdgardiomyocyte to mechanical
contraction of the heart. During this processcicah ions (C&") play a pivotal role. The

main stages of EC coupling are described belowdapitted in Figure 1.1.

1.1.1 Initiation and Ca 2" influx

The process of EC coupling is initiated by the @ardction potential which is an
electrical impulse that rapidly alters cell memlegotential. The action potential
originates from the pacemaker cells of the sinab(8A) node located in the right atrium
and is quickly transmitted to the atrioventriculaV) node (a small mass of cells located
in the lower atrial septum) and through fast-cotiducmuscle fibres known as the Bundle
of His to the Purkinje fibres which supply the sagto the ventricular cardiomyocytes.
This occurs rapidly from one cardiomyocyte to tlegtivia gap junctions as a wave
propagation system. The action potential createae of depolarisation along the
surface cell membrane (the sarcolemma) of the @arybcytes along distinct invagination
structures that extend into the cell called trarswéubules (T-tubules). This triggers the
opening of voltage-gated L-type €&hannels located along the T-tubules (Bers & Rerez
Reyes, 1999). This allows €ao enter the cell which contributes to the platphase of
the action potential. Both extracellular and in&#ular C&" is absolutely essential for EC
coupling as was first discovered by the physiolo§iginey Ringer in the early 1880s
when he found that an isolated frog heart ceaseéabwhen Cd was accidentally
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removed from the solution that perfused the hdiriger, 1882a;Ringer, 1882b;Ringer,
1883a;Ringer, 1883b).

1.1.2 Calcium-induced calcium release
1.1.2.1 Background to calcium-induced calcium relea  se

Ccd” entry into the cell triggers a release of Ceom the intracellular G store organelle,
the sarcoplasmic reticulum (SR); this is knownasiam-induced calcium release
(CICR). CICR was demonstrated in the 1970s an@4 8&ough a series of experiments
performed by Fabiato and Fabiato who demonstraiadn skinned canine
cardiomyocytes where the sarcolemmal membrane evasved (therefore lacked T-
tubules allowing intracellular Gato be equilibrated with a known €aoncentration in
the bathing fluid), the skinned cells were foundetax at 0.02-0.03 pM &4 contract
moderately at 0.1 pM Ghand contract maximally at 0.3 pM €4Fabiato & Fabiato,
1975). This revealed that contractions were induneC&'-triggered release of &a

from the SR and that the amount ofCeleased is a function of the amount of trigger
Cd* (C&" entering the cell through the L-type channel) ey tater revealed that at high
trigger C&* concentrations (10 uM for 150 ms) CICR could behited (Fabiato, 1985).

1.1.2.2 Ca*" release from the SR

There are two distinct domains of the SR; the jiometi domain which contains the
channels for C4 release from the SR and the longitudinal domaiitvbontains the
channel for C& uptake into the SR (Franzini-Armstrong, 1970;Wirzely 1965). C4 is
released from the SR during ClGR release channels on the junctional SR known as
ryanodine receptors (RyR). RyR are proteins (-n2ilBon Dalton with the functional
tetramer visible at the electron microscope le(&#itoet al, 1988)) and are located
within nanometers of the sarcolemma of a T-tubldeipg them in extremely close
proximity with L-type C&" channels. The ratio for number of RyR per L-tgs"
channel ranges from 8:1 in rat, 6:1 in humans afhdrguinea pig (Bers & Stiffel, 1993).
Inward flux of C&* across the entire cell leads to release 6f €am the SR (typically no
greater than 50% of the SR<aontent however this is dependent on availabl€&R
(Shannoret al, 2000)) but a substantial fraction is released ihe cytosol. The
intracellular free C&d concentration ([Cd];) rises from 0.1 pM to ~ 0.5-2.0 pM of which
75-90% comes from the SR release and the remalfifs2h% comes from the inward
current through the L-type &achannel (Eisneet al, 1998). The total cytosolic €a
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([Ca®" o= [C&]i plus bound CH) required for half-maximal activation of contramtiis
approximately 70 pmol*i cytosol (Bers, 2002).

1.1.3 Ca*-mediated cross-linking and contraction

The intracellular rise in [G3]; allows C&" ions to bind to the myofilament protein
troponin C which is bound to another myofilamerdtpin called tropomyosin as part of
the tropomyosin-troponin complex. At rest {Canbound to troponin C) this complex is
bound to the actin (thin) filament of the contrecarcomere apparatus and in doing so
obscures the myosin-binding sites on the actin.ei®&" binds to troponin C it causes a
shift in the tropomyosin-troponin complex shiftingleeper into the actin groove thereby
exposing the myosin-binding sites. Myosin can thaginsequently bind to actin forming a
cross-bridge andia adenosine triphosphate (ATP) hydrolysis the mybsiad pulls the
actin filament to the centre of the sarcomere capsito shorten and contract the cell
(Laylandet al, 2005).

1.1.4 Relaxation and Ca 2* extrusion

In order for the cardiomyocyte to relax (whichngportant to allow the heart to fill with
blood again) [C&]; must be restored back to resting levels. Thigtessary to allow
Ccd" to dissociate from troponin and allow the troposigetroponin complex to return to
its position where it obscures the actin bindirigssand prevents myosin binding. The
majority of C&" is transported out of the cytosol by four differpathways:

(i) TheSR C&* ATPase (SERCA)pump located on the surface membrane of the SR
which transports Gaback into the SR. SERCA is regulated by an irbifgiprotein

called phospholamban (PLN) which in its basal urgphorylated state inhibits SERCA by
decreasing the affinity of SERCA to €4Jamest al, 1989;Vosst al, 1994). In its
phosphorylated state, PLN enhances the activigeRCA by increasing the pump’s
affinity for C&* (Jamest al, 1989) and permits resequestration of‘®eck into the SR.

(i) Thesodium-calcium exchanger (NCX)s a sarcolemmal pump which moves ¥'Ca
ion out of the cell in exchange for 3 Nians into the cell; this mechanism is driven by
both transmembrane voltage and by Bad C&" concentration gradients (Blaustein &
Lederer, 1999).
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(iii) The sarcolemmal C&" ATPaseis also a sarcolemmal pump which hydrolyses ATP
to transport C& out of the cell. This contributes to a sarcolerhougrent which is small
in comparison to that of the NCX (Caroni & Carafdl®81).

(iv) Themitochondrial uniporter is a pore in the inner membrane of mitochondriacwhi
moves cytosolic Cd into the mitochondria down an electrochemical gnat(Kirichok et
al., 2004).

yofilaments

[Cal;

T-tubule

Figure 1.1 C&*transport in the ventricular cardiomyocyte.

Schematic representation ofCaansport within the cardiomyocytes with inset shraythe time course of the rabbit
ventricular cardiomyocytes action potential (bléok), intracellular C# transient (blue line) and contraction (red
dashed line). Red arrows indicate means &f €atry into the cell and green arrows indicate reesfrCa" extrusion
from the cell. ATP (ATPase); NCX (N exchanger); PLB (phospholamban); SR (sarcoplasriauhem); RyR

(ryanodine receptor). Taken from (Bers, 2002).

1.1.4.1 Proportions of Ca 2* extrusion by each mechanism

The proportion of Cd extruded by each mechanism is different and véniseen
species; in rabbit cardiomyocytes the proportidn@a" extruded are approximately as
follows: 70% by SERCA, 28% by the NCX and 2% by @&* ATPase and the
mitochondrial uniporter (Bassaei al, 1994). In rat cardiomyocytes, approximately 92%
is through SERCA, 7% through NCX and 1% through@i& ATPase and mitochondrial
uniporter (Bassaret al, 1994). The proportions in the mouse are verylairo the rat

(Li et al, 1998). These differences are largely due taeatgr activity of SERCA in
rodents (due to greater number of SERCA molecijlésye-Madsen & Bers, 1993). The
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entire process from Gainflux to contraction and Gaextrusion is then repeated for
further contraction and relaxation of cardiomyosytéhich forms the basic pumping

mechanism of the heart.

1.2 Cardiovascular disease (CVD)

Disease of the cardiovascular system occurs whendhmal structure and functioning of
the heart becomes compromised which can eventiealtyto HF. The heart is an adaptive
organ and is capable of adapting to disease anyitjimough alterations to its structural
properties and functional ability in order to maintnormal cardiac output (CO) within
physiological limits. This process is known asdiac remodelling and refers to changes
in the size, shape and function of the heart ipaase to cardiac load or injury (Cobt

al., 2000). This tends to be beneficial initially uthe longer term it often becomes
maladaptive and results in further deterioratiofuoiction (Colucci, 1997). As a result,
cardiac remodelling is a central feature in theetiggyment of HF. Remodelling is a
progressive process characterised by a compley afi@ellular and molecular changes
which are largely dependent on the underlying diigiiehat & Molkentin, 2010). The
main features of remodelling involve changes indize of the individual cardiomyocytes,
cellular apoptosis of cardiomyocytes, changeséntiolecular phenotype of the
cardiomyocytes (e.g. altered gene expression) kechions in the quantity and
composition of the extracellular matrix (ECM) (Coty, 1997). Remodelling occurs
differently in response to different cardiac diseggpes and details of each remodelling
process for two common cardiac diseases relevahiddhesisMI andhypertension

with hypertrophy, will be discussed in the sections that follow.

1.2.1 Myocardial Infarction
1.2.1.1 Definition and prevalence

MI (also known as a heart attack) is defined agittath of a region of myocardium in the
heart due to an obstruction of a coronary artehy§Eseret al, 2007). Ml is one of the
main forms of coronary heart disease (CHD) (Thygetel, 2007) which is the

collective term for cardiac diseases characteitgedarrowing of the coronary blood
vessels leading to disruption in the supply of adég circulation to the heart (Cohen &
Hasselbring, 2007). CHD in the form of Ml is tleading cause of HF and represents the
largest cause of mortality in the U.K. (Scarboroeghl, 2011). Although CHD mortality
has fallen in recent years (by 32% between 2002808) it continues to be a serious
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public health problem with death rates reachin@@8,each year in the UK (Scarborough
et al, 2011).

1.2.1.2 Main cause of Ml

Ml is caused by an accumulation of fatty and filrdeposits along the interior of a
coronary artery which over time can progress tem®@rable thickening and hardening of
the arterial wall (Cohen & Hasselbring, 2007). Whisually asymptomatic for decades, it
may eventually become a serious problem if theydagside the artery suddenly ruptures
causing a thrombus formation that can partiallg@mmpletely obstruct coronary blood

flow.

1.2.1.3 Post-MI remodelling

Ml is a complex disease which progresses througlnaber of distinct stages.

(i) Ischaemia and cell death

A blockage or occlusion of the coronary blood flmsults in oxygen deprivation to a
region of the myocardium (defined as ischaemid)e donsequences of ischaemia can
vary depending on the extent and duration of tbleasmia. During ischaemia, the oxygen
and nutrient deprivation disrupts normal oxidafy®sphorylation leading to a reduction
in ATP necessary for normal function. If the isehmc episode is brief (<30 min in rodent
models) (Ferdinandgt al, 2007) and reperfusion of blood is restored fiassible for the
injured cardiomyocytes to regain normal structurd function but with time (i.e. not
immediate) - in this case the myocardium is saildgstunnedKloner & Jennings, 2001).
Hibernatingmyocardium refers to an adaptive reduction of i@atile function in response
to a reduction of blood flow which is not regardesda consequence to the energy deficit
but rather an adaptive mechanism to maintain cargioayte integrity and viability
(Heusch & Schulz, 2002). Prolonged ischaemia ead to irreversible cell death
(infarction). This usually occurs within hourstbg insult as a result of oxygen
deprivation and depletion of ATP. For continuousdtioning, the myocardium is
absolutely dependent on aerobic metabolism foptbduction of energy in the form of
ATP. During normoxia, ATP is produced in the mhoadria by oxidative
phosphorylation; however during oxygen and subsilaprivation (ischaemia) this leads
to a rapid decline in the production of ATP witheuttich the cell cannot survive. This

leads to a multitude of subsequent processes dndead to cell death by three main
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methods: necrosis, apoptosis and autophagy (althautpphagy is less understood in the
context of MI) (Marambicet al, 2010;Olivettiet al, 1997;Wenckeet al, 2003).

Necrosisis a form of cell death characterised by loss oPAgGell swelling, organelle
swelling and membrane damage. Depletion of ATBdea an accumulation of AMP
which triggers the activation of glycolytic enzymaasd a switch to anaerobic metabolism
and lactate production. Increased lactate in éideads to accumulation of water and
resultant osmotic stress to the cell eventuallgilegto organelle and cell swelling with
resultant sarcolemmal membrane damage (damagesplpblipids and ion channels) (de
Zwaanet al, 2001).

Apoptosisis a form of ‘programmed cell death’ during whitte tcell instructs its own
death. This is different to necrosis which is ¢desed a passive or accidental process.
Apoptosis is rare in normal myocardium, occurrin@i01-0.001% of normal human
cardiomyocytes (Soonpaa & Field, 1998) increasin@.12-0.70% in human HF (van
Empelet al, 2005). It is triggered by neurohormonal factasgpkines and extracellular
factors which can activate apoptosgia the Janus kinase/signal transducer and activator o
transcription (JAK/STAT) signalling pathway wia the stress activated protein kinase
(SAPK) pathway (Mani & Kitsis, 2003;Negost al, 2001).

Autophagy is a highly-conserved process in which intracetlat@mbrane-bound
organelles called lysosomes that contain enzyme$siak down the cell’'s own structures
through activation of these enzymes. During isofiaglysosomes are activated and can
hydolyse the organelle/cell membranes which cath feasmotic stress and further

sarcolemmal disruption (de Zwaanal, 2001).

The process of LV remodelling following cardiomyteyleath is summarised in the flow-

diagram in Figure 1.2 below.

(i) Inflammation

Cardiomyocyte necrosis triggers the recruitmentasfous inflammatory cells to the
infarcted area such as macrophages, monocyteseamiaphils to repair the damaged
myocardium. The localised area of dead myocardsureferred to as the infarct. Necrotic
cardiomyocytes activate the complement system eauds| to free-radical generation

causing a cascade of signalling molecules knowsytskines to be released by the dying
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cells. Examples of cytokines involved include riegakin-8 and C5a which recruit
neutrophils to the infarcted region that releasempioprotease enzymes and phagocytose
necrotic cardiomyocytes and cellular debris. Tramsing growth factor-beta 1 (TGE1)
and gamma-interferory{nterferon) then recruit monocytes to the areacWldifferentiate
into macrophages, important for scavenging (phamsayg) the dead cells (Frangogiannis
et al, 2002;Niaret al, 2004). As part of the cell clean-up process ffogtils and
macrophages engulfing dead cardiomyocytes), nehiteopelease enzymes called serine
proteases and matrix metalloproteinases (MMP) whrelak down the collagen fibres
holding the cardiomyocytes together (Siwik & Colu@904). This leads to infarct

expansion.

(i) Infarct expansion

Infarct expansion (infarct thinning and LV chambéation) can occur within hours of the
infarction. There are several mechanisms resplan&ibinfarct expansion including (i)

cell stretching due to increased sarcomere lefigtimeduction in inter-cellular space such
as the capillary beds which causes cells to beeckogiether in the infarcted region, but is
predominantly due to (iii) the sliding movementtloé cardiomyocytes also known as
‘slippage’ (Rohdeet al, 1999). Side-slippage of cardiomyocytes occucabse of the

loss of collagen holding the cells together thaeeflowing them to slip (Whittakeat al,
1991). Cardiomyocyte cell death also contributethé process allowing the neighbouring
viable cells to slip (Gajarsa & Kloner, 2011).

(iv) Cardiac fibrosis

Cardiac fibrosis is the deposition of collagenhia heart in response to stimuli and can be
one of two main types: reactive or reparative. dideafibrosis refers to the collagen of
abnormal thickness and density which occupies #negscular or interstitial space which
was previously devoid of collagen whereas repagdiibrosis refers to the replacement of
lost/dead cardiomyocytes (‘scarring’) and is ofteen as a patchy distribution and serves
to preserve the structural integrity of the myoaawd Infarct expansion during Ml can
trigger myofibroblasts to proliferate and deposiagen into the thinned tissue
continually to form a scar (where dead tissuepéaeed by collagen) which resists further
expansion (Sun & Weber, 2000). Therefore cardl@osis in Ml is largely a reparative
fibrosis. The collagen deposition is a compengatesponse to stabilise the distending
forces and support the thinned myocardium (Frendfr&mer, 2007).
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Figure 1.2 Representation of the pathways of LV rewdelling post-MI.
ECM, extracellular matrix; RAAS, renin-angiotensideasterone system; CO, cardiac output; SVR, systeascular

resistance; LV, left-ventricular and All, angiotend. Figure taken from (Sutton & Sharpe, 2000)

(v) Cardiac hypertrophy

Cardiac hypertrophy is the enlargement of cardiacyigs in response to external stimuli
and there are two main forms: eccentric and comicent

Eccentric hypertrophyefers to the in-series addition of sarcomerex¢iase in
cardiomyocyte length) and occurs under conditidnsotume-overload (e.g. Ml) causing a
decrease in the ventricular wall thickness. Charndidatation leads to an increase in

systolic and diastolic wall stress; this occursause the increase in LV radius increases
the wall stress and oxygen demand by Laplace’'{Rfefferet al, 1991a). Elevated wall
stress triggers eccentric hypertrophy (end-to-endthwise cell enlargement) in the non-
infarcted myocardium by causing altered expressfagenes which encode contractile

proteins (e.gB myosin heavy chain) for assembly of new sarcom@&@adoshimat al,
1992).
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Concentric hypertrophig the in-parallel addition of sarcomeres (inceeias

cardiomyocyte width) and typically occurs underditions of pressure-overload causing

an increase in ventricular wall thickness althotlgh can also occur in volume overload.

Hypertrophy in Ml is mainly eccentricHypertrophy is an adaptive response aimed to

compensate for the functional loss of the infaretgacardium (Pfeffer & Braunwald,
1990). Therefore, early acute chamber dilatidargely due to infarct expansion (in the
infarct region) whereas late dilation is the resfileccentric hypertrophy of the non-
infarcted regions. Eccentric hypertrophy is thereecondaryto infarct expansion and
while they both contribute to dilation of the chamnlthey differ in the mechanism by
which their dilatory effect comes about: infarcparsion leads to dilation through
slippage and loss of cardiomyocytes in the infatcegion whereas eccentric hypertrophy
contributes to dilation through elongation of summg cardiomyocytes in the non-infarcted
regions by addition of sarcomeres (infarct expamsan result in stretching of existing
sarcomeres which is different to the addition ofre)@¢Weismaret al, 1988). Eccentric
hypertrophy is considered beneficial initially asan maintain or in some cases improve
contractility in the non-infarcted region; this Ha®en demonstrated in isolated
cardiomyocytes from the non-infarcted septum inendi@-wk post-MI with eccentric
hypertrophy (22.5% increase in cell length but hange in cell width versus sham) which
showed improved contractility with a 24.6% increarsthe C&" amplitude compared to
sham (Morket al, 2009). Over time however the LV chamber becosoedilated that it
begins to severely impair contractile function whis the most common cause of HF. A
summary of the time course of events of post-Mladelling is summarised below in

Figure 1.3 showing an example from a murine expentiad model of MI.
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Figure 1.3 Timeline of LV remodelling after MI.

Example LV remodelling timeline showing major eventhich occur post-MI. This is an example fromause Ml
model showing the three main phases of remodeléady phase (<72h), proliferative phase (3-7 days) late phase
(>1-wk). Times may vary depending on the exterthefinjury. Figure generated from studies by (@/enal,
2006;Yanget al, 2002).

1.2.1.4 Progression to HF

LV remodelling and HF have both been extensivalgistd but the mechanisms
underlying the transition from one to the other aamunclear. One of the main
mechanisms is chamber dilation as described aliorgehowever also believed to be
linked to characteristics of the peri-infarct mymiam (Jacksomt al, 2002;Jacksoet al,
2003). This refers to the region of myocardiumno@t the immediate periphery of a
developing infarct (also termed border zone) wler@nterface exists between ischaemic
and viable tissue. The peri-infarct myocardiumsisis of viable surviving
cardiomyocytes intermingled with dead necroticxalid are potential substrates for life-
threatening ventricular arrhythmias (Pinto & Boyd2899). Fibroblasts and inflammatory
monocytes may also be present in the peri-infasoezalthough they are predominantly
found within the infarct region. Furthermore, dantact between thin-walled infarct
and viable myocardium results in an abnormallyeased radius of curvature of the
myocardium at the infarct margin, leading to eledatvall stress and associated energy
demands in the peri-infarct (Bueaal, 1986;Guccionet al, 2001). Energetic
insufficiency in the peri-infarct can expand to tiest of the LV and lead to global LV
dysfunction and potentially HF. The peri-infarstaelieved to play a major role in the
development from compensated LV remodelling to Miderstanding altered function in
the peri-infarct myocardium at the cellular lev@important for gaining a better insight
into the mechanisms underlying the progressioreaftfailure. Studies have shown that
cardiomyocytes isolated from this region demonstr@} altered calcium handling,
including decreased SR €accumulation (Licatat al, 1997), (ii) altered ionic currents
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(Puet al, 2000) and (iii) limited cell shortening due topaired contractile elements
(Licataet al, 1997).

1.2.2 Hypertension
1.2.2.1 Definition and prevalence of hypertension

Human hypertension is considered the largest aaiuS®D worldwide (Hajjaret al,

2006). It has been estimated that between 1999;2Z8)6% of the US population had
hypertension (Hajjaet al, 2006). The Health Survey of England in 2010 aée@ that the
incidence of hypertension was 31.5% in men and%29r0Owomen living in England, U.K.
(NHS Information Centre, 2010). Hypertension cheonic, progressive disease
characterised by an elevation in arterial BP sidgffitto increase the incidence of stroke (4-
6 fold), HF (2-3 fold) and renal failure (Schocketral, 2008). Although hypertension is a
major risk factor for Ml, the two diseases can @andependently of one another and
exhibit very different phenotypes, therefore fog flurpose of this thesis they will be
referred to separately. Clinically, hypertensismliagnosed when repeated measurements
of resting brachial artery pressure exceed 140/8MHmin patients under 50 years of age,
or 160/95 mmHg in patients older than 50 years itle\2010). However hypertension is
emerging as a complex disease and some believi taanot be defined by BP limits
alone and should incorporate the cardiac and vasoel abnormalities associated with the
disease (Gilest al, 2005).

1.2.2.2 Classification of hypertension

Hypertension can be classified as either primasgdptial) which means high BP with no
underlying medical cause which is the most comneomfaffecting the majority of cases
(90-95%) (Carretero & Oparil, 2000), or secondagymaining 5-10%) which means it is
secondary to another medical condition affectirgdtteries, kidneys, heart or endocrine
system (O'Brieret al, 2007). Despite the debates on the exact definitiis generally
accepted that the hallmark of hypertension is #ireawing and stiffening of the arteries
which supply blood to the body’s tissues (Izzo&EBhykoff, 2001). At an early stage this
is characterised by an increase in vascular tdmétyato constrict) and is reversible with
the administration of vasodilator drugs. Howewethe disease progresses the structure of
the arterial tunica media (middle) layer changesnild hypertension rearrangement of the
vascular smooth muscle myocytes occurs with a niode®ase in the ECM which
narrows the lumen by ~10% with little change inlvaaéa, this is known as inward
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eutrophic remodelling (Intengan & Schiffrin, 20014t this stage vasodilator drugs are
ineffective to rectify the abnormal resistance.sévere hypertension remodelling of the
tunica media continues with hypertrophy (increaseltisize) and hyperplasia (increased
cell numbers) of the smooth muscle myocytes intamdto their rearrangement previously
undergone (Amanat al, 1995). The overall consequence is the narrowirige artery
with reduced compliance (stiffer) leading to arr@ase in the total peripheral resistance

(TPR) and increased mean arterial pressure (MAP).

1.2.2.3 Main causes of hypertension

The causes of hypertension have not been fullyiddted but are linked to both genetic

and environmental factors:

Genetic factorshave been shown to be important factors as ittisaged that 30-60% of
BP phenotypic variation among individuals is gecadty determined (Shih & O'Connor,
2008). Genetic links are also reflected by theiliahand racial tendencies observed in the
disease: i.e. hypertension is highly heritable (& Fornage, 2005) and hypertension is
more common among patients of Afro-Caribbean orcafr descent compared to
Caucasians (Primatestaal, 2000). Studies using identical twins furthermup a

genetic link as monozygotic twins have substantigtbater similarities in LV mass than
dizygotic twins (Adamet al, 1985). It is very rare that just a single genavolved and

is usually multiple genes linked at distinct chraomal regions known as quantitative trait
loci (QTL) which will be covered in more detail @hapter 5.

Environmental factors that have been linked to hypertension include klighary salt

(Na') intake, low dietary potassium {Kintake, obesity, stress and alcohol consumption
(Dickinsonet al, 2006). High dietary Nas considered one of the highest risk factors as
plasma [N3] is known to be elevated by ~2-3 mM in hyperteagatients (normal plasma
[Na'] is 136-145 mM, abnormal plasma [Nlén hypertension>147 mM) (Herrera &
Garvin, 2005). The mechanism by which high' M&ds to hypertension is believed to
occur by the following: high plasma [Nestimulates the adrenal cortex and the brain
causing release of a substance called ouabaimdogenous hormone and potent inhibitor
of the Nd/K* pump of the vascular smooth muscle cells. Inigibiof the N&/K™ pump
causes partial depolarisation which increases plea probability of the L-type Ga
channels. The rise in intracellular [laeduces C& excretion from the cell by the NCX

leading to increased [€3 and resulting increased vascular tone (Blausteal, 2007).
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Ouabain has the same effect on cardiomyocytesiegextpositive inotropic effect by the
same mechanism - inhibition of the W& pump (Muller-Ehmseet al, 2003). Other
factors which link Nato hypertension are reduced expression otithida” pump subunits
and reduced expression of NCX1 which have also Beewn to cause hypertension
(Blausteinet al, 2006).

Impaired Na™ renal handling is also believed to play a pivotal role in causing
hypertension although it is not clear if this isgecally linked (Liuet al, 2011). Under
normal conditions, high [Natriggers a drop in circulating renin-angiotentin
aldosterone (RAA) levels which reduces distal tabd& reabsorption to maintain the
Na" balance. A large amount of Nis filtered into the nephron (25,000 mmol/day) and
99% of this is reabsorbed. Approximately ~65%haf teabsorption occurs in the
proximal tubule, ~25% through the thick ascendingh of Henle, ~5% through the distal
tubule and ~5% through the principal cells of tbecting duct (Zhaet al, 2009). There
are two hypotheses which have been proposed taiexple imbalance. Firstly, RAA
levels are higher in hypertensive patients whiclul@xplain the inappropriate retention
of Na', however not all hypertensive patients demonsteated RAA levels (Williams,
1982). The second hypothesis is that there idextim the gene(s) encoding essential
renal ion channels or transporter proteins — timothesis is substantiated by the
observation that normal rats develop hypertensibenttransplanted with kidneys from

SHR with narrow afferent renal arterioles (Retfi§93).

Other factors which can be risk factors for the cause of hypeitaninclude stress as this
can lead to temporary periods of increased BP wtarhheighten an individual's
susceptibility to developing hypertension (Dickingt al, 2006).

Overall hypertension has become regarded as afautdtiial disease and is likely to be
caused as a result of complex interactions betwlesary, neural, hormonal and renal

mechanisms.

1.2.2.4 Structural remodelling in the heart during hypertension

Hypertension affects a number of systems of the lmeluding the vasculature, the heart,
the kidneys and the brain. The structural impacthe heart is largely in response to
pressure overload. The narrowed, stiffened agedse MAP creating an elevated load

on the ventricles; this basically means the velasibave to work to greater extents to
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ensure adequate delivery of blood to all of theyf®tissues. In response to elevated BP,

the heart undergoes structural remodelling in thnae ways:

(i) LV hypertrophy (LVH): Due to the increased pressure load on the Hearhajor
response is cardiomyocyte hypertrophy i.e. indigldzardiomyocytes of the heart become
enlarged through parallel addition of sarcomeresy( Olson, 2003) in attempts to
enhance contractile function and cope with theiptnst afterload. Cardiomyocyte
hypertrophy is driven by local growth factors (s@shangiotensin Il (Angll) and
endothelin (Sadoshinet al, 1993;Shubeitat al, 1990), inflammatory cytokines (e.qg.
interleukin-P) (Thaiket al, 1995) and mechanical stretch (Sadoshima & Izurge3).
These trigger the MAP kinase cascade causing aratch of cardiac nuclear
transcription factors (e.g. GATA4) which in turnti@ate genes involved in the
hypertrophy process of the cell (ejgmyosin heavy chain), further details on cardiac
transcription factors involved in this process @gered in Section 1.4.2.4. Hypertensive-
induced hypertrophy affects the cardiomyocytesefltV only causing an overall increase
in LV mass (RV cardiomyocytes remain normal in sindéil a pressure overload caused by
pulmonary venous hypertension and LV failure isspr#). LVH is considered an
important feature of hypertensive heart diseas&llyfj it is one of the earliest responses to
hypertension, present in children and adolesceitksh@rderline elevation in BP (Daniels
et al, 1990) and secondly, most importantly LVH is aonajsk factor for adverse heart

disease (see below).

(i) Coronary artery remodelling. Similar to the narrowing and hardening of artedés
the systemic circulation, the same can also ogactire coronary arteries of the heart
during hypertension (Jaldt al, 1991). As described previously, the coronargrégs can
also undergo medial thickening caused by hypery@pid (in some cases) hyperplasia of

the vascular smooth muscle cells (Amatml, 1995).

(i) Perivascular and interstitial fibrosis. Vascular smooth muscle cells can also
undergo structural realignment with enhanced actation of ECM proteins such as
collagen and elastin which is evident as a permasdibrosis (Jaliet al, 1991). This
occurs in response to the pressure-overload ohdhs triggering the activation of
neurohormonal factors including catecholamines RAA system and endothelin (Kei

al., 2005) leading to production of collagen by fidiadts and vascular smooth muscle
cells. The accumulation of collagen can spreadnessively from the perivascular space

into the adjacent interstitial areas (reactiveddis) (Silveret al, 1990). The reactive
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fibrosis occurs when individual cardiomyocytes aneircled by collagen fibres which
impair their ability to contract and relax causingreased myocardial stiffness (which is
different to reparative fibrosis which replacksad cardiomyocytes). Cardiac fibrosis is
not present in all types of LVH, for example it daet tend to occur with infrarenal aortic
banding or volume-overload uninephrectomy and Nghdiet (Brillaet al, 1990),
compensated arteriovenous fistula (Salzmetrad,, 1986), atrial septal defects (Mariab
al., 1985) or chronic thyroxine administration (Baeaet al, 1969).

1.2.2.5 Progression to HF

Persistent hypertensive heart disease can pugtrtletural remodelling to a level where it
become detrimental and can eventually lead to HRas been estimated that hypertension
is responsible for causing HF in 39% of men and ©®%omen (Levyet al, 1996). The
structural adaptations outlined above which oceuwimg) hypertension can lead to cardiac
dysfunction in several ways. Both LVH and increbseerstitial fibrosis lead to increased
LV stiffness resulting in diastolic dysfunction (Kan & Bergfeldt, 2005;Kaet al, 2005).
Cardiomyocytes begin to die by necrosis and apapwasich is believed to occur because
of the increased diffusion distance into thickemggcardium causing local intracellular
hypoxia (Kahan & Bergfeldt, 2005). This is suppedrby the observations that discrete
foci of reparative fibrosis (replacing necrotic neytes) become evident throughout the
myocardium (Lopeet al, 2001). Loss of cardiomyocytes can lead to aelilla
cardiomyopathy and according to Laplace’s Law aalsus increases, wall stress increases
which further exacerbates cardiomyocyte death reigpertension-related LVH also
increases a patient’s risk of Ml which can alsdh®ecause of dilated cardiomyopathy
(Scarborough, 2010). Dilated cardiomyopathy isréosis problem for patients as once
this stage is reached it is very difficult to reseer About 1 in 3 cases of congestive HF are

due to a dilated cardiomyopathy (Jamesbal, 2005).

1.3 Mechanisms contributing to progression to HF in
both MI and hypertension

As described in the preceding sections the hearthecapability to adapt structurally and
functionally as a protective mechanism in respaagsthological conditions. While
remodelling is initially protective, over time pe&tent remodelling eventually begins to
exacerbate rather than maintain normal functiontaisdeads to eventual HF in the
majority of CVD. HF is defined by the chronic inl#ly of the heart to maintain a

sufficient CO to adequately perfuse the body auss Researchers have devoted many
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years to the study of remodelling and the precisehanisms by which this leads to HF.
Although this still remains an area of intense stigation there are a number of cellular
and molecular changes which occur during remodgtlat are known to contribute to the
functional decline associated with HF. While HIR teve distinctly different causes (e.g.
MI or hypertension/hypertrophy) the functional caeristics of failing myocardium is

very similar as detailed below.

1.3.1 Abnormal Ca ** handling

Morganet al. (1991) were the first to observe altered@mndling in failing human
ventricular tissue (traberculae carneae); they destnated prolonged time to peak (93.6%
greater than control) and prolonged relaxationg&0longer time to reach 50% relaxation
from peak than control) (Gwathmeyal, 1987;Morgan, 1991). It has been well-
established that the dysfunction in contractilitylageneration of life-threatening
arrhythmias observed in HF is largely due to abrdi@* handling (Pogwizét al,

2001). Failing human cardiomyocytes demonstratéopgation of action potential
duration (Gwathmewt al, 1990;Nabauer & Kaab, 1998;0hler & Ravens, 19&fuced
amplitude of the intracellular [¢§; transient (Beuckelmaret al, 1992;Gwathmegt al,
1991;Morgan, 1991), impaired force development (Bweeyet al, 1990;Mulieriet al,
1992) and slowed relaxation (Beuckelmamal, 1992;Schwingeet al, 1992).

1.3.1.1 Alterations in Ca 2" handling proteins

Many of these changes occur due to alterationsarexpression and/or interactions
between the CGaregulatory proteins. The reduced contractilitfaifing cardiomyocytes,
as stated above, is primarily due to a reducedbysta" transient amplitude arising from
ineffective CICR. CICR is reduced in HF often besmof a decrease in SR*eontent,
the cause of which is believed to be for two reas@hthere is a reduced expression and
activity of SERCA2 in human failing cardiomyocytes (Aref al, 1993;Meyetet al,

1995), although some studies have shown no chan§ERCA2 expression but reduced
Ccd" uptake activity (Movsesiaat al, 1989;Schwingeet al, 1995). The second reason
(ii) is due to diastolic leak of G&as a result of altered function and/or abundamteeo
C&" release channeRyR. There is also evidence that the abundantetgpe Ca?*
channelsis reduced in HF which would also play a roleeduced CICR (Cheet al,
2002). C&'‘leak’ is generally defined as loss of Cérom the SR during resting or
quiescent conditions and is believed to occur fatmormalities in RyR phosphorylation

which increase the open probability of the chari8abnnoret al, 2000). Together the
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diastolic C&" leak and slow Ca uptake by SERCA2 impair diastolic relaxation which
may be a contributory mechanism for diastolic dgsfion. HF also induces abnormal
alterations in the SERCA regulatory protefLN: for example alterations have been
shown in the abundance of PLN (Kistsal, 1995;Lincket al, 1996), the PLN/SERCA2
stoichiometry (Koset al, 1997), basal level of PLN phosphorylation (Schreidal,

1999) and the ability gB-adrenergic signalling to mediate PLN phosphorgla{Huanget

al., 1999). Reduced phosphorylation of PLN and ireeea PLN/SERCAZ2a ratio both
contribute to contractile dysfunction in HF (Schiretial, 1999). Each of these
abnormities in PLN has been demonstrated in HF kiemthe observations are not always
consistent suggesting there are other factors wedol Finally, theNCX has also been
shown to be misregulated in HF with increased abood and activity reported (Hasenfuss
et al, 1999). The functional significance of this idi&eed to be that increased NCX
activity may compensate for reduced SERCAZ2 functidhis has been demonstrated
through use of transgenic mice overexpressing NOQXreby a 2.4 fold increase in NCX
activity compensated for reduced SERCA functior28%o allowing maintenance of the
duration of the C# transient (Terraccianet al, 2001). Furthermore these changes in the
NCX are not always consistently observed in HRtigalarly in animal models —in a
review by Sipidcet al, of the 29 different studies investigating hypsshy-induced HF,

14 showed an increase in NCX expression and/otibmclO showed a decrease and 5
showed no change (Sipidb al, 2002).

Relevant to this thesis, in a mouse model isolaggdiomyocytes from viable septum 10-
wk post-MI showed prolongation of the € aransient time to peak (15% greater than
sham) indicative of slowed &arelease (Morlet al, 2009). In another study, mouse
cardiomyocytes isolated from the whole LV post-Mbwed a 14.7% reduction in theCa
transient amplitude compared to sham (Zheingl, 2010).

Collectively these findings demonstrate that theoatmalities in C&" handling are
predominantly due to altered €#andling proteins but due to the conflicting evide it
is unlikely to be due to a change in any singlegirobut rather a disturbance in the

balance and/or regulatory interactions between ttienis responsible.

1.3.2 Contractile elements

The contractile apparatus of the cardiomyocytesmher potential site of functional
abnormality that is believed to contribute to tbadtional decline during HF. The
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contractile mechanism consists of two major stmattproteins (actin and myosin) and a
complex of regulatory proteins consisting of trop@sin, troponin C, troponin | and
troponin T for the regulation of normal contractimmd relaxation of the cell. Troponin T,
a regulator of the actin-myosin interaction, isssample of a contractile element found to
be altered in human HF: in the normal heart thednin T isoform T1 predominates,
however in patients with HF there is an increadmthdance of the T2 isoform which
normally only accounts for ~2% of the total troppAndersoret al, 1992) although the
significance of this shift is unknown.

1.3.3 ECM alterations

The ECM is a mesh of connective tissue which ienects cardiomyocytes and other
cell types of the heart. It is composed of collegeroteoglycans, glycoproteins, peptide
growth factors and proteases and its primary fonstare to maintain alignment of cardiac
muscle fibres and neighbouring vasculature, andigecan orderly transmission of force
to the entire ventricle during systole. The ECMisimportant determinant of the
structural integrity of the heart and is a very artpnt central feature in structural
remodelling during heart disease — disproportiodafgosition of ECM proteins or loss of
ECM proteins are the major causes of stiffened raggiam (diastolic dysfunction) and
dilation, respectively which are two major causkdezompensatory HF. During HF, the
release of endothelin influences the synthesiegratiation of collagen in the
myocardium (Guardat al, 1993). The most commonly observed ECM remodgllin
during disease is the adverse accumulation oflbigollagen, expressed as cardiac
fibrosis (both reactive and reparative) which hasrbdemonstrated in diseased post-
mortem human hearts (Beltrastial, 1994;Pearlmast al, 1982). This is largely
controlled by effector hormones of the RAA systaiteperet al, 1991b) e.g. Angll
increases collagen synthesis in a dose-dependemtemnby (i) induction of fibroblast
hyperplasia, (ii) activation of collagen synthgseéghways, and (iii) inhibition of collagen
degradation pathways (Gonzaktzal, 2004). Fibrosis can provide structural support t
thinned myocardial infarcts however it can alsooexbate normal functioning as it can
limit normal diastolic ‘suction’ (recoil), impair yocardial compliance and compromise

the length-dependent muscle fibre shortening dusorgraction (Moreet al, 2009).
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1.4 Altered gene expression in cardiac disease

Many of the changes above which contribute to fionetl decline during pathological
remodelling with regard to Gahandling proteins, the contractile proteins arelEiCM
proteins occur due to alterations in the gene nmgeseRNA (MRNA) levels that encode
these proteins. An important pattern of alteregegexpression during cardiac disease
involves the re-expression of foetal genes not adlgnexpressed in adult myocardium, for
example up-regulation of atrionatriuretic peptideaptor C (Takahasht al, 1992). As

well as re-induction of foetal genes, cardiac disezan elicit alterations in a diverse range
of adult cardiac genes. These genes are extrampbytant in cardiac research as they

could represent potential therapeutic targets igake treatment.

1.4.1 Differential gene expression in different car  diac diseases

As detailed earlier, different cardiac diseased teadifferent morphological forms of
structural remodelling (M¥s hypertensive heart disease and LVH) and eachlsoe
associated with distinct patterns of gene exprasstdenes can therefore be altered
differently in different cardiac diseases, and kgmaining changes in a single gene in
different diseases represents a powerful meanksicflating the functional significance of
target genes which could represent potential tieertaptargets in CVD. This is important
because different forms of cardiac disease areacteised by different pathophysiology,
prognosis and response to therapy. For exampbksibeen shown that the same gene can
be altered differently in ischaemrersusnon-ischaemic human cardiomyopathy — e.g. the
gene for the leptin receptor which is involvedhe tegulation of adipose tissue mass was
shown to be down-regulated (~1.8-fold) in ischaegaidiomyopathy but up-regulated
(~2-fold) in non-ischaemic cardiomyopathy compatedontrol healthy hearts (Kittleson

et al, 2005). The gene encoding lumican, a regulatdibaflogenesis, followed a very
similar pattern with down-regulation in ischaemid 8-fold) but up-regulation in non-
ischaemic cardiomyopathy (~2.5-fold) (Kittlesenal, 2005). Altered gene patterns have
been well characterised in animal models of MI arsbow altered expression of genes
encoding proteins involved in calcium-handling ($\ylgedauw, 1999), contractile

function (Yueet al, 1998), ECM (Weber, 1997) and the RAA system (Hdl©98).

Microarray technigues have emerged as a large-apai®ach for the identification of
target genes altered during cardiac disease (Kaah 2004); however, this may involve

large numbers of genes and targets still requilidatzon using gRT-PCR. Gene
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expression profiles are complex and require detaileerstanding of the precise
regulatory mechanisms underlying the control ofrteepression patterns. It is for this
reason that transcription factors have emergenhpsrtant targets in elucidating the
intricate mechanisms of altered gene expressiomgltie pathophysiology of HF
(Buermanset al, 2005).

1.4.2 Transcription factors

A transcription factor is a protein which regulaties precise location, timing and rate of
the process of transcription which is the transfagenetic information from DNA by the
synthesis of an RNA molecule copied from a DNA téatg Transcription factors are
essential to life as they directly control the egsion of genes in response to specific
physiological stimuli and developmental signalst¢banan, 1997). Transcription factors
therefore lie at the core of regulatory and develeptal processes (Lee & Young,
2000;Mitchell & Tjian, 1989). They are also extr&gnimportant in disease as they
respond to pathophysiological stimuli and are ofemruited to direct gene expression for
protective mechanisms against the disease (SemE®2@). In addition they represent
important therapeutic targets - approximately 1G%uorently prescribed drugs directly
target the nuclear receptor class of transcrigaators (Overingtoret al, 2006) an
example of this is tamoxifen for the treatment idfast cancer (Gronemeyatral, 2004).

1.4.2.1 Transcriptional regulation of gene expressi  on

Every cell in the body, with a few exceptions, dentical DNA but there are very distinct
cell types and tissue types which vary in strucamé function, this is because of
transcriptional control (selective gene expressipnjranscription factors. Transcription
factors initiate the transcription process for ®thgent translation into proteins. The
process is discussed briefly and summarised inr€igji4t. Transcription factors bind to a
specific region of DNA and recruit an enzyme knaagRNA polymerase to synthesise a
complementary mRNA strand based on the gene segtiem the DNA template. Once
the mRNA strand is synthesised, it leaves the mscdad enters the cytoplasm where it
attaches to a ribosome to begin translation (tbegss of protein synthesis from the
MRNA template). A different RNA molecule callednsfer RNA (tRNA) bearing a three-
base (anti-codon) sequence joined to an aminokacds to the complementary anti-codon
sequence of the mRNA strand. The ribosome condialang the mRNA strand adding
more tRNA-amino acid sequences to form a growingpeptide chain that forms the

protein for which the original gene sequence ensode
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Figure 1.4 Summary process from transcription to tanslation.

Transcription occurs in the nucleus with the sysihef an mRNA strand from a DNA template contairting gene
sequence. The mRNA strand leaves the nucleushatoytoplasm for the synthesis of the protein @iation). Steps 1-
5 summarise the process. mRNA; messenger RNA. tRidAsfer RNA. Amino acids are illustrated by theeblu
circular shapes. Figure taken from Benjamin-CummiAgslison Wesley Longman Inc

1.4.2.2 Transcription factors bind to DNA

Transcription factors bind to specific DNA sequenkmated in regulatory regions
(usually promoters or enhancers) found near thmestrgption initiation site of a gene
which is the first nucleotide of the DNA that whié transcribed into RNA. These
regulatory regions can include elements such a$AiéA box (a core promoter DNA
sequence) and CpG islands (high frequency lingastye and guanidine DNA

sequences). These regulatory sequences are ¢ggtmrated 30 bp upstream of the
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initiation site and serve to direct binding of Rgalymerase Il (Pol 1) (Figure 1.5).
Transcription factors contain functional domaingchihare clusters of amino acids which
allow the protein to carry out a specific functioamely a DNA-binding domain for
binding to DNA and a transactivation domain which\ates transcriptiomia interaction
with other proteins. The DNA binding domain usya#lkes one of three structures which
allow it to bind to DNA, (i) helix-turn-helix (HTHyvhich consists of two adjacent
helices separated by a turn of several amino agiyiginc finger which co-ordinates zinc
ions with a combination of cysteine and histidiasidues or (iii) basic leucine zipper
consisting of four leucine residues at 7-residderirals which form aa-helix with
protruding leucine residues such that when twoifeuesidues dimerize the motif's ‘zip’
together (Klug & Cummings, 2005).

1.4.2.3 Transcription initiation complex

In eukaryotes, transcription is initiated by a grai general transcription factors that form
an initiation complex (Figure 1.5). A sequenceesfietranscriptional activator protein
(TATA binding protein; TBP) is a protein that binttsthe TATA sequence of a promoter
on the DNA to activate the assembly of a well-knaywoup of general transcription
factors (TFIl). These transcription factors argpansible for the positioning and
activation of the Pol Il enzyme which catalysestth@scription process. The complex is
assembled in the following order. Once TBP is lbtmthe promoter, TBP-associated
factors (TAF) bind and this recruits the bindingTéflIB and TFIIA first which are
responsible for positioning Pol Il in the corretdaqe. Next, Pol Il complexed with TFIIF
are positioned in place. Finally a multi-subumimplex containing TFIIH binds and
through helicase activity facilitates the separabbthe DNA strands and phosphorylates
Pol Il via its C-terminal domain which activates Pol Il faariscription at the start site.
Collectively this forms the transcription pre-iation complex (PIC) that accompanies all
eukaryotic transcription but is sufficient only fadow basal level of transcription. The
final stage involves thimducedlevel of transcription which represents the higher,
stimulated stage — this involves other areas optbenoter region, enhancers and the

binding of other transcription factors.
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TATA Transcription start site

Figure 1.5 Assembly of the transcription initiation complex in eukaryotes.

TBP binds to the TATA box which initiates the bingiof a combination of general transcription fact@ms) to
assemble the initiation complex required for mRNAtBgsis. Following TBP binding, the next to bind &FlIB and
TFIA (which position Pol Il), followed by TFIIF wich is complexed with Pol Il. TFIIE is then addetlowed by
TFIIH, which separates the two DNA strands and phosylates the Pol Il C-terminus for initiationtodnscription at
the start site. TBP = TATA-binding protein; TAFSIBP-associated factors; TFIIA,B,E,F,H,J = trans@ipfactors
required to direct RNA polymerase Il binding; PoEIRNA polymerase |II.

1.4.2.4 Role of transcription factors in the heart

Much of the alterations in the structural propert the heart during remodelling (both
physiological and pathophysiological) are due terad gene expression by the action of
transcription factors. One clear example of thiduring cardiac hypertrophy. In response
to specific stimuli, transcription factors such@&TA, MEF2, Gx/Nkx2-5 and HAND

direct the expression of various genes necessapnfargement of the cardiomyocytes,
including the transcription of genes responsibletti@ production and assembly of
contractile proteins to increase sarcomeric unimiper (Glennoret al, 1995). These
cardiac transcription factors are known to playwci@l role in the heart during
embryogenesis; however in recent years they haesved increasing interest in the post-
natal heart particularly during disease of the hhe@heir role is crucial during hypertrophy
as cardiomyocytes are terminally differentiated dadhot have the ability to proliferate.
Therefore transcription factors control the cellidberations necessary for cardiomyocytes
to adapt under various conditions. Transcriptectdrs integrate a wide range of stress
signals (e.g. mechanical load, neurohormones atwtiogs) and therefore represent a
point of convergence in the pathway from cardiaesst to cardiac remodelling and failure
(Frey & Olson, 2003). Further details on the taaipgion factors which have been
implicated in the regulation of myocardial generesgion during the pathogenesis of

cardiac disease are detailed below:

The GATA transcription factor family bind to the specificrs@nsus DNA sequence
(A/T)GATA(A/G) via a highly conserved domain containing double zingdrs (Patient
& McGhee, 2002). There are three members of th&&family which are known to be
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expressed in the heart: GATA4, GATAS and GATA6. TB¥ and GATAG are expressed
in the nuclei of cardiomyocytes (Koutsourag&tsal, 1999;Perrino & Rockman, 2006)
while GATAS is restricted to endothelial cells (Migeyet al, 1997). Of the three,
GATAA4 plays the more prominent role as it directgulates the expression of a range of
cardiac-specific genes including:myosin heavy chaimatMHC), myosin light chain 1/3
(MLC1/3), atrial natriuretic peptide (ANP), braiatniuertic peptide (BNP), cardiac
troponin C, cardiac troponin |, cardiac sodium-taitexchanger (NCX1) and cardiac-
restricted ankyrin repeat protein (CARP) (Liang &Ikentin, 2002;Molkentin, 2000).
GATAA4 is also critically involved in inducing gemapression in the heart in response to
various hypertrophic stimulations (Heragal, 1997). For example GATA4 is essential
for the up-regulation g8-MHC and the Angll type @ receptor in response to transverse
aortic constriction (TAC) (Hasegaved al, 1997) and GATA4 DNA-binding activity is
significantly enhanced in response to pressureloaéby intravenous infusion of
arginine(8)-vasopressin (AVP) in conscious ratsufidiaet al, 2001). GATAL has been
reported to be up-regulated 2-3 fold in the renkidte24-48 h post-Ml in a rat model
(LaFramboiseet al, 2005).

MEF2 transcription factors bind to specific A/T rich smmsus DNA sequences to regulate
a number of cardiac genes includmgMHC, SERCA, cardiac troponin T, cardiac

troponin C, cardiac troponin | and desmin (Bhawetal, 2000;Black & Olson, 1998).
MEF?2 is expressed in cardiomyocyte nuclei (Wahgl, 2011) and is also critically
involved in the regulation of genes during carchgpertrophy (Zhiwet al, 1991). The
regulatory DNA-binding of MEF2 increases in thedtamyocytes of rat hearts exposed to
pressure or volume overload (Molkentin & Markhara93). MEF2 also functions as an
important effector of intracellular asignalling pathways as its activity is stimulatsd
Cd"*/calmodulin-dependent protein kinase (CaM kinaBajéieet al, 2000).

Csx/Nkx2-5are homeobox transcription factors with a heliatbelix DNA-binding

motif which binds to a specific consensus DNA seqeel (C/T)AAGTG (Chen &
Schwartz, 1996). Homeobox refers to a sequenBiNét ~180bp long which encodes a
60 amino acid DNA-binding protein domain (homeodorphéor transcriptional regulation.
Csx/Nkx2-5 are expressed in cardiomyocyte nuclbu@ al, 2000) and directly regulate
a number of cardiac-specific genes such as ANR[iBfaet al, 1999), cardiac-actin
(Chen & Schwartz, 1996), connexin40 (Bruneaal, 2001) and NCX1 (Mulleet al,
2002). Csx/Nkx2-3 has been shown to be essentraiglembryogenesis as the

Csx/Nkx2-3-null phenotype results in embryonic &itty due to arrested looping
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morphogenesis of the heart tube (Lyons et al., 19@5x/Nkx2-3 is also expressed in the
adult mammalian heart (Kasahataal, 1998) but its roles post-natal are less undedsto
It has been shown that Csx/Nkx2-3 expression isegpdated in hypertrophic hearts
(Saadanet al, 1999) and protects against cytotoxic damagearhtart (Tokeet al,

2002).

HAND transcription factors (eHAND and dHAND) bind DNAa basic helix-loop-helix
motifs to regulate genes specific to cardiac dgualent (Srivastava, 1999). eHAND and
dHAND are expressed in human hearts but the eHAEIm is significantly down-
regulated in hearts from patients with cardiomybjest (Natarajaet al, 2001). eHAND
has been shown to be expressed in the nucleusddrr/ocytes (Toget al, 2004) and
dHAND has been shown to be expressed in the endiacaand myocardium by RT-PCR
(although cell types were not specified) (Yamagettal, 2000). In a mouse model of
hypertrophy, eHAND expression is down-regulatethanLV only and dHAND
expression is down-regulated in the RV only (THai#h et al, 2002). Knowledge of the
direct downstream genes regulated by HAND is adgarelimited.

Forkhead box (FOX) transcription factors are present in other tisgped as well as the
heart such as skeletal muscle, lung, liver, thyang nervous system (Hoekmeinal,
2006;Maieseet al, 2008) and have recently been implicated as hawimgjor role during
cardiac disease. FOX transcription factors areagpdated in early (1-wk) post-MlI rat
hearts by ~5.5 fold (FoxO1) and in advanced humi&rmii4-8 fold (Hannenhalgt al.,
2006;Philip-Couderet al, 2008). Abundant expression of FOXP1 proteinkeen
localised to nuclei of failing human cardiomyocybssIHC (Hannenhallet al, 2006).
FOX transcription factors activate the expressibgemes encoding ATP-dependent
potassium (KATP) channels (elIR6.]) in the peri-infarct region in a rat model of Ml
(Philip-Coudereet al, 2008) and promote autophagy in cardiomyocyteadbyating
autophagy pathway genG&abarapllandAtgl2(Senguptat al, 2009). Therefore, even
small changes in the expression of transcriptictofa in the heart can have important

phenotypic and functional consequences.

Other: In another study by Hannenhadli al (2006), the investigators used a combination
of microarrays and a computational approach totifyeparticular transcription factors
which were responsible for the changes in geneesspn between failing and non-failing
hearts and their study revealed that the followwragscription factor-binding sites were

responsible for many of the altered gene expregsatterns involved in HF: GATA, MEF-
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2, Nkx, NF-AT, polyA, TATA, FOX, Octamer, IRF, CDRIRE, C/EBP, AFP1 and Msx-
1 (Hannenhallet al, 2006). The regulation of cardiac gene expressiémown to be a
complex process mediated by interactions betwessdtription factors, coactivators,
corepressors and epigenetic modifications (e.gomésacetylation); however
transcriptional genomics — assessing single trgotgam factors - (as opposed to a
microarray-based identification of a large numkiegenes) may provide a more
integrative analysis to identify therapeutic tasgagainst transcription factors through

targeting of a number of genes rather than justiglestarget gene.

1.5 RUNX transcription factors

The RUNX family are a group of transcription factevhich represent a novel group of
proteins in the context of myocardial injury. Tkesction will provide background

information on the RUNX family followed by theiraent interest in cardiac disease.

1.5.1 Identification and structure
1.5.1.1 Nomenclature

The RUNX proteins are a family of transcriptionttals which regulate gene expression
for normal metazoan development (Coffman, 2003)NR proteins are encoded by the
RUNXgenes and are defined by the ‘runt box’ which lnéghly conserved protein domain
important for DNA binding and protein-protein irdetions and represents a unique
characteristic of all members of the RUNX familyagfoshimaet al, 1993). The runt box
derives its name from the first member of the fartol be discovered, tHerosophila
melanogastegeneRuntwhich is responsible for segmentation of Bresophilafly

embryo during development (Gergen & Butler, 1988\er the years alternative names
have been assigned to RUNX proteins which have degwed from their roles in disease
such as acute myeloid leukemia (AML), core-bindactora (CBFa) and polyoma
enhancer-binding proteine2(PEBP2). In this thesis they will be referred throughast
the RUNX family. Where the description refershe protein (human, rat and mouse) this
will be written in uppercase (RUNX) and for refecen to the gene this will be written in
italics either with all letters uppercasdJNX(human) or only the first letter in uppercase,

Runx(rat or mouse) according to standard genetic nolatme (Elsevier, 1998).
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1.5.1.2 Chromosomal location of RUNX genes

Runxgenes are present in a diverse range of organRermgriet al, 2003) and the
number ofRUNXgenes can vary depending on phylogenetic backgrdandxample
mammals have threBrosophilahave four and lower invertebrates such as thergoke
nematodeC. elegansand the sea urchi®. purpuratushave only a singl®unxgene (Nam
et al, 2002;Robertsost al, 2002). Relevant to this thesis, the three manam&UNX
genesRUNX1, RUNXZ2ndRUNX3are located on human chromosome 21, 6 and 1;
mouse chromosome 16, 17 and 4; and rat chromosangeahnd 5 respectivelysgnBank

National Centre for Biotechnology Information; NGBI

1.5.1.3 Structure of RUNX genes

A summary diagram of the structure of R&NXgenes is depicted in Figure 1.6. Each
RUNXgene RUNX1, RUNX2andRUNX3 encodes the respective named protein
(RUNX1, RUNX2 and RUNX3). Th®UNXgenes are very closely related and share
extensive regulatory elements and functional codaggons known as exons (Levanon &
Groner, 2004). Firstly, each of the three gen#&sisscriptionally regulated from two
promoters; P1 (distal) and P2 (proximal) (Bangsbwl, 2001;Levanoret al, 2001b;Park
et al, 2001). Both promoters direct transcription gbadnt 5’-untranslated regions
(5’UTR) which are regions transcribed but not tfatesl. The P1-5’'UTR (452 bp long)
contains four exons and two RUNX-binding sites @hallow the RUNX protein to bind
to theRUNXgene) within a highly conserved 18 bp sequenced@irthe beginning of the
P1 5-CAACCACAGAACCACAAG-3 (the underlined bases represent the two RUNX-
binding sites) (Drisset al, 2000;Bangsowvet al, 2001). The fourth exon encodes the
initiator ATG and the highly conserved P1 N-terntipeptide (MAS) (Poznegt al,

2000). The P2-5'UTR contains a single exon whichals translation of the P2 N-
terminal peptide (MRIPV), contains an internal sbme entry site (IRES) and terminates
with an in-exon splice site (Poznetral, 2000). The P2-5'UTR is the larger of the two

5'UTRs (1631 bp) and is distinctly nested withimeay large CpG island (high frequency
of linear cytosine and guanidine sequences) natdon the P1-5’UTR (Levanoet al,
2001a). Th&RUNXgenes also contain exons which encode differertimmal domains of
the RUNX proteins including the Runt domain andtth@sactivation domain (Levanon &
Groner, 2004). In addition they also share sintiés outwith the RUNX locus itself with
highly conserved neighbouring genes such a€tlH€6 andDSCR1genes (Levanon &
Groner, 2004). ThRUNX3gene is the smallest of the three with the feweshe

(Bangsowet al, 2001). Major features of ttRUNXgenes are summarised in Table 1.1.
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Table 1.1 Functional roles of the regulatory regios of RUNX genes.

Gene Region Function

ATG initiator First codon (start codon) of mRNAiscript which is translated int
the amino acid methionine.

Exons Functional coding region.

2-4 Encodes Runt domain.

6 Encodes transactivation domain.

UTR Regions of DNA which can influence translatlmurt are themselves
not translated.

MAS N-terminal sequence encoded by the P1-5’'UTR.

MRIPV N-terminal sequence encoded by the P2-5'UTR.
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Figure 1.6 RUNX genes structure and elements inwad in expression regulation.

(A) Structure of the three mammaliRUNX genesRUNX1, RUNXZandRUNX3 All RUNXgenes have similar
genomic organisation with two promoters (P1 andd2) a very large first intron. Common exons a@s in the
same colour. 5’ untranslated regions (UTRs) areveha yellow and orange, and 3' UTRs shown in bli&ée highly
conserved Runt domain is encoded by three exonsr(grexes). The exons comprising the transactivat@main are
shown in black and grey. The conserved neighbgugénes are also shown (CLIC6 & DSCRRJUNXSis the smallest
of the threeRUNXgenes with the fewest exons. (B) Schematic shpttia common structure of the P1-5'UTR (yellow
in diagram A) which contains four exons; the two RUbBInding sites are indicated by RR (for binding bg RUNX
protein to theRUNXgene); and the fourth exon encodes the initiatoGAihd the highly conserved P1 N-terminal
peptide (MAS). (C) Schematic showing the P2-5'UTRafme in diagram A) which has a single exon whéamtnates
with an in-exon splice site (AG) which is precedgda branch point signal CTRAY. The P2-5'UTR contansnternal
ribosome entry site (IRES) and is nested withinrg lerge CpG island depicted by the grey cloud.uFégaken from
(Levanon & Groner, 2004).
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1.5.1.4 Structure of RUNX proteins

Runt homology domain

A schematic representation of the domain structofesch mammalian RUNX protein is
shown in Figure 1.7. The most important and defjrfeature of the RUNX proteins is a
highly conserved region known as the Runt homoligyain (RHD) (Ito, 1999). The
RHD is located in the N-terminus of the protein @decessary for DNA binding and
protein-protein interactions (Kagoshiratal, 1993;Cruteet al, 1996). The RHD is an s-
type immunoglobulin (1g) fold domain similar to tBNA-binding domains found in other
transcription factors such as KB, p53, NFAT and STAT, but differs in that the RHD
loops at both ends of the Ig-fold rather than jbstend which contacts the DNA. This is
believed to give the RHD the ability to substatyislend the DNA more (Beraréi al,
1999).

Other functional domains

Another highly conserved region among all threggins is the nuclear localisation signal
(NLS) domain which is immediately adjacent to théRand is responsible for the sub-
cellular nuclear localisation of the RUNX prote{i@hoiet al, 2001). Together the RHD
and the NLS comprise the very highly conservedd2éo acid sequence of the RUNX
proteins (Choet al, 2001). Other functional domains common to akéhRUNX

proteins are the transactivation domain which dggired for transcriptional activity, the
inhibitory domain (ID) which is necessary for regsig transcriptional activity (Coffman,
2003), the nuclear matrix targeting signal (NMT3)iet is important for attachment to the
nuclear matrix once directed into the nucleus leyNhS (Tanget al, 1999) and the
VWRPY motif which mediates transcriptional repressby recruiting the transcription co-
repressor, Groucho and its mammalian homologusdrasin-like enhancer of split (TLE)
and directing them to the target promoter regidev@nonet al, 1998). The NLS,
transactivation domain, ID, NMTS and VWRPY arelaflated in the C-terminus of the
protein (Coffman, 2003). RUNX2 has an additioma domains within the N-terminus
which are not present in RUNX1 or RUNX3 which is folyglutamine and polyalanine
(23Q/17A) domains (Thirunavukkarastial, 1998).
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Amino acid composition

Beyond their common functional domains, the RUNXteins are similar in the
composition of amino acids but the sequences canbetween each. In all three RUNX
proteins, the C-terminus is rich in proline, seramal threonine residues (PST) (Coffman,
2003). Given that the two promoters (P1 and PBegse different 5’UTRs and therefore
different N-terminal regions of the protein thisxdaad to multiple gene products with
variable N-terminal peptide sequences. The diffietéTRs can lead to differences in
peptide amino acid sequences at the N-terminataltlee difference in translational-
regulatory mechanisms of each: for example, for Rlthe P1-5’UTR directs cap-
dependent translational control while the P2-5’UfEBulates translation by the IRES
mechanism. All eukaryotic mMRNA have a cap strue(ar5’ terminal nuclear
modification) which affects RNA splicing, stabiltgan, transport and translation which
acts as a ‘molecular tag’ to direct the 40S riboglosnbunit in place. IRES is a
mechanism which allows a ribosome to bind in thédia of the mRNA strand rather than
at the cap-end (Levanon & Groner, 2004). The RUNXduence derived from P1 begins
with a MASDS amino acid sequence at the N-termigmadl from P2 begins with a MRIPV
amino acid sequence. Transcription from the twerahtive promoters can give rise to
splice variants of the RUNX protein which differtimeir N-termini sequences and as a
result, have alterations in the functioning of pinetein. The use of multiple promoters in
gene expression confers versatility to the finak@n where it may be required to be
expressed in different tissue types or at diffedmwelopmental stages for which a single
promoter may not be sufficient (Ayoubi & Van De Vd996). In particular this can have
significant effects for RUNX1 in that it can caube protein to have reverse roles in
selected cell types. For example, the short isofof RUNX1 (RUNX1/p26 or RUNX1A)
lacks much of the C-terminus including the transatibon domain which can therefore
affect transcriptional activity, but also lacks soof the domains which inhibit DNA
bindingvia the Runt domain (Kinet al, 1999;Guet al, 2000) and therefore has the ability
to bind DNA more effectively in some cases. RUNXA#s been shown to block
differentiation and promote proliferation in a meimyeloid cell line whereas the normal
RUNX1/p46 protein (p46 refers to the isoform) dtes opposite (blocks proliferation and
promotes differentiation). Therefore it is possitiiat alternatively spliced RUNX proteins

can play opposing roles.
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Figure 1.7 Schematic representation of the functital domains of the RUNX proteins.

Schematic representation of the structure of RUNXMINX2 and RUNX3 proteins. The numbers refer to anaiciols.
The N-terminus (N) and C-terminus (C) are showne filmctional domains conserved across each RUN¢iorate
shown in colour; the Runt Homology Domain (RHD) id shich mediates DNA-binding and protein-protein
interactions and the Nuclear Localisation Signdl$Ndomain shown in green which is responsiblenfaclear
localisation. The C-terminus contains motifs comrtm all RUNX proteins including the inhibitory domgID) which
represses transcriptional activity, the nuclearim#argeting signal (NMTS) important for nucleargeting and the
VWRPY motif which mediates transcriptional repressiborough its association with a transcription epressor,
Groucho/transducin-like enhancer of split (TLEheTetters Q and A on RUNX2 designate homopolynwrigtches of
glutamine and alanine residues present at therisies which are unique to RUNX2 as was referrech tiné text

above.

Multimeric complex formation

All RUNX proteins bindvia the RHD to the same specific DNA consensus seguenc
(TGTGGT) in the promoter region of a target genmeulgh recruitment of common
transcriptional modulators (Bae & Ito, 1999). Atilshally they all bind to DNA as part of
a multimeric complex containing a number of diffgrproteins (Kamactet al, 1990).
These include a partner protein known as the ciodiriy factor beta subunit (CBIf as

well as other transcription factors and co-activg@tm-repressors (Durst & Hiebert, 2004).
CBR3 binds to RUNXvia the RHD and helps stabilize the complex and irsgd¢he

affinity for DNA-binding but does not itself bind DNA (Ogaweet al, 1993). The
mechanism by which CH¥Fstabilizes the complex is understood to be thatiintains the
RHD in an open conformation serving as a kind ablecular clamp’ (Habtemariaet al,
2005). Once bound to CBFRUNX recruits other DNA binding transcription tacs to
build a multi-protein complex for regulated tranption. For example, RUNX binding
sites are often located adjacent to DNA-bindingssfor other transcription factors such as
members of the Ets family, Myb and C/EBP (Lund &ya002;Durst & Hiebert, 2004).
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RUNX can also interact with a number of co-activat@iAT, p300, CBP) or co-
repressors (MSIn3A, TLE and HDACSs) which can atéa repress transcription

respectively (Pelletiegt al, 2002) as shown in Figure 1.8.

A

Co-activators:
p300
CBP DNA-binding factors:

/4 '\‘-\[/ '«"\:\\: / -\.\[/'.\-3\ —3» ACTIVATION

B

Co-repressors:
mSin3A

HDACs

nCoR
Groucho-TLE

V/4 \\// :_.\:\// '\'\;// \ ——| REPRESSION

Figure 1.8 Schematic representation of RUNX transiptional regulatory complexes for activation and repression
of gene expression.

(A) Schematic representation of a RUMRtivation complex. The Runt Homology Domain (RHD) of the RUNX
protein (red) binds DNA and facilitates binding@BF3 (blue) and various DNA-binding factors such as Etgh and

C/EBP (green) which recruit co-activating factorstsas p300 and CBP (yellow) - together results iivatbn of the
target gene of interes{B) Schematic representation of a RUMXressioncomplex. The RHD of the RUNX protein

(red) binds DNA and facilitates binding of CBFblue) and various co-repressors such as mSinBE,ahd HDACs

which together results in repression of the taggete of interest

1.5.2 Function of RUNX proteins

All RUNX proteins function as transcription factawhich regulate specific gene
expression in developmental pathways. It is weliklished that RUNX transcription
factors have opposing functioning as both actisasord repressors of transcriptional
regulation depending on the context of the regwategion (Coffman, 2003;Blytbkt al,
2005). There are sequences in the C-terminustmtol this through recruitment of
associative activators or repressor proteins tadmeplex. For example, RUNX can
activate transcription through interactions witetbne acetyl-transferases (e.g. MOZ and
MORF) (Kitabayashet al, 2001;Pelletieet al, 2002) or they can also inhibit
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transcription by interacting with the dominant epiressor Groucho/TLE (Aronsen al,
1997) or the mSin3A co-repressor (Lutterbatlal, 2000). However, despite the highly
conserved structural similarities between the RUoteins and their shared properties in
binding to the same DNA consensus sequence thnoaiging with CBHB, each of the
RUNX proteins have distinct functional roles infdient lineage-specific development.
This is reflected in the different phenotypes whielve been elucidated from the

respective genetic knockouts.

1.5.2.1 RUNX1 functions as a regulator of haematopo iesis

Haematopoiesis is the formation and developmebtaufd cells. In the embryo two
waves of haematopoiesis occur; primitive and défi@ihaematopoiesis, which give rise to
the embryonic precursor cells and the adult HS@sftirm specific blood cells capable of
self-renewal, respectively (Lensch & Daley, 200RUNX1 is absolutely critical for
definitive haematopoiesis by controlling haematopoietic stelihdevelopment and
differentiation (initiation phase only) (Oku@aal, 1996;0kudaet al, 2001;Hoogenkamp
et al, 2009). This has been clearly demonstrateRinyxI~ mice which die at an early
embryonic stage (E11.5-E13.5) from an early blacklood development (Okuds al,
1996). These mice exhibit normal primitive haemategpis but a complete lack of
definitive haematopoiesis (Okueaal, 1996;Northet al, 1999).

1.5.2.2 RUNX2 is required for bone development

RUNX2 is involved in the regulation of osteogenesgisch is the development of bones;
this has been verified iRunx2” mice which die shortly after birth from a complétek of
bone formation although they do form the cartilafjan ossified skeleton (Ottt al,
1997;Komoriet al, 1997).

1.5.2.3 RUNXS3 is involved in neurogenesis

RUNX3 regulates the development and survival oppozeptive neurons in dorsal root
ganglia (Inoueet al, 2002), this has been confirmed Bynx3~ mice which demonstrate
severe limb ataxia due to defective developmeptraoprioceptive neurons (Levanenal,
2002). However there are discrepancies betweeRuh&3” phenotype as others have
shown a hyperproliferation of epithelial cells retgastric mucosa which led to death of
theRunx3deficient animals shortly after birth from staneat (Li et al, 2002); an
observation not seen by Levanetmal (2002). RUNX3 is also known to be a putative
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gastric tumour repressor as it controls cell peosifion and apoptosis of gastric epithelium
(Li et al, 2002).

1.5.3 Tissue-specific expression of RUNX

In addition to their distinct roles, each RUNX miot also shows a very specific
spatio/temporal expression pattern in differersuestypes. It is believed that the RUNX1
protein can promote its own expression by bindmtheRunxlgene promoters or
enhancers and down-regulate its own expressiordiyiting the repressor Smad6
(Pimandeet al, 2007). The RUNX protein binds to distinct RUNXling sites located
within the P1 promoter which is indicated by thdow box in Figure 1.6A and by RR in
Figure 1.6B. It has been proposed that the higbhserved CpG islands present at both
ends ofRUNXgenes may be involved in the tissue-specific exgioesEhrlich, 2003)
although the precise role by which this occurs iesanclear. Tissue sites for RUNX

expression are detailed below and summarised iteTlab.

RUNX1 is first detected in mouse embryos within defimthaematopoietic stem cells
(HSC) and in endothelial cells at HSC emergen@s sfor example the yolk sac, umbilical
arteries, aorta-gonad-mesonephros (AGM) and liMerth et al, 1999;Caket al, 2000).
RUNX1 is also expressed in the bronchi, mucosa®besophagus and stomach, epithelia
of palatal ridges, in ectodermal invaginations.(ealivary and mammary glands) and
epidermal appendages (e.g. whiskers and teetimedipionly) of the embryo. RUNXL1 is
also expressed in the mesenchyme of the heartafggand central nervous system
(CNS) of the embryo.

RUNX2 is expressed predominantly in chrondrocytes (prehiygphic and hypertrophic)
and osteoblasts which is not surprising givendts m the developing skeleton. RUNX2
is also expressed in fibroblasts of periodontargnt fibroblast cell lines (Saie al,
2002) and in primary murine fibroblasts (Kilbeyal, 2007). RUNX2 has also been
shown to be expressed in the epidermal appendatpskers and teeth) but confined to

the papilla regions (Levanon & Groner, 2004).
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Table 1.2 Summary of RUNX expression sites.

Tissue/Cell Type RUNX1 RUNX2 RUNX3 References
Haematopoietic System
(Embryonic)
Aorta-gonad-mesonephros + North et al. 1999
Liver (haematopoietic
precursors) . . Levanon et al. 2001
Thymus + + + Woolf et al. 2003
Spleen + + Levanon et al. 2004
(Adult)
Thymus + + + Woolf et al. 2003
Myeloid, B and T lymphoid
cells Lorsbach et al. 2003

Skeleton

Immature and permanent
cartilage

Prehypertrophic cartilage
Hypertrophic cartilage Levanon et al. 2001
Osteoblasts

Membranous bone

Dorsal Root Ganglia
(Embryonic)

TrkA neurons
TrkC neurons Levanon et al. 2001
(Adult)

Mature dendritic cells .
Fainaru et al., 2004

Epidermal appendages
Epithelial

Mesenchymal

Levanon et al. 2001
+ +

+ indicates positive expression at the respecties.s

RUNX3 is also expressed in prehypertrophic and hypentcoghrondrocytes (however in
the latter, RUNX2 predominates). RUNX3 is not detd in osteoblasts. RUNX3 is also
expressed in the salivary and mammary glands, lfendhiskers and teeth (although

confined to the mesenchyme) (Levaratral, 2001).

Collectively, it can be seen that there are oveolaihe RUNX proteins in the tissue in
which they are expressed but there are differeimcdee regional distribution within the
shared tissues.

1.5.4 Regulatory mechanisms of RUNX gene and RUNX protein
expression

1.5.4.1 Transcriptional control

RUNXgenes can be regulated by SMADS5 signalling pathygsup-regulation dRunx2

MRNA for osteoblastic differentiation is precedgddn increase in Smad5 expression
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(Leeet al, 2000). A number of cytokines can also reguRitiNXexpression; TG is
known to regulatRUNX2andRUNX3expression. However depending on the tissue type
or cell line, TGFB can either induce or repreREINX2andRUNX3expression. Inhibition
by TGF{3 is believed to occur through inhibition of tR&INXP1 promoter (Allistoret al,
2001). The Notch signalling pathway has also begaticated as a regulatory mechanism
of RUNXexpression as the NotétJNXpathway has been shown to be critical for the
developmental specification of HSCs (Buetsal, 2005). The FGF pathway can also
activate or repredlRUNXexpression depending on the cell type - for exark@F
activatesRunx2in the mesenchymal pluripotent cell line C3H1O T represseRunx2

in the rat osteosarcoma cell line ROS17/2.8 (Z&toal., 2000). RUNXcan also be
regulated by signalling pathwayga GATA, FOG and FOXP3 (Levanon & Groner, 2004).

1.5.4.2 Translational control

In addition to transcriptional control, RUNX expsém can also be controlled through
transcription-coupled translational control meckars (e.g. cap- and IRES-mediated
translational control as described previously inttea 1.5.1.3) (Pozneat al, 2000). The
two 5’UTRs are the key players in the translatiaeglulation of RUNX directing cap-
dependent (P1-5’'UTR) and IRES-dependent (P2-5’Ua$)escribed previously. The
functional significance of cap and IRES-mediateghstation is that IRES is believed to
control translation when the cap system is impajesg. during mitosis, differentiation or
stress conditions). The presence of both capiRE&-mediated control indicates the

complexity of howRUNXgenes are regulated.

1.5.5 RUNX in human disease

Due to their essential roles in cell proliferatenmd differentiation, it is not surprising that
RUNXgenes have been implicated in human diseR&&NXgenes are best known for
their altered expression levels in human cancersk.1997;Planagumet al,
2004;Sakakurat al, 2005). The most notable is the link wRUNX1and human
leukaemia, caused by chromosomal translocatioRJMNX1— the most frequently
observed (seen in 10-20% of acute myeloid leukaeasas) is the t(8;21) translocation
which results in fusion of the N-terminal half cURX1 (containing the entire Runt
domain) with the C-terminus of the ETO (for eigiventy one translocation) partner
protein (Miyoshiet al, 1991). RUNXL is also over-expressed in endomietigarcinoma

tumours (Planagumet al, 2004) and down-regulated in gastric cancer tusi¢bakakura
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et al, 2005). Mutations dRUNX2can cause cleidocranial dysplasia (CCD), a conglenit
bone malformation disease caused by haploinsufiigi€Ottoet al, 1997) consistent with
its roles in osteogenesis. Deletion or inactivatd theRUNX3gene has also been shown
to be involved in gastric cancers @tial, 2002). The role of RUNX in cancer
development however is very complex in that theyehdualistic roles as both dominant
oncogenes as well as tumour repressors in a hagimiext-dependent manner (Blyhal,
2005). ltis clear that precise regulation of RUMXritical for normal function. The

same may be true in the heart.

1.5.6 RUNX in damaged muscle

Recently it has been increasingly documentedRtiYXgenes may also be linked to
conditions of metabolic stress following tissuaunyj (Wanget al, 2005;Ghoslet al,
2010;Custodicet al, 2012). This has been found to be the case umadjskeletal muscle;
in the healthy musclRunxllevels were measured using a labelled RNA problensere
found to be barely detectable (0.0001% mRNA) inrthelei of skeletal myocytes;
however, following denervation of the musBanxImRNA expression was increased 50-
100 fold (Zhuet al, 1995;Wanget al, 2005). Interestingly, under these conditions the
muscle retained much of its structural featuresant However when these experiments
were repeated in animals with genetic ablatioRwfix1in the muscle, this led to severe
distortion of the muscle’s structure during dengoraincluding (i) misaligned and
irregularly spaced Z-discs, (ii) a lack of thickafnents, (iii) a severely dilated SR and (iv)
presence of autophagic vacuoles (Wahgl, 2005). Runxlis therefore necessary for the
prevention of muscle atrophy in denervated skelatacle. Skeletal muscle shares many
structural similarities with cardiac muscle in thtiay are both part of the striated muscle
group with sarcomeres and the primary structuratigims in each are actin and myosin,
therefore the role dRunxlin protecting the structural malformations of thascle may be
applicable to cardiac muscle. Furthermore, theugied electrical activity that triggers
Runxlexpression in denervated skeletal muscle couldtagmossible under conditions of
altered electrical activity in the heart during Mh the heart under normal conditions,
electrical signals propagate freely between carglamtesvia gap junctions; however
following an M, disruptions in electrical activiiyp the remodelled peri-infarct arise due to
marked changes in gap junction organisation andexin43 distribution in addition to the

physical loss of communication between viable ayidglcardiomyocytes (Peters, 1995).
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1.5.7 RUNX in the heart

Despite knowledge of its expression and proteatie in other striated muscle tissue,
very little is known about the expression and fiordl role of RUNX1 and the other

RUNX proteins in the heart.

1.5.7.1 RUNX1

Normal tissue

The presence of RUNXL1 in the heart under healtmgitimns is not clear; one study
revealed that RUNX1 was present in all adult hutssues except the heart and brain
(Miyoshi et al, 1995). However RUNX1 has been shown to be ptesehe mammalian
heart during mouse embryogenesis (Levagtoasl, 2001a). Telfer and colleagues (2001)
have also confirmed expression of RUNX1 in the meisvhole heart homogenates,
although it was not clear from their study whettes was embryonic or adult tissue
(Telfer & Rothenberg, 2001). RUNX1 has been shtavbe present within the nucleus of
mesenchymal cells in the valvular regions of thaerbat E16.5 during mouse

embryogenesis (Levanat al, 2003).

Diseased tissue

Gattenohneet al (2003) found that RUNX1 was detectable in healthsnan hearts by
Western Blot but shows elevated expression in gaettafter ischaemic cardiomyopathy,
although it was also not clear from which regiorite@ heart the samples were taken
(Gattenlohneet al, 2003). In the same study, it was found that -@xgaression of
RUNX1 in the human heart during ischaemic cardiopagby occured in parallel with
increased expression of a Neural Cellular Adheboiecule (NCAM) (Gattenlohnest

al., 2003). NCAM is a glycoprotein present on setedk type surfaces that mediates
adhesive interactions between cells (Edelman, 19B&AM levels are low in the healthy
adult human heart relative to neonatal tissue @xibression confined to the intercalated
discs as detected by IHC (Gordeinal, 1990b;Gattenlohneat al, 2003). In addition to
cardiomycocytes NCAM is also expressed in endatheélls (Gerety & Watanabe, 1997),
mesothelial cells (Lackiet al, 1991) and neuronal cells that innervate the heart
(Watanabest al, 1992). NCAM has been reported to be up-regulafesdt human M,
preferentially in the infarct and peri-infarct regs (Gattenlohnegt al, 2003). This has

also been found to be the case in animal mode¥dl dboth in rat (Gattenlohnest al,
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2003) and mouse (Nagab al, 2010) which both show up-regulation of NCAM péit-

in areas within or around the infarcted myocardilRUNX1 has been identified to have a
binding site within the NCAM promoter (Gattenlohmeral, 2003) and therefore promotes
NCAM expression. Furthermore NCAM is shown to pedfic for ischaemic damage,
compared to other forms of cardiac disease (e.gcarditis and sarcoidosis) and its
expression is believed to be as a result of adbssll-cell communication (Gattenlonet
al., 2004). Ischaemia-specific damage as a triggel@AM expression is further
supported by the evidence that NCAM is also up-iagd in hypoxia-induced rat model
of hypertrophy relative to control animals (Gordzral, 1990) and increased in human
transplanted hearts where there is extrinsic detiervrelative to non-transplanted hearts
(both shown by immunofluorescence and western blatsiot quantified) (Gordoet al,
1990b). Furthermore, another cause of NCAM up-edgun has been reported to be
metabolic stress (reduced intracellular ATR)the p38 mitogen-activated protein kinase
(MAPK) dependent pathway which has been demonstiatesolated rat neonatal
cardiomyocytes (Nagaet al, 2010). It may be that the loss of communicabetween
cells (i.e. loss of the ability for molecules/iaiescross one from cell to the next) or stress
stimuli across the remodelled peri-infarct zone ralsp be an important stimulus in the

up-regulation of RUNX1.

Knockout studies in skeletal muscle identified 2&gs which were selectively regulated
by RUNX1 and are responsible for the expressiovaobus structural and signalling
proteins, many of which are also present in cardiascle e.g. phospholamban,
osteopontin, sodium channel type V and thrombosipofMianget al, 2005). These
proteins are critical proteins in the heart whigjhlights the potential importance of
RUNXZ1 in the heart during disease. RUNX proteireg/rtherefore be prime candidates in
understanding the mechanisms underlying the paisiplgy of adverse remodelling as
their regulation may be important for post-infanatihealing and modified SR-mediated
Cc&”* handling.

1.5.7.2 RUNX2

RUNX2 expression in the heart is relatively unknpamecent study has shown that it is
undetectable in the rat heart — negative with IHI€Ci9up-regulated in the nuclei of
cardiomyocytes under conditions of uremia-inducgwaeardial hypertrophy and fibrosis
during high phosphorous conditions or parathyraichtone infusion (Custodiet al.,
2012). Inhibition of the Notch receptor proteiratved in cell signalling has been found
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to cause a ~2-fold increase in the expression dIR2Jin aortic valve interstitial cells and
under these circumstances RUNX2 can contributetiicavalve calcification in humans
(Garget al, 2005) and mice (Nigam & Srivastava, 2009). Naigmalling has been
reported to inhibiRUNX2transcriptional activity through stimulated expresasof the
Heylgene (a direct Notch target gene) which repreR&H#$X2during osteogenesis
(Zamurovicet al, 2004). Notch signalling has been shown to beeamed in a mouse M
model (Gudest al, 2008) which may have implications for reducedrezpion or activity
for RUNX2 It also been reported that RUNX2 is crucialascular remodelling
observed in atherosclerosis and RUNX2 expressiorcieased in calcifying human
atherosclerotic plaques and artery lesions obtdwwad human patients with ischaemic
heart disease (Tysat al, 2003) therefore RUNX2 may play an important iiale
coronary artery disease (including Ml for which thain cause is atherosclerotic plague
disruption in coronary vessels) (Hansson, 2009ugin activation of chrondrocytic and
osteoblastic proteins that contribute to the cilatfon process (Tysoet al., 2003).
Recently, a preliminary report revealed that inseeBRUNX2 in the heart may promote
cardiac fibrosis and further deteriorate functibiakahareet al, 2008). Another study
revealed similar findings in which transgenic migéh cardiomyocyte-specific double
genetic ablation of dystrophin (a protein whictkrthe cytoskeleton to the ECM in
muscle) ang@@1-integrin (a cellular adhesion molecule) showexnteased myocardial
dysfunction, cardiac fibrosis and calcification alinwas concurrent with~al0-fold
increase iRunx2mRNA (measured by gRT-PCR) in whole heart homotgsnilIsherif
et al, 2008). A review by Sanoudat al (2005) into the genes altered in human end-
stage HF as analysed by microarray revealedRbNX2was significantly up-regulated in
human cardiomyopathies such as dilated cardiompgd&@CM) and hypertrophic
cardiomyopathy (HCM) although exact quantificatiwas not specified (Sanoudetal,
2005).

1.5.7.3 RUNX3

RUNX3 has also been shown to be expressed in thsenembryonic heart (Levanenh

al., 2001a). RUNX3 has also been located in the eardéad cushion in mouse embryonic
hearts which is a specialised region that givestoghe septum and valves at E10.5 during
heart development (Fet al, 2011). Similar tdRUNX2 RUNXa3is a direct target of Notch
signalling in endocardial cells however in the caBBUNX3 Notch activation

significantly increaseRUNX3mRNA rather than inhibit as it does lRIUNX2(Fu et al,
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2011). As above, Notch signalling is activatednice post-MI and this may have

implications for potential increased expressiolRONX3post-MI.

Despite the information detailed above, RUNX exgi@s in the heart remains somewhat
unclear and information is lacking in the followiageas: (i) RUNX has been shown to be
expressed in embryonic murine tissue however ther@iscrepancies in the expression of
RUNX in the adult mammalian heart, with limited kviedge on its expression in
cardiomyocytes, (ii) the altered expression pag@mRUNX have not been assessed in
animal models of Ml or hypertension; (iii) at preasehere is no quantitative data for the
altered expression of RUNX in the heart during a@sgeand (iv) no evidence exists on the
expression oRunxgenes in different regions of the heart, or (v)raliéferent time-points
post-MI or any links with the cardiac expressiometation to the functioning of the heart.

These areas were the main focus of this thesis.

1.6 Animal models of cardiac disease

1.6.1 Need for animal models of disease

As mentioned above although RUNX expression has keggorted to be altered in human
cardiac disease, very little is known about thentjfiable levels of altered expression in
the diseased heart nor the potential functionalitgnce of this altered expression.
Unfortunately performing such measurements on humeant samples to investigate this
further is associated with a number of problemisstlly, it can be very difficult to acquire
a sufficient number of human cardiac samples fadioa research as tissue is often in
short supply or needed for other uses such asplieartation. Secondly, human heart
samples may be highly variable in terms of disesage or from patients being on
different treatments and tend to come from an e¢ades(therefore usually severe stage)
only rather than during the transition phase frampensated remodelling to HF. Thirdly,
it is difficult to obtain healthy hearts for conlttssue. Despite these limitations human
heart tissue is extremely valuable to medical re$eaHowever it is for the reasons named
above that animal models of cardiac disease haventeinvaluable as an alternative for
the study of cardiac disease progression (Pattelal&Porter, 2009). The most common
pathophysiological changes in human cardiovasditmase including Ml, hypertension

and cardiac hypertrophy have been successfullpdejmed in animal models.
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1.6.2 Criteria for use of animal models

An ideal model for any human cardiovascular diseagst satisfy the following criteria:

(i) mimic the human disease as closely as posgibl@roduce symptoms and
characteristics which are predictable and contotel(iii) allow studies in a stable, chronic
condition (iv) conform to appropriate ethical amdrnaal welfare considerations and
appropriate legislation and (v) allow measuremémelevant cardiac, haemodynamic and
biochemical parameters (Doggrell & Brown, 1998;Hmet al, 2012). Animal models
provide a means of studying a specific diseaseitiondn a controlled way. These
experimental models can provide vital informationtbe structural and functional
alterations which occur during different cardiasedises as well as cellular and molecular
alterations associated with the disease (Haserf@98). The use of mice as animal
models is particularly useful due to the abilityni@nipulate their genome and generate
transgenic strains (Fox, 2007). Through over-esgiom or targeted disruption of a
particular gene, mouse models provide a uniquecagprto studying specific genes which
is of great benefit in understanding the pathopiggly of HF (Rockmaret al, 1994;Lin

et al, 1995).

1.6.3 Use of animal models to investigate RUNX expr  ession in
the heart during disease

The investigation of alterddUNXgene expression in cardiac disease is possildadhr
use of clinically-relevant animal models of cardidgease. For this thesis, the two animal
models of interest include: (a)mouse model of Mland (b)a rat model of hypertension
and congenic rat model of altered LV mass (LVH) A very brief description of each
model is described below but more details on eaatiethwill be provided in the respective

later chapters (Chapter 3 and Chapter 5).

1.6.4 Mouse model of Ml

Human Ml is caused by chronic narrowing or acutgusion of coronary arteries by
atherosclerotic plaques and thrombosis respecti@typy, 2001). The most common
approach for inducing MI experimentally in an animmendel is by surgical coronary artery
ligation (CAL). This involves placing the animatder anaesthesia with mechanical
ventilation and the heart is accessed from betwsemnibs in a thoracotomy procedure; a
fine thread or suture is then placed around thectgbnary artery and tied to induce
permanent MIl. Animals are permitted to recover @sgarchers can then study
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myocardial changes such as remodelling and dysamoter different time periods and
under different conditions according to the natnfrthe study. Animal models of MI have
been widely used in different species such as Hagq et al., 1988), pig (Eising, 1994),
rabbit (Masaket al, 1993) and rat (Flairat al, 1981). CAL-induced MI in a mouse
model was first described in 1978 by Zolotarevaldodan (Zolotareva & Kogan, 1978).
With the advent of genetic modifications possilléhie mouse, this species has gained
popularity for the use of models of cardiac diseasgh as Ml (Patten, 1998;Michaatlal,
1999;Gacet al, 2010).

1.6.5 Rat model of hypertension and congenic models of altered
LV mass

The spontaneously hypertensive rat (SHR) is an animodel of human essential
hypertension and represents the most commonlymselél of cardiovascular disease
(Doggrell & Brown, 1998). The strain originatestir a colony of male Wistar rats in
Kyoto, Japan in the 1960s which were bred by Okarapal (1963) for high blood
pressure (Okamoto & Aoki, 1963). The SHR is nomenetve for the first 6-8 weeks of its
life with systolic blood pressures (SBP) of 100-1@MHg and then hypertension develops
over the next 12-14 weeks with SBP >150 mmHg reachB0-200 mmHg in its adult life.
Like the human condition, the SHR develops charestie symptoms of the disease such
as cardiac hypertrophy and renal disease (Dog&rBHown, 1998). A second strain of rat
has been developed from the SHR known as the spakee spontaneously hypertensive
rat (SHRSP) as having a higher incidence of sthpkselective mating of offspring with at
least one parent with spontaneous stroke (Okaetatb, 1974). Like SHR, the SHRSP
strain develops hypertension from 5 weeks of agelauSBP can increase to 250 mmHg
in males (compared to 200 mmHg in SHR males) whigher incidence of stroke. There
is a significant positive correlation between B #me incidence of stroke. Additionally,
salt loading accelerates the onset of hyperteraioiithe occurrence of stroke (Okameto
al., 1974;Vacheet al, 1996). Post-mortem examination of the brainSIHRSP rats show
lesions in the cortex or subcortex of frontal, na¢dr occipital areas (Okamoéd al,

1974) similar to those observed in humans (Bogauskl, 2003).

1.6.5.1 Use of congenic sub-strains for particular genes of interest

Inbred animal models offer the advantage of gereiinogeneity and complete control of
environmental factors but most importantly thepwalifor specific inter-crosses to generate

sub-strains which can provide insights into genégéiterminants of hypertension which are
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beyond the scope of human studies. These sulnstiee useful for the study of specific
genetic regions important for hypertension suchlsed LV mass. This approach
involves the identification of quantitative traoich (QTL), which are regions of a
chromosome containing genes for a particular tréfis then makes it possible to narrow
down the genes contained within the QTL intervEhis novel congenic rat model permits

exploration of possible triggers for RUNX expressio

1.7 Characterisation of cardiac function in the two
models

1.7.1 Use of PV catheters to assess cardiac functio n

PV measurements are regarded as the gold starataree&suring cardiac function,
particularlyin vivo (Kasset al, 1986;Burkhoffet al, 2005). The simultaneous
measurement of LV pressure and volume, both dwtiegdy-state conditions and during
varying load on the heart have established a vempcehensive means of understanding
cardiac mechanics. The ability to assess bothdegendent and load-independent
measures of cardiac function is an important featdithe PV technique which is not
possible using alternative measures of LV functiooh as echocardiography. This
however has recently become possible using magrestimance imaging (MRI) in
combination with a pressure catheter with MRI-basgldme measurements to create the
PV loop (Lederman, 2005). The PV catheter techaigges a single impedance
(conductance) catheter which is designed to liagatbe long axis of the LV and contains
sensors that measure both pressure and volumetaimaausly. PV methodology has been
applied to humans (Kast al, 1988b) and large animals (Little & Cheng, 199®)wever
with recent technological advances in miniatureseenthis technique can now be applied
to smaller animals, including rats and mice (Gekogauloset al, 1998). The PV
technique offers many advantages over other teaksiquch as the ability to assess more
accurate load-independent indices of functionpasinot rely on geometric assumptions,
and can easily be applied to small rodents. Howheeprocedure is invasive and can
normally only be performed once in the animal pttermination meaning that
longitudinal or repeated measurements in the sammeahare not easily achievable (unlike
echo and MRI). However, it has recently becomesides to do the PV technique in
conscious mice (Johet al, 2007). The technique also relies on appropxialeme
calibration methods such as the hypertonic saliliéi@h method and independent

assessments of SV (details on this can be foutitkiGeneral Methods chapter). Despite
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these limitations, the PV technique is consideoeget one of the most accurate methods of
assessing cardiac function and was therefore selest the method of choice for

functional measurements in this thesis.

1.8 Measurement of gene expression

The expression level (MRNA levels) of a particiane in a tissue sample may be
measured using a technique known as the polymelrase reaction (PCR). The PCR
technique was developed in 1983 by Kary Mullis @armbmpletely revolutionised the
detection of nucleic acids; Mullis was later awatdlee Nobel Prize for Chemistry
together with Michael Smith in 1993 for his workdaveloping the PCR method (Bartlett
& Stirling, 2003). The technique is based uponatmplification of a specific target
sequence of DNA (specific to gene of interest) dyeated cycles of heating and cooling to
permit melting and subsequent replication of specgions of double-stranded DNA by
the enzyme DNA polymerase directed by short oligtentide sequences known as
primers. The DNA generated by each cycle servélseatemplate for further replication
and therefore sets in motion a “chain reaction’irpwhich the target DNA sequence is
exponentially amplified. By measuring the amounteadlular mRNA this provides
information on the extent a particular gene is exped. Full details on the technique are

covered in the General Methods (Chapter 2).

1.9 Aims

The RUNX family of transcription factors have bedtown to have a protective role in
skeletal muscle and have been recently shown te alered expression in cardiac
disease. However, quantitative data on the ddgredichRunxexpression in the heart is
altered during cardiac disease is limited. Theomajm of this thesis was to characterise
the changes in expressionRiNXMRNA levels in two separate animal models of Grdi

disease; a mouse model of BHd a rat model of hypertension and altered LVamas

RUNXexpression has not been measured in the cardsaetef either of these animal

models previously.

1. The first aim (i) was to establish and charactesiseouse model of MI which would
later be used as an experimental model for meagatiaredRunxexpression during
MI. This was a new model in the laboratory therefihis involved developing a
technique to perform CAL-induced MI in mice whiclaswreproducible with low
mortality. It was then further aimed to (ii) penio a detailed characterisation of the
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mouse MI model in terms of assessing structuralaions of the heart through
histological and morphological measurements, amahgés in cardiac function using
vivo electrocardiograms and PV methodology. The astsutgurvival characteristics
of the model were also investigated. These measnts were performed at two
separate time points (4 or 8 weeks after the proegdo assess whether the model
demonstrated cardiac remodelling and dysfunctiso@ated with MI. It was
hypothesised that performing CAL in mice would proe a model with characteristics

of MI comparable to other published murine MI madahd mimic human M.

2. The second set of aims was to assess alteratidhe expression of the thr&inx
genes Runxl1, RunxandRunx3 in cardiac tissue from the mouse MI model using
gRT-PCR methodology. This was to investigate wiethere were differences in
RunxmRNA levels after MI, and whether there were (iquabes in different regions of
the infarcted heart, (ii) temporal alterationstses M| developed, and (iii) whether the
differentRunxgenes showed different patterns of expressiowadtalso aimed to
perform immunohistochemical experiments of headue sections to visualise the
localisation of RUNX within the cells of the heafkiven the data on RUNX1 up-
regulation in human MI, it was hypothesised thainailar patten of increasegiunx

expression would occur in response to Ml in the seomodel.

3. The final set of aims were to characterise thectral and functional changes in two
different but related animal models of cardiac dsse— a rat model of hypertensive
heart disease and novel congenic sub-strains dfyibertensive rat model for altered
LV mass. It was therefore aimed to characterisé @@odel in terms of structural
alterations through assessment of cardiac fibaosishypertrophy and assess LV
function using PV methodologyRunxImRNA levels were also quantified in these
two models using qRT-PCR permitting: (i) investigatof altered patterns étunx1
expression and (i) comparison with the Ml modeludher dissect the role of RUNX
in the heart during cardiac disease and thereksess its potential as a future
therapeutic target. It was hypothesised that itfierdnt congenic sub-strains would
demonstrate different patterns of cardiac mechadisfunction and fibrosis patterns,
and alteredRunxgene expression levels in response to CVD sirtoldal.
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All surgical procedures were performed in accoréanith the Animals (Scientific
Procedures) Act 1986 and were approved by the Wsityeof Glasgow’s ethics
committee. All animal experiments conformed to &ede for the Care and Use of
Laboratory Animals published by the US Nationatitages of Health (NIH Publication
No. 85-23, revised 1996).

2.1 Experimental mouse model of Ml

After a period of approximately 1 year of microsuagg training by Dr Christopher
Loughrey, Ml was independently induced in mice ggime CAL method. This was a new
model in our laboratory, therefore it was importemtlevelop a method which was
reproducible and efficient with low mortality; botost importantly that would demonstrate
features of dysfunction and remodelling as desdribéhuman Ml (Chapter 3).
Development of this model therefore required rig@roptimisation and refinement. Due
to their small size, the use of mice presentedtiadil challenges in the need for precise
microsurgical skills and meticulous intra-operatigehnique. A detailed description of the
development of the mouse MI model is found in thetions that follow.

2.1.1 Animals

The strain of mice used was the C57BI/6 strain. nfi¢e were obtained from a licensed
commercial breeder in the U.Kd&rlan Laboratories, U.K.and were housed 5-10
animals per cage (or singly post-procedure) irBiodogical Services facility at the
University of Glasgow with 12/12 hour light and kKlaycles and free access to water and
food pellets. Adult males were used (8-10 weekagef, 18-25 g); at this age the

developmental growth of the heart is complete (deskiet al, 2004).

2.1.2 Anaesthesia and pre-surgical preparation

The surgical set-up and surgical instruments usethfs procedure are shown in Figure
2.4A and B, respectively. As this was recoverygsuty, the operations were performed
under aseptic conditions as much as possible.silifggcal instruments were autoclaved
once (at the beginning of the day prior to surgangd decontaminated between surgeries
using a hot-bead steriliseBérminator 500, SouthPointe Surgical Supply IncAJSThe
surgical operating area was disinfected with artigwidine gluconate spraf¢olab,

U.K.) and sterile towels were laid down on the surgiahle. A sterile drape was used for

the animal and a new pair of sterile gloves wasl tigeeach animal. The mouse was
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collected and weighed. The type of anaesthesidwas isofluoranelgoflo, Abbott
Laboratories, USAmixed with 100% oxygen. Inhalable anaesthetiesawpreferred
because these offer more precise control over dd@haesthesia and have the least
depressive effects on the cardiovascular and @spyr systems compared to other forms
of anaesthetics (e.g. injectables) (Richardsone&lkiell, 2005). Anaesthesia was induced
by placing the mouse in a pre-filled closed induttbox (Figure 2.4C). Following loss of
the righting reflex, animals were moved to a fa@sk(4% isofluorane; 1.5 L.mif). The
fur was clipped from the entire chest area usinglaatric shaver and the skin was
thoroughly cleansed with clean gauze swabs usimgren surgical skin disinfectant
(Hibiscrub, Ecolab Ltd, U.K.(Figure 2.4D). To minimise body heat loss, tbkison was
prepared warm with very minimal wetting of the skifre-operative analgesia of 5 mg/kg
carprofen Rimadyl, Pfizer Animal Health, U.Kinjected 20 pl of the 5 mg/ml stock
concentration) and 0.1 mg/kg buprenorphivietérgesic, Reckitt Benckiser Healthcare
Ltd, U.K; injected 30 pul of the 0.03 mg/ml stock concemtrgtalong with sterile saline
(0.9% sodium chloride; 500 ml bag) were administexethis stage as a single
intraperitoneal injection - final combined volumkeadl three components was 0.4 ml
(Figure 2.4E). Pre-operative administration alldwefficient time for the drugs to take
effect in time for the animal awakening from susgeA sterile ocular lubricant@cri-

lube ointment, Allergen Inc, U$Avas then applied to both eyes to protect cordighg
during the procedure (Figure 2.4F).

2.1.2.1 Endotracheal intubation

There are numerous methods for the intubation oérdescribed in the literature ranging
from non-invasive oral intubation (Spoelsétaal, 2007;Hamachegt al, 2008) to more
invasive tracheostomy (Moldestatlal, 2009). The ability to intubate mice quickly,
reproducibly and with as little damage as possilmperative for a survival model. For
our model, we preferred not to use the tracheostppyoach as the animal would be
subjected to further surgical intervention whichilcbalso lead to serious complications
post-operatively such as bleeding, infection amdmplete tracheal seal (Spoelsttal,
2007). In cases where the trachea was exposeadagthecervical incision to guide
intubation, this also led to fatal respiratory cdiegtions after the operation and it was for
this reason that this method was no longer usduk bEst success in our model with
endotracheal intubation has been with direct visaibn of the glottis and vocal cords
using a method which was quick, efficient and asimally invasive as possible. A

number of different methods were adopted to achileige The earliest method tried was
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placing the mouse on a polystyrene board at a dgeaand using a fibre optic light source
shone on to the neck to illuminate the tracheawéi@r this did not provide sufficient
visualisation of the structures of the throat aetltb potential tissue trauma and incorrect
placement of the tracheal cannula into the oesapghaghe next step was to find a way to
position the mouse under the microscope (at theoppiate height for x 25 magnification)
to allow for improved visualisation of the vocalrde and tracheal opening. This approach
required the mouse to be held vertically so thatrtiicroscope could be used to look
directly down into the oral cavity. For this, arshaped stand made of acrylic plastic with
a ring of thick silk suture (3-0) was utilised (Erg 2.1). The (anaesthetised) mouse was
suspended from a suture loop by its front incisorshe vertical side of the L-shaped
support. The tongue was held aside with the thantbforefinger and the animal’s body
was supported with the rest of this hand, freelvegdther hand to insert the cannula
(Figure 2.1B; Figure 2.4G). Using this manoeuwe dpening of the oral cavity was
parallel to the microscope lens and therefore pleia very clear view of the tracheal
opening which ensured accurate placement of theutarnto the trachea and markedly
reduced any tissue trauma or accidental placemémthe oesophagus. The cannula (0.8
mm O.D.) was then gently inserted into the traaln@d the Y-piece connector just entered
the mouth. By doing it this way, endotracheal lraiion of the mouse took < 20s and
therefore it was not necessary to maintain the lgugfpsofluorane to the animal during
this time (mouse remained unconscious throughdubation). This method therefore
proved to be a quick, non-invasive and reprodu@pigroach to endotracheal intubation of

the mice.

silicone cuff
\P
1&”|||||”1H||||IZII||||||||;|IIII|III”IIII1£II‘|!

[ TP PIOTII

Figure 2.1 Development of a method for endotrachéatubation of mice.

(A) Schematic illustration of the L-shaped plastiand used to support the mouse during endotrbicttebation. This
consists of an acrylic plastic stand with a loophadk suture fixed in place with tape. (B) Pasiing of the mouse and
retraction of the tongue for cannula insertion galiformed under a surgical microscope). (C) Teatbannula used

with silicone tubing placed around the cannulai@at&d) with connector Y-piece attached.
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Tracheal cannula and ventilator settings

The tracheal cannula was a stainless steel tulterotgesigned (25 mm long; 0.8 mm
0.D.) Harvard Apparatus, U.K.as shown in Figure 2.1C. A number of different
cannulae were tried previously including intravesmigatheters and polyethylene (PE)
tubing; however these were found to lack rigiditgl aesulted in greater dead space. Metal
cannulae manufactured for midéarvard Apparatus, U.K.were found to be more
suitable as their rigidity meant they remainedasipon within the trachea better. A range
of sizes of metal cannulae ranging in length amdn@iter were tested including (i) 1.0 mm
O.D & 28 mm long; (ii) 1.2 mm O.D & 30 mm long biltese were found to be too large in
diameter that they caused too much trauma to thelwords and surrounding throat
structures, and their long lengths were not sugtétn the size of mice in our studies and
risked damage to the bronchial bifurcation. Afu® O.D cannula was manufactured
courtesy oHarvard Apparatus, U.Kand the smaller O.D and shorter length were safer
and minimised the risks of damage. In order togase the O.D of the shaft of the cannula
(to improve fit within the trachea but minimise dage during insertion) a piece of thin
silicone tubing was used over the cannula whictiexbas a cuff-like design which also
improved the ‘grip’ within the trachea. Once irtsér the tube was connectedb(the Y-
piece) to a mouse ventilatdi{go-Sachs, Harvard Apparatus, Germpapnd the animals
were ventilated at 120 breaths per min with a tiddime of 120 pl as recommended by
the supplierflarvard Apparatus, Germanhyor mice of BW 20-25g by the equations
below. Chest movements in synchrony with the Vatioti confirmed successful intubation
and mechanical ventilation. The connection tubesevtaped down securely to prevent

accidental extubation during the procedure.

Respiration Ratgbreathspermin)= 535x BW %% Eq. 1

Tidal Volume(zd) = 62x BW™* Eq. 2

Where BW is the body weight of the animal in g.

2.1.3 Surgical procedure
2.1.3.1 Positioning of the animal

The mouse was then positioned for surgery on a vireah mat (to maintain body heat

throughout) in a supine position slightly turned/&ods its right side and left forearm
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retracted with soft tubing (Figure 2.2; Figure 2,3HThe remaining limbs on the right
side were taped down (leaving the left leg freetderpinch checks to assess depth of
anaesthesia). The positioning of the animal wesygpart of the procedure as it can
largely influence the access to the heart and hawehnthe left lung permits or impedes the
window of access. Where the animals were positicugpine or fully on their right side
proved to be problematic as the sternum or lefg ould restrict access to the heart,
respectively. Thus it was found that a positiorafighe animal between supine and right
lateral was the most suitable. The orientatiothefanimal with respect to the surgeon was
also found to be important, with lateral positignproving to create problems with the
lung collapse, requiring physical movement of tlnegl with a swab or tissue. This was
found to lead to problems with respiration postrapieely likely as a result of damage to
the lung. A longitudinal positioning of the mouseéth the head furthest away and the
caudal end closest to the operator) meant thahtrepulation and ligation of the coronary
artery was at a more favourable angle and thewmgd collapse away naturally without

the need for swabs that could cause damage.

Figure 2.2 Positioning of the mouse for CAL surgery

Photograph shows the view from operator’s pointie# in which the animal is placed supine and tdrskéghtly on its
right side with right limbs taped down, the leftraretracted with tubing and the left leg left ffee toe-pinch withdrawal
reflex (anaesthesia depth) checks.

2.1.3.2 Lateral left thoracotomy

The surgical procedure was performed with the & microsurgical microscope which
was set up at the beginning of the surgical proety performing the following in this
order: (1) the dioptre eyepieces were set to Z8)a small object (usually a pin tack) was
placed in the centre of the field of view on a 8atface, (3) the highest magnification

(x40) was selected and the object was focused tisengoarse focus dial, (4) the lowest
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magnification was then selected (x10) and the riylefpiece dioptre was adjusted until
sharp focus of the object was achieved withoutialjethe coarse focus dial, (5) the
highest magnification was selected to ensure thecobtill remained in sharp focus, (6) if
this was the case, the lowest magnification wascsedl and this time the left eyepiece
dioptre was adjusted until sharp focus of the dbjgg it was then verified that the
microscope was parfocal at each magnification hycsimg through each magnification
ensuring the object remained in sharp focus at.eRcior to incision, a final check for
sufficient depth of anaesthesia was confirmed bl tf response to toe-pinch reflex
(isofluorane was reduced to ~3.5% by this pointigadly from 4% at induction;
anaesthesia was continually reduced by 0.25% gligdaa minimum of 1.5% thereafter).
A 1 cm-long incision was then made laterally actbssleft side of the chest perpendicular
to the sternum in line with the ribs (approximat&lynm above the xiphoid) (Figure 2.4J-
L). The skin and thoracic muscles overlaying ibecage were retracted using elastic
blunt-hook retractordHarvard Apparatus, U.K.(Figure 2.4M,N). The position of the left
lung prior to opening the chest was noted by markiith a line either side of the incision
using a surgical marker pen. This was to enswethie lungs were reinflated back to this
point during close-up to limit complications duensufficient lung reinflation. The

muscle between the ribs of the fourth intercogtate was perforated using angled forceps
and incised using a battery-operated cauteridanfard Apparatus, U.K.taking care not

to damage the heart or left lung. This was aclidaegripping the rib above gently and
pulling upwards to create distance between theecimet and major organs beneath (Figure
2.40). The ribs were then retracted using a furtve blunt-hook retractors to fully

expose the heart (Figure 2.4P). Due to the posiigoof the animal, opening the thoracic
cavity caused the left lung to fall away naturahd negated the need for any swabs and/or
touching of the lung as described previously.

2.1.3.3 Left anterior descending (LAD) coronary art  ery ligation

Experiments to improve visualisation of the LAD coary artery

Visualisation of the LAD coronary artery in micensre difficult than in other species
due to its very small size and deep embedmentmwitie myocardium. Intense lighting
and high magnification were found to be essentiathis. Generally, the anatomy of the
left coronary artery (LCA) in mice is believed te bomparable with other mammals;
however it has also been known to be highly vaeiatimice even within inbred strains

(Michaelet al, 1995). There are also discrepancies in thergragiurse and branching
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structures of the LCA in mice. Through use of ptasasts, groups have found that the
LCA does not branch into a septal portion (Kumaial, 2005) whereas others have found
it does (Fernandeat al, 2008) but what seems to be consistent is thatheh¢here is a
septal branch or not, ligation of the LCA tendgtoduce infarction of the LV only while
the septum is still perfused (Salto-Telktzal, 2004). Although investigation into the
anatomy of the LCA in mice was beyond the scophisfthesis, some experiments were
performed on a cohort of isolated mouse heart§)in which a coloured dye was used to
facilitate identification of the LAD coronary arter Briefly, hearts were excised and
following an initial perfusion with saline to rem@v¥he blood, hearts were then perfused
very gradually with a small amount of blue dye (E'gaBlue) to highlight the location of
the LAD, taking care only to perfuse as far asdtieries (not veins). The hearts were
then photographed and an example is shown in FR3reThis method was effective in
identifying anatomical landmarks, reduce blind tigg, and improve reproducibility.

Figure 2.3 Location of the mouse LAD coronary arteryusing Evan’s Blue dye.

LCA indicated by arrow. RA = right atrium, LA =fteatrium and Ao = aorta.

LAD ligation in vivo

In vivothe LAD was visible as a bright orange tortuouspsitivessel running through the
LV from under the left atrium. The pericardium wgently removed and tucked behind
the heart and a 9-0 nylon non-absorbable suW28¢9Ethilon, Johnson & Johnson,
U.K.) was passed around the LAD coronary artery apprately 1.5 mm below the left
atrium and tied to produce permanent occlusionuiei@.4Q). Ligating any closer to the

left atrium than this (<1.5 mm) was found to matigeaffect survival and was often fatal,
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most likely as a result of too severe an infarcfiomsed on observation only). Thisis in
agreement with what others have found (Salto-Telted, 2004). Ligating at the 1.5 mm
mark produced statistically reproducible infaratesi (Chapter 3, Figure 3.8) within the
threshold required for survival and produced adexdgsfunction and structural
remodelling associated with MI (Chapter 3). Ligatwas deemed successful when the

LV became pale in colour and in some animals bySheelevation on the ECG.

2.1.3.4 Closing up

The rib retractors were removed and three sutuess evenly pre-placed along the ribs
using 6-0 non-absorbable prolene sutu¥¥8711, Johnson & Johnson, U)KEigure

2.4R). The lungs were reinflated by pinching tkpigation tube for 3-4 respiration cycles
and then placing the tube underwater in a smakdre@50 ml water) to allow sufficient
positive end-expiratory pressure (PEEP) to keepuihgs fully inflated during close-up.
This action of placing the tube beneath a depth260 ml water proved more successful
than allowing it to remain attached to the maclaisdt led to a 65% reduction in
respiratory-related deaths (data shown in Chapterg8ire 3.2). The rib sutures were tied
to seal the thoracic cavity, middle suture firsern the adjacent ones. The thoracic
muscles were returned back together with the agbofe drops of sterile saline (no
sutures) and the skin was sutured with 5-6 simykriupted sutures using absorbable 6-0
vicryl (W9575, Johnson & Johnson, U)KFigure 2.4S). The isofluorane was gradually
reduced before being switched off during skin satur The mice were given at least 5
min on 100% oxygen before switching to room airleistill on the ventilator. Animals
were extubated only when they regained consciogsateshich point they were placed
into a warm recovery cage with soft bedding (Figi#erl). The control for this procedure
was a sham operation in which the animals underexegttly the same procedure but
without CAL. The suture was initially placed butried in the sham animals; however
this was found to (i) fall into the thorax and risltection and (ii) risked causing local
damage which may lead to some ischaemia. Thersf@® animals underwent the
procedure but without placement of the suture enhéart.

2.1.3.5 Recovery and post-operative care

Animals were monitored closely immediately aftergguy to ensure sufficient warmth and
oxygen provision if necessary until they were mefgind then daily thereafter at least
three times a day. Post-operative analgesia wasdad in the form of buprenorphine (0.1
mg/kg) administered orally in a soft custard feedthree days after the operation and
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wounds and body weight were also closely monitaezbrding to Home Office
regulations. Mice were given the custard feedhenweek before surgery to acclimatise
them to it (which was found to improve their intgran it post-surgery) and the custard
was provided in a small dish on the cage floormtioagce the animal’s ability to reach it.
The eating habits and body weight of the animalsewecorded daily to ensure the food
was being eaten and the analgesia received. thigdfirst week the animals were then
returned to normal cages and moved back to thermpasea until the time of sacrifice.
Any animals found dead underwent autopsy to asodtia cause of death and a record of

the date of death (as day post-operative) was thgge
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Figure 2.4 Photographs of various stages of the giical method used for inducing Ml in mice.
See details in Section 2.1 describing each im&ymted line in (J) indicates first incision sitedaarrows in (Q) indicates
the LAD coronary artery.
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2.2 Congenic rat model of altered LV mass

2.2.1 Generation of congenic strains

WKY and SHRSP animals, originally obtained from thaversity of Michigan, were
brother-sister mated to produce colonies of WKY 8rtRSP at Glasgow as previously
described (Dominicza&t al, 1993). Congenic strains were generated usingréen
assisted speed strategy where segments of SHR8Rasome 14 were introgressed into
WKY (to produce a WKY-congenic) and segments of We&¥omosome 14 were
introgressed into SHRSP (to produce an SHRSP-carjgerhe breeding protocols for
these two congenic strains is outwith the scoptisfthesis but details have been
previously published (Davidsaet al, 1995).

2.2.2 Genotyping of congenic strains

Genotyping was previously performed by Dr Delyttaam’s laboratory at the University
of Glasgow. Animals were anaesthetised (isoflueyamd a 4 mm tip from the tail was
removed at 4 weeks of age. DNA was extracted fadail biopsy and analysed using
PCR around the 83 polymorphic microsatellite masKesm total genomic DNA with the
use of specific primer pairfkésearch Genetics, Alabama, U&&igma Genosys
Biotechnology, Cambridge, U .X.

2.3 PV measurements

2.3.1 The PV loop

LV pressure can be plotted against LV volume talpoe the PV loop (Figure 2.5). The
PV loop diagram illustrates instantaneous PV pdimtsughout an entire cardiac cycle and

proceeds in an anticlockwise direction depicting fibur main stages of the cardiac cycle.

79



Kirsty K. Foote, 2012 Chapter 2

A

Isovolumic
relaxation
) Ejection Rapid inflow
Isox'olu:_mc Diastasis
contraction
Atrial systole
1
120 - -‘\_0"_“ .-\.-:r!:icI valve
% 100 Qﬁi‘é g
oo T Aortic pressure
:g 80 - B
Pl ‘
7 40 A-Vvalve
& opens
& 20 / a - - Atrial pressure
. Iy
— 133 - Ventricular pressure
3 gt P s =
E 90 Ventricular volume
S 50 . .
e ,—/T'\
Electrocardiogram
Q )
2nd 3rd
Phonocardiogram
Systole Diastole Systole
150
a 125+ 4~ Ejection
T D N\
£ 1004
S
[ «C
= 751 T
7 . 23
o
o 501 §3 5%
(o 2E
%9q
> 20
—~ 257
r illi —
A/' ____ Filling - '\B
0 T T T T T 1
0 25 50 75 100 125 150

LV Volume (ml)

Figure 2.5 LV pressure and volume and the PV loop.

(A) Example pressure (upper blue) and volume (ireg) recordings for two cardiac cycles with electnaliogram (lower
blue) also shown. (B) Example PV loop (red lin@)wing the four stages of a single cardiac cy@emitral valve
opens; AB, filling phase; B, mitral valve closes; B&yvolumetric contraction; C, opening of aortic val@®, ejection
phase; D, closure of aortic valve; DA, isovolumetelaxation. Figure (A) taken from (Guyton & H&D06) and (B)
taken from (Burkhofgt al, 2005).
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2.3.2 Principle of operation

The catheter uses an electric field to measurgdghene of blood in the heart. Baan and
colleagues (Baaet al, 1984) first proposed a method of correlatingdhanges in LV
volume to the change in electrical resistance efflood pool within the LV. The
conductance catheter has four electrodes located) éls axis for the measurement of
conductance; two outer excitation electrodes amditner sensing electrodes. A low-
amplitude constant current is applied from the owter electrodes to produce a local
electric field. This electric field passes inte thlood, the myocardium and the
surrounding structures. The voltage change athese electrodes is inversely
proportional to the conductance and is measurdtdtwo inner electrodes. A pressure
transducer is located between the two inner eldesof the catheter for direct pressure

measurements within the ventricle (Figure 2.6).

Pressure
Transducer

Figure 2.6 Scisense PV catheter.

The pressure transducer and electrodes for megsuwlome are indicated. Picture adapted f@ecisense Inc.

2.3.3 Volume signal correction

The conductance signal is linearly proportionahte volume but requires appropriate
calibration (correction) to provide accurate absltolume measurements. The
conductance signal is converted to volume usinddt@wing equation described by Baan
(Baanet al, 1984) :

2
Vi = pl_?(vc V) Eq.3
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WhereVr is the true volume (ul)c is the volume measured by the catheter (ul)\ang

the parallel volume from surrounding conductiveistiures o represents the resistivity of
blood Qcm), L represents the length between the electrodes émdyy is a constant gain
factor dependent on the SV. As the resistivithlobd and the catheter recording segment
length remained constant in all experiments, theatgn could be simplified to the

following (2):

1
Vi :E(Vc V) Eq. 4

Two factors are required to correct the volume @igmthe above equation, these are: the

alpha gain coefficient) and the parallel volume offset correction fac\ég).

2.3.3.1 a gain coefficient

a is a correction factor used to calibrate the Sthefresulting conductance signal to
match a standard of comparison (usually by usefloflaprobe or echocardiography).
This is required because the PV catheter uses plgicirodes which means the electric
current lines are not straight but curved, intradgaon-linearity to the volume signal.

a is calculated by adjusting stroke volume (or caraiatput — the product of SV and HR)
measured by the catheter to that of stroke volwnedrdiac output) measured by an

independent method. Therefore:

CO,
COTI’UE

Eq. 5

Where CQ is the cardiac output measured by the catheteCé&hde is the independently

measured cardiac output.

2.3.3.2 Parallel volume (V p)

Conductance measurements should correspond tovtiobd pool alone but in reality
some of the current leaks into the surrounding ragdiom and other structures which are
conductive. This introduces an error into the woducalculations and must be corrected to
avoid inaccurate over-estimation of the true volurifis is commonly performed using
the hypertonic saline dilution method. This invasvnjecting a bolus of ~10 pl (mice) or
~35 ul (rats) of high salt solution (e.g. 15% Nai@tjavenously into the animal to

transiently increase the conductance with no effadhe pressure. This leads to a

82



Kirsty K. Foote, 2012 Chapter 2

rightward shift in the PV loops. pdvas calculated by solving a series of linear aquat

to locate the intersection of two lines; one repnésd by the saline data (plotting EDV
against ESV for each beat during the rise phasieeofolume trace following the injection
of hypertonic saline) and the other by plotting ES#DV. The latter line (ESV = EDV)
represents the LV chamber when ESV = EDV (i.e. Ievad of blood). The value of the
intersection between the two lines is equal tobkef the surrounding tissue and can be
subtracted from the measured volume to obtainualeme — an example of this is shown

in Figure 2.7 below.
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Figure 2.7 Example of parallel volume estimation.

(A-i,ii) Pressure and volume during the hypertogadine bolus injection and (A-iii) resulting PV lo®showing a
rightward shift in the loops corresponding to acr@ase in volume with no change in pressure. (B) BS¥EDV points
during the hypertonic saline bolus are plotted extdapolated — the intersection with the line oty (ESV=EDV)

represents the parallel volume. This is an exartgien from a stock rat.
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2.3.4 Calibration of PV catheters

Prior toin vivo PV experiments, the catheter was appropriateipreaéd for pressure and

volume.

2.3.4.1 Pressure

The catheter was pre-soaked in saline at 37°Gnatar bath for at least 45 min before
each experiment. The reasons for this were torerslequate equilibration with the
temperature at which the recordings will be medévo (37°C) and to ensure maximal
stability of the pressure signal. The equipmeiss given the same amount of time to
warm up before use to minimise electrical driftleé hardware. The signal was calibrated
prior to the start of the experiment by a 2-poiméar calibration method using built-in
values on the power unit (0 mmHg =-2.86 V; 100 ngH0.56 V). Additionally, the
pressure sensor was tested using a pressure tcansdlibration deviceDelta-Cal 650-
950, Utah Medical Products, U$avhich allowed the pressure sensor of the cathetee
calibrated against known output pressures. Imnbelgliarior to use, the sensor was
balanced (reset to 0 mmHg) for any electrical dhiét may have occurred since calibration
by submerging it just below the surface of salma bijou at 37°C and adjusting the
balance dial until the catheter read 0.00 mmHg.

2.3.4.2 Volume

There are two ways by which the volume signal cadlibrated prior to the beginning of
the experiment; (i) using the in-built values oa ttatheter control unit or (ii) using two

cuvette wells of known volume.

(i) Built-in volume calibration

The Scisense Model FV898®wer unit contains an in-built calibration sclevolume
calibration. These are electronic calibration a&gé outputs that correspond to specific
volumes (5 values for mouse and 5 for rat), twavbich can be used for a 2-point
calibration similar to the method described abarepfessure calibration. However,
before using the in-built calibration system ae®of calibration experiments were
performed to verify the accuracy of this system.

This involved calibrating the catheter with diffat&ombinations of two in-built values

then measuring the volume read by the cathete¢aidard wells to assess how closely this
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matched the true volume of the well. This approaltdwed (i) verification of the
accuracy of the in-built system and (ii) selectidrihe two most suitable in-built values to
use based on which combination gave the most aecresult. A polycarbonate block
containing cylindrical wells of known volum@&DInstruments, USAwere filled with

either fresh heparinised blood obtained from ratsice, depending on the catheter used
(mouse blood for the mouse catheter and rat blooth€ rat catheter), or using a mock
blood solution (described below). These experismardre performed by myself and Heidi

Conrad (a summer undergraduate student).

(i) Cuvette well calibration

These experiments could also be performed usingtwette wells of known volume for
the 2-point calibration instead of calibrating witio in-built values from the machine.
The two wells selected were those which correspbtal¢he normal upper and lower

values for LV volumes observed in the mouse oheairt.

For both of these methods, the preparations wenetai@ed at 37°C in a water bath,
clotting of the harvested blood was minimised usavg concentration heparin (60 U/ml)
added to the blood immediately after collection #r&lcatheter was always centred
carefully within the well. The results of thesdilmation experiments are shown in Figure
2.8. These data reveal that the in-built valueara 40 pl showed the greatest unity for
the mouse calibrations, and 200 and 300 ul forahand were therefore suitable to use for

volume calibrations.
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Figure 2.8 Calibration curves using different calbration combinations from the in-built system and acuvette
calibration.

(A-B) Measurements were generated using a mouss BV catheter with freshly harvested heparinisedise or rat
blood respectively in standard cuvette wells oflknawolume. The combinations shown on the righttheedifferent
pairs of values used to calibrate the PV cathetdrtiaen the catheter was placed in cuvette welisaéasing known
volume. The different calibration curves were canggl against a line of unity (black line) where mead volume =
true volume to determine the best calibration v@heeuse. The dotted lines represent the normdl &fsl EDV ranges

for mouse and rat according to (Packeal, 2008).
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Preparation of a mock blood solution

Under ideal conditions, a sample of blood fromahenal would be taken prior to the
experiment and used to fill the wells for volumdélwation. However, rats and mice have
very low circulating blood volumes and thereforewdonot provide enough blood

required to fill the wells. In order to eliminadtee need for fresh animal blood before each
experiment, an alternative ‘mock blood’ saline siolucan be prepared to match the
conductivity of blood and can be used for the catibns instead. Empirical data has
shown that the conductivity of blood for mice aatsrare as follows (this has also been
verified by our experiments using direct measureméti a conductivity meter):

Mouse blood at 37°C = 7.6 mS

Rat blood at 37°C = 6.3 mS

To prepare a solution that matched these valugg°a, physiological saline (0.9% NacCl
w/v) was diluted with double distilled water and mtored using a conductivity meter
(Amber Science Inc, U$Aalibrated with a standard solution of known aactivity (6.66
mS; Amber Science Inc, U$AThis was done by submerging the measuring pobliee
meter into ~25 ml of the standard solution, movimg probe up and down to dislodge any
air bubbles which could affect the readings andstd)g the standardising dial to match
the known conductivity. This calibration was ragdito be performed at a temperature of
25°C in order to be accurate therefore the calimegolution was heated to 25°C in a
waterbath. Once the mock blood solution was mad@s stored at room temperature and
used at 37°C.

Final volume calibration methods used

Prior to thein vivo experiments, the volume signal was calibrateceeitising the in-built
volumes within the power unit (all rat experimeatsl stock mice experiments were
calibrated this way), or using two standard cuvetdls (mouse MI studies were
performed this way). The two hardware units wefieknt in that one had in-built
volume valuesKV866B and the other did noE{/898B and is designed to be used for
variable segment length catheters. The in-builime unit V8668 was suitable for
normal rats where physiological LV volumes wereeotpd but in infarcted mouse hearts

87



Kirsty K. Foote, 2012 Chapter 2

post-MI where a dilated LV chamber is common theudlumes were too large for the
range of thé-vV866Band therefore thEV898Bwas used instead for these experiments.

The in-built values used for a 2-point calibratigere as follows: 20 and 40 pl for mouse,
and 200 and 300 pl for rat. These values wereerhbased on verification using
calibration experiments (see Section 2.3.4.2). ifHauilt volumes were unsuitable for the
mouse MI functional studies because the larger tleamwolumes associated with Ml were
greater than the maximum volume the in-built systeuld read for mice. As a result two
cuvette volumes were used in combination withRRR898BVSL power unit for the 2-
point calibration and these were 31.81 and 88.3fuuétte wells which were chosen to
represent the volume range expected in the mofeetad heart. These values were also
used for the sham animals. The VSL unit has beeviqusly calibrated in our laboratory
and the results published (Elli@t al, 2012;Kellyet al, 2012).

2.3.5 Surgical procedure for insertion of PV cathet  er into the LV
in vivo

2.3.5.1 Different surgical approaches available for PV catheter insertion

There are two main surgical approaches which carsbd for inserting the PV catheter
into the LV of the rodent heairt vivo. These are (i) an open-chest approach; involaing
thoracotomy by transverse substernal incision efdiaphragm and subsequent insertion
of the catheter into the LVia direct apical stab or (ii) a closed-chest approacivhich

the catheter is insertedha the carotid artery and fed retrograde throughatbréic valve

into the LV. Each method has both advantages aadldantages and the surgical
approach used tends to be largely dependent astutg and the experimental model of

cardiac disease used (if applicable).

Theopen-chest approachviathe apex of the heart) is frequently used as dgdn be
quicker and allows for more direct control overhedér positioning within the heart.
Furthermore in models where the aorta has beeredaiedg. in TAC models) or the aortic
valve may be severely calcified (e.g. in advanamlreg models) this approach is the more
appropriate over the carotid artery method. Howebe open-chest approach can be
disadvantageous due to the associated lung collapsgromised myocardial integrity
and relatively large tissue trauma which can inflteehaemodynamic function. In Mi

models this approach is not suitable as the apgggbn of the heart will have undergone
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extensive remodelling and infarct formation makingaccessible for the catheter with no
stable hold.

Theclosed-chest approaclfvia the carotid artery) is considered to be less ineahan
the open-chest method as the lungs remain untoutteediyocardium intact with
minimum tissue trauma. This approach therefordgéa be favoured for prolonged
experiments which require haemodynamic stabilitgravlong period of time (e.g. drug
testing) or for assessment of animals that havengmhe MI to avoid damage to the

infarcted area.

2.3.5.2 Surgical approach chosen for the different animal models

Mouse MI model: For the reason outlined at the end of the prevjgaragraph, the
closed-chest approach was used for the mouse Méhmothis thesis (including control
stock or sham mice for consistency).

Hypertensive and congenic rat model:For the hypertensive/congenic rat model study,
there were no structural limitations associatedh wie phenotype to dictate which surgical
method was to be used. Therefore, as it was eat blow the surgical approach (including
the choice of mechanical or spontaneous ventilatonld affect haemodynamic function,
a series of experiments were performed using cslubrstock control rats to test the
suitability of the open or closed-chest surgicadrapches using mechanical and
spontaneous ventilation in order to ascertain winak the most appropriate to use. The
results from these experiments are covered latdrisrPV loop section of the chapter (see
Section 2.3.10). This work was published in alestiarm at The Physiological Society
Annual Meeting (Foote & Loughrey, 2010).

The following sections describe the surgical pracedor inserting the PV catheter either
via (a) a closed-chest approach or (b) an open-cpesbach. Where rats and mice were
used is specified and any differences in the satgimtocol between the two species are

clearly stated.
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2.3.5.3 Closed-chest surgical procedure

PV catheter preparation

PV experiments were performed using either a In2éuge) or 1.4F (rat) PV catheter
(112B-C002and212B-B097 respectively, Scisense Inc., Capadae catheter was
connected to &cisens®V Unit SystemKkV866Bor FV898B, Scisense Inc., Canadad
given at least 45 min to equilibrate at 37°C ptmuse. The catheter was calibrated for

pressure and volume at the start of the experim&described previously (Section 2.3.4).

Anaesthesia and surgical preparation

Animals were anaesthetised with isofluorane (4%@ ahosed induction chamber and
sustained on a face-mask (4% isofluorane) whileskire from the neck region and upper
abdominal areas was shaved and cleaned with aaudysinfectantKlibiscrub, Ecolab
Ltd, U.K). Mice underwent endotracheal intubation with&mm tracheal cannula
(Harvard Apparatus, U.K.and were ventilated under 1.5% isofluorane aspiratory rate
of 120 min' and a tidal volume of 120 piH(igo Sachs Elektronic MiniVent Type 845,
Germany. Rats were either kept on the face-mask forelseof the experiment (closed-
chest, spontaneous breathing group) or were intdlvé tracheostomy with an 18G
cannula made from an intravenous catheter (cloBedtcmechanically ventilated group).
Rats were ventilated under 1.5% isofluorane usisgall animal ventilatoModel 683,
Harvard Apparatus, U.K.at a respiration rate of 70 breaths.thand a tidal volume of 2.4
ml. Animals were positioned supine on a thermasdHy-controlled heat pad controlled
by a rectal probe to maintain core body temperaatiB¥.0 £ 0.5°CHarvard Apparatus,
U.K.) and the limbs taped down in place. A midlinevael incision was made and the
muscles were carefully retracted on the right sidéne neck to expose the right carotid
artery. The carotid artery was dissected taking t@mavoid damage to the vagus nerve or
other blood vesslels. Four silk sutures (6-0) vikem placed around the carotid artery;
one at the distal (cranial) end (tied firmly) téoal anchorage and manipulation of the
artery as necessary; one at the proximal (cauddlfretracted with haemostats to occlude
but not tied) to occlude blood flow during cannidat and two loosely placed middle
sutures to secure the catheter in place once @tsefh rats, an arterial clip was also used
to provide additional support to the most caudaliguto minimise accidental blood loss;
this was not required in the mice as the suturesmuéfscient for their smaller arteries.

Before the catheter was inserted, the other bl@sdels required for access during the
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experiment (left jugular vein and inferior vena agivVC)) were exposed at this time to
avoid accidentally moving the catheter during rdougs later. The left jugular vein was
exposed by extending the cervical incision towdhesleft shoulder and bluntly dissecting
the surrounding muscles to expose the vein. Tl@&Was exposed following an upper
abdominal incision (at the level of the xiphoidtdage). A suture was placed into the
xiphoid cartilage as a means of retraction to egfbe area better. Warm swabs soaked in
saline were placed on the incision sites for tlgeijar vein and IVC to avoid heat loss until

they were needed.

Catheter insertion

The catheter was then prepared for insertion balagizing to zero to correct for any
electrical drift and to ensure there was no ofésedr in the pressure readings. A tiny cut
was then made into the carotid arterial wall atdistal end and the tip of the catheter was
then inserted into the carotid artery and pushddraas the last suture (closest to heart
end) where it was then tied in place. The lasireuivas released (and clip removed for
rat) and the catheter was advanced into the hgpaded by changes in pressure that were
recorded during this time. The time taken fronheggr rebalance to entry into the heart
was usually <5 min but if for any reason this téakger than 5 min, the catheter was
rebalanced in warm saline in the bath. The catheds positioned optimally with fine
movements left or right and advancing or retraciiagnecessary. Optimal positioning was
defined as the tallest and widest loop achievalile the straightest edges; a maximum of
15 min was permitted to reach this. Once positignvas complete, the catheter was
secured into place with the sutures and with bkuHtaecessary. Baseline measurements

were recorded for 10 min in steady state.

IVC occlusions

During baseline recording, the IVC was occludedgdilunt forceps (with plastic
coverings over the tips) for ~ 5 beats to transyergtiuce inflow to the heart (preload) for
the offline calculation of load-independent indicégunction. At least three IVC

occlusions were performed for each animal to abomvean value to be taken.
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Injection of bolus of hypertonic saline

At the end of the experiment a series of intravenaojections of a small volume (10 pl for
mouse; 35 pl for rat) of hypertonic saline (15% Ne«&) were administered using a 50 pl
Hamilton precision syringeHarvard Apparatus, U.K.to the left jugular vein to allow
subsequent correction for parallel conductangg.(\5% NaCl was prepared by
dissolving NaCl in double-distilled water in a finelume of 10 ml. Three injections were
performed for each animal to enable a mean valbe taken. At the end of the

experiment the animals were sacrificed.

2.3.5.4 Open-chest surgical procedure

This technique was applied to rats only. Anaesthiegluction, skin preparation,
intubation by tracheostomy and positioning of theral with temperature control were all
performed exactly as described in the previous@e¢Eection 2.3.5.3). A transverse
substernal incision was made over the liver anagtars was placed through the xiphoid
cartilage to allow retraction of the ribs upwardskpose the thorax. The diaphragm was
carefully cut transversely to expose the hearte ddtheter was rebalanced and secured on
to the surgical table. A small tear was made théopericardium to free the heart and a
23G needle was inserted into the LV through thexapenake a passage for the catheter
which was subsequently inserted. Optimal positignias achieved following the same
criteria as before (the tallest, widest loop witk straightest edges). Baseline recording,
IVC occlusions and hypertonic saline injections evall performed as described in the

previous section. At the end of the experimentathienals were sacrificed.

2.3.6 Data acquisition

PV data were acquired using tBeisenseontrol system (eithdfV866Bfor stock mice
and all rat work; oFV898Bfor sham and MI mice) connected an A/D board to ®ell
laptop usind-abScribe2software version 2.241Worx, New Hampshire, USAAIl PV
data were analysed offline using the PV moduleaaisqd the LabScribe2 programme.

Data were taken from 20 beats in steady-stater (@ditel0 min stabilisation period).

2.3.7 Calculation of volume

As noted earlier, the conductance signal is coedeid volume using the following

equation:
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1

=—(V. -V .
a(c P) Eq. 6

VT

WhereVy is the true volume (ul)/c is the volume measured by the catheter (ul)\&nid
the parallel volume (the mean of the three valaksrt) from surrounding conductive

structures andr is a constant gain factor dependent on the SV.

2.3.8 Calculation of alpha ( )

o gain coefficient

o was ascertained using an independent measure bly@Ssessing flow through the
ascending aorta using a miniature ultrasonic afidw probe {Transonic Systems, UFA
TheTransonicflow probe is designed to be loosely hooked araaubtbod vessel and the
operation is based on the transmission of ultradeuaves from transducers located
opposite a reflecting plate for which the transite is a function of volume flow
intersecting the beam (i.e. blood flow throughkesel) as depicted in Figure 2.9. The
Transonicflow probe is made up of a probe body which corstdwvo ultrasonic
transducers on one side and an acoustic refleogtigned opposite, between the two
transducers. One transducer emits an ultrasoumd which intersects the blood vessel in
the upstream direction, is reflected by the acousfiector, and intersects the vessel again
before being received by the upstream transducerenihis converted into electrical
signals by the flow meter based on the transit firme one transducer to the other. This
sequence of transmission is then repeated butverse where the transmitting/receiving
roles of the transducers are reversed, followethbyeverse again and so on. During the
upstream cycle, the ultrasound wave travels agtiesiow (increased transit time) and
the downstream cycle travels with the flow (deceglasansit time by the same flow-
dependent amount). The flow meter subtracts teendtvyeam-direction transit time from
the upstream-direction transit time and the integtalifference is a measure of the flow

through the vesseT (ansonic Systen@perations Manual).
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Cable

Reflector Reflector

Figure 2.9 Transonic flow probe and mechanism of agation.

(A) Schematic representation of a Transonic floabg: Two transducers emit alternating signals kiritersect the

blood flow through the vessel in upstream and ddne@as directions reflected by the reflector plateaked opposite the

transducers. Also shown is the view of the proloeiad the blood vessel from a side-angle. (B) Phapdgof a

Transonic flow probe for measuring flow in rodefgsobe shown is the 1.5PSL for mouse ascending adrich is the

one used for the mouse experiments in this stuBligure courtesy ofransonic Systems

This approach was used for both mouse and ratestis@iparately. Stock control mice

were used for the mouse experiments. For thexparaments (congenic rat study), the

measurements were performed in the parental sifIKY and SHRSP.

Placement of aortic flow probe vivo

Prior to use the aortic flow probe was soaked limsat 37°C for at least an hour
before use to allow equilibration with the temparatat which the recordings will be
made. Data were acquired using the Transonic By8teansonic Systems, NY, USA
with a TS420 flow meter (Transonic Systems) anéravpscular flow probel(5PSL
for mouse an@.5PSLfor rat). A two-point calibration was used usimg in-built
values (OV = 0 ml.miff and 1V = 5 ml.mift for mouse; OV = 0 ml.mihand 1V = 20

ml.min for rat).

Animals were anaesthetised (4% isofluorane) iroaexd induction box and then
transferred to a face-mask (4% isofluorane) wintegkin across the upper chest was
shaved and cleaned with a skin disinfectatibgcrub, Ecolab Ltd, U.K.

For mice the animals were intubated with a 0.8 mm O.Dheat cannula and
ventilated at a respiration rate of 120 breaths’miith tidal volume of 120 pl per

breath (1.5% isofluorane).
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For rats the animals were intubated tracheostomy (18G IV cannula) and ventilated
at a respiration rate of 70 breaths.thimith tidal volume of 2.4 ml per breath (1.5%

isofluorane).

* Animals were then positioned in a supine-to-letiédal position with the right arm
retracted to expose the right side of the chest.in&ision was made laterally across
the sternum at the level of the second intercegtate. The muscles overlaying the
ribs cage were bluntly freed and retracted usiagtel blunt-hook retractors. The
second intercostal space was perforated and csedlewsing a battery-operated cautery
pen Harvard Apparatus, U.Kand the ribs were held open using an additiomal t

retractors. The thymus was gently retracted tms&pghe aortic arch.

* The pericardium was carefully perforated to aichdley of tissue from around the
aorta. The ascending aorta was dissected ankl susilre was loosely placed around
this portion to facilitate lifting the aorta intbe flow probe. Only the ascending
portion of the aorta (prior to any branchings) waed for measurements; this meant
that as little flow as possible was missed (onisooary flow was missed). Once the
probe was around the aorta, an ultrasound cougkh@urgilube, Transonic Systems,
USA) was injected into the air space between the paoldethe aorta to increase

acoustic coupling.

* The probe’s positioning was adjusted using a mienoipulator until the maximum
flow was achieved, taking care not to lose couptingnpede flow. Ascending aortic
flow rate was measured by the flow meter and ressbah to a Dell laptop using
LabScribeXoftware (iWorx, New Hampshire, USA). A 10 minkstesation period

was permitted before taking baseline CO measurement

Data analysis

Values of CO were taken as the average maximatdtmv over a 10 s period of trace,
defined as the highest flow reading in steady statdysed usin@rigin 6.1 (OriginLab,
USA. The results of these measurements in miceasdre shown in Figure 2.10 and
Figure 2.11, respectively. These results havealedethat the values for CO obtained
using the flow probe were not significantly diffatdrom those obtained by the PV
catheter for mice (7.83 + 0.%5.8.25 + 0.53 ml.mifl; flow probe =15)vs.PV catheter
(n=24); P>0.05; Figure 2.10). The same was true for bothirst of rat; WKY (52.45 +
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4.76vs.46.51 + 3.74 ml.mit; flow probe (=6) vs.PV catheterr=5); P>0.05; Figure

2.11) and SHRSP (37.94 + 1.66.38.07 + 4.18 ml.mit; flow probe (=6) vs.PV
catheter14=3); P>0.05; Figure 2.11). The value farwas calculated to be 1.05 for mice,
0.89 for WKY rats and 1.00 for SHRSP rats usingdfiqun 3. Therefore the CO measured
by the PV catheter has been confirmed by the ua@e afdependent measure and the two
separate measures were found to be in agreemergfdahe no correction for the volume

data fora was required.
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Figure 2.10 Comparison of CO measurements obtainaglith a PV catheter and an aortic flow probe in mie.
Measurements of CO closed-chest using the PV catfvetée circlesn=24) compared with measurements of CO open-

chest using an aortic flow probe (black circies15) in control stock mice.
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Figure 2.11 Comparison of CO measurements obtainaglith a PV catheter and an aortic flow probe in ras.
Measurements of CO closed-chest using the PV catinetéKY rats (white circlespn=6) compared with open-chest CO
measurements with an aortic flow probe (black eBpi=5), and in SHRSP rats with the PV catheter (whitges; n=6)

compared with open-chest aortic flow probe (blackies; n=3).
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o calculation limitations

(1) Unfortunately, simultaneous measurements of CO thi#ghPV catheter and the aortic
flow probe in the same animal were not possiblihnsswas associated with a very

high mortality due to the invasive nature of botbgedures.

(2) Furthermore, for the majority of PV measuremethts,darotid artery route was used
meaning that a portion of the catheter wire wowdglesent inside the ascending
aorta where the flow probe was required to meafsane. This was therefore
another reason that simultaneous measurementshsinghe catheter and the flow
probe together were not possible. As the majofihe PV catheter measurements
were performed under closed-chest conditions (argyoportion of rat experiments
were performed open-chest), the aortic flow measardgs were initially attempted
closed-chest for consistency. This involved adogsthe aorta from a cervical
incision and ‘hooking’ the aorta upwards (i.e. thest cavity was never opened by
this method). However this was not feasible adddedifficulty obtaining good
probe placement and was also associated with aéwghof intra-operative

mortality.

(3) Failing this, the next attempt involved the proleénly inserted open-chest by
thoracotomy and then closing the chest with sufureaever this was also
problematic for the following reasons: (i) the gmsiing of the probe was altered and
often lost acoustic coupling evident by a redudgdad quality; (ii) the cable of the
probe did not allow for a complete seal when clgshre ribs therefore closed-chest
conditions could not be guaranteed, and (iii) aliens in the CO after closing the
chest were inconsistent as in some animals CO owaslfto increase while in others

it decreased.

Therefore in light of these problems and the oletgya that CO data between open and
closed chest were not significantly different (dat& shown) the open-chest flow probe
measurements were used. Placement of the aawilobe on the ascending aorta meant
that very little of the CO was missed. Only comgnffow (CF) would be missed which is
estimated to make up 3-4% and 7% of the total C@tsmand mice, respectively.

Therefore there was a slight underestimation ofd@emeasured by the flow probe;
however due to the small percentage contributioG@foft was decided not to correct for
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CF in light of the fact we also did not take CF sww@ments from these animals to verify

against those from the literature.

2.3.9 Calculation of V p

Vp was estimated offline usingabScribe2software (Worx, New Hampshire, USAising
the method described in Section 2.3.3.2. Fordalibration, only the volume data from
the rising phase following the injection was uséd.least three injections were performed
for each animal and each one calculated indivigialbllow a mean value to be taken per

animal.

2.3.10 Calculation of load-independent indices

Load-independent indices were obtained by analyiagection of trace corresponding to
the IVC occlusions. This was performed offlinengdiabScribeZoftware (Worx, New
Hampshire USA). The end-diastolic pressure-volume relatign$BDPVR) was assessed
by fitting the following non-linear exponential exfion to the end-diastolic pressure and
volume points from the family of loops obtainedidgrthe occlusion:

EDP = Cexp? ") Eq. 7

Where EDP is the end-diastolic pressure, EDV istiwdiastolic volume, C is a curve-

fitting constant angs is the diastolic stiffness constant (Burkheffal, 2005).

2.3.11 Baseline haemodynamic data from control anim  als

Following completion of all the calibration worke PV system was then ready to be
applied to the animals in the study. Prior to ofsthe technique in the diseased animals,
the system was first refined in a series of stagknals (mice and rats). The main aim of
these experiments therefore was to optimise aridatalthe PV technique and assess its
suitability prior to applying the technique to tm®use and rat models of disease in this

thesis.

2.3.11.1 Baseline data from stock mice

Aim: Prior to the use of the PV system for functionabgs on the MI model, PV

measurements were performed using a closed-chesiamieally ventilated approach
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(which was also used in sham and MI animals inrobstock mice) to assess whether

baseline data compared with normal published vdlremice (to validate the technique).

Results: The results of these measurements are shown ie Pabland demonstrate that
the technique offers a reliable and reproducibl@agch to measuring LV function in
mice with data which were comparable with publishethes for normal mice.

Table 2.1 Baseline haemodynamic parameters of LV fiction in stock mice compared to published values.

THIS STUDY PUBLISHED RANGE
(n=24) (Pacheret al., 2008)

HR (bpm) 560.47 +12.0 470 - 620
ESP (mmHg) 102.7+1.4 92-118
EDP (mmHg) 3.8+0.6 1-6
dP/dtyay (MMHg.s™) 10015.9 +312.1 8,200 - 14,200
dP/dty, (MMHg.s™) 9012.9 +419.9 6,700 - 10,500
Tau (ms) 5.8+0.3 44-76
ESV (u)) 149+1.3 7-21
EDV (ul) 31.2+1.9 25 -53
SV (ul) 17.7+1.2 17 - 30
CO (ml.min-1) 9.1+0.7 8-16
EF (%) 66.1+3.1 55-72

2.3.11.2 Comparison of baseine data in stock rats u  sing different surgical
techniques

Aim: In order to determine which was the best surgippl@ach for the rat study, PV
measurements were performed in three groups ($-&)ndrol stock male Wistar rats (BW
310.3 + 7.2 g) each undergoing a different surgapgiroach: (1) open-chest approach with
mechanical ventilation, (2) closed-chest approaith mechanical ventilation or (3)

closed-chest approach with spontaneous ventilation.

Results: Baseline PV data from each group are shown in TaRlend Figure 2.12.

e There were no statistical differences in the folluyvyparameters of LV function
between the three groups: ESP, EDP, dR/ddV, CO and EFR>0.05 for all). There
were no significant differences in any parametéwben the open-chest approach with

mechanical ventilation and the closed-chest approaith mechanical ventilation.
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* HR was significantly greater in animals that undamiwclosed-chest with spontaneous
breathing approach compared to closed-chest wittherecal ventilation (9.2%
greater;P<0.05) and compared to animals that underwent ple@-@chest approach with
mechanical ventilation (11.0% greatBx0.05). The only differences in dP{dt
observed were a significant increase (24.7% inerdg&<0.05) in the closed-chest
group with spontaneous breathing compared to tke-spest group with mechanical
ventilation. Similarly the relaxation time-constdn) was significantly reduced
(12.2% lower;P<0.05) in the closed-chest with spontaneous bnegthioup compared
to the open-chest with mechanical ventilation groliggannot be ruled out that these
changes observed could be attributed to the diftegin HR.

* There was a leftward shift in the PV loops from thesed-chest with spontaneous
breathing group compared to both other groups sighificantly lower ESV (44.1 and
39.6% lower compared to open-chest with mechanmatilation and compared to
closed-chest with mechanical ventilation, respetynP<0.05 for both) and
significantly lower EDV (32.3 and 21.1% lower comgto open-chest with
mechanical ventilation and compared to closed-chgktmechanical ventilation,

respectively<0.05 for both).

Table 2.2 Haemodynamic PV indices of LV function irthree different groups of rats.

Open Chest Closed Chest Closed Chest
(mechanical ventilation) (mechanical ventilation)  (spontaneous ventilation)
(n=9) (n=4) (n=8)

HR (bpm) 4066 +7.5 413.4 +11.5% 4515 +9.4*
ESP (mmHg) 1149 +3.3 118.0 £ 10.0 123.5+4.2
EDP (mmHg) 6.1+0.6 3.9+0.9 6.4+0.8
dP/dtyay (MMHg.S™) 8208.8 £ 487.7 8462.9 £ 427.0 11238.8 + 639. 7*
dP/dty, (MMHg.s") 9997.8 +510.8 9263.7 +682.3 10055.1 + 289.6
Tau (ms) 8.2+0.2 7.6+0.3 7.2 £0.3*
ESV (u) 99.9+14.7 92.4 +10.1t 55.8 + 10.0*
EDV (ul) 252.1+16.2 216.3 +3.1% 170.7 + 13.5*
SV (ul) 150.5 + 16.4 122.9+9.9 111.5 +10.4
CO (ml.min™) 61.3+7.4 51.0 £4.9 50.6 +5.4
EF (%) 62.0+4.8 56.8 +4.5 66.7+5.5

* P<0.05 between closed-chest with spontaneous viotiland open-chest with
mechanical ventilation. FP<0.05 between closed-chest with spontaneous veatland

closed-chest with mechanical ventilation.
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Figure 2.12 Comparison of haemodynamic parametenssing different surgical approaches for PV cathetasation
in rats.

(A) Representative PV loops using each method -ii{B Comparison of systolic functional parametg@ i-iii):
Diastolic functional parameters, (D i-iii) Volumeammmeters using the open-chest (apical) approabhméchanical
ventilation (light grey bare=8), the closed-chest approach with mechanicalilation (dark grey bars=4) and the
closed-chest approach with spontaneous breathiagk(bar=8). Data shown are mean + SENP<0.05. Dotted

lines represent the normal published range foruatter closed-chest conditions (Packteal, 2008).
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Summary: Collectively, these data demonstrate that whengusiachanical ventilation
there were no differences in LV performance betwaeonpen-chest and a closed-chest
approach. This observation however was not ineageait with other studies which have
reported differences in LV function using PV metblod)y between open and closed-chest
- it has been shown that ventilated mice undergopen-chest approaches have larger EF,
larger SV and a leftward shift in volume parametensipared to ventilated closed-chest
approaches, which the authors state may be dine teetiuced intra-thoracic pressures
caused by opening the thorax (Ligtsal, 2004). This study is not however directly
comparable with ours due to the differences inigigagse and the use of different
anaesthesia (sodium pentobarbital and not isofi@raHR alterations in our study may
be as a result of the mode of ventilation: animadsntained on the facemask have greater
HR than mechanically ventilated animals (open dased chest). It is possible that by
controlled artificial ventilation there is a morenstant delivery rate and volume of
anaesthesia owing to the more cardio depressieetdffan spontaneous breathing.
However exact measurements of rate and flow dwjrogntaneous breathing were not
measured. In light of these data that the leasli@@epressive LV pressure effects were
observed when using the closed-chest approacht@peous breathing) group, this group
was therefore selected as the method of choiciéocongenic rat PV measurements in
Chapter 5.

24 ECG

2.4.1 ECG as a method of assessing cardiac function in vivo

ECG is a non-invasive method for recording thetelead activity of the heart. Electrical
signals generated in the heart through depolasisatind repolarisation during the different
phases of the cardiac cycle can be detected bgpkaat of recording electrodes in a
standard configuration on the body of the subjddte ECG recording, displayed as
changes in voltage over time, can then be usecdetsure electrical functioning of the
heart. ECG measurements in this study were usdad ssess the frequency of cardiac
arrhythmias in the mouse MI model.

2.4.2 Protocol for measuring ECG

Mice were anaesthetised with isofluorane in a adeduction box (4%; 1.5 L.mi) and
maintained under spontaneous breatbmgditions through a face mask during recordings
(1.5-2% isofluorane; 1.0 L.mif). Body temperature was maintained at 37 + 0.55i@gia
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rectal thermocouple probe connected to a feedbawaka unit with heat-pad-arvard
Apparatus, U.K. Animals were positioned supine and sub-derreatlie electrodes
(Grass Technologies, &3 were placed subcutaneously into the right fonéli(positive
electrode), the left hind limb (negative electrodryl the right hind limb (ground
electrode) to form a lead Il configuration. Redngs were filtered through a high-pass
filter of 0.03 Hz and a low-pass filter of 2 kHzaasampling rate of 2000 samplésand
recorded for a 5-min period after allowing ~ 1 nn $tabilisation of the signal. Electrical
interference was minimised by switching off anyctrieal items on the recording table
that were not required and by ensuring the eleetwides were not in contact with each
other. ECG measurements were taken 10 min prittvetanduction of MI, during CAL
and 10 min after CAL (this was only performed faradnort of M1 procedures), and was

also performed at 4-wk/8-wk time points post-MIgorio PV catheter measurements.

2.4.3 Data analysis

ECG data were acquired using an ETH-256C amplifirer (\WWorx, New Hampshire,

USA). Signals were recorded on t®all laptop usind_abScribe2software (Worx, New
Hampshire, USPand analysed offline by counting the number dfiyhmic events that
occurred in the 5 min recording period only (exahgdthe initial 1 min stabilisation
period). Arrhythmic events were defined as anyoaral beats outside the normal sinus
rhythm. These were always counted as single le¥ats when they occurred one after the
other. Tachycardic episodes where normal P-QR8atsbwere not clear were rare and if

encountered the episode was counted as one arricy¢vent.

2.5 Organ harvest and weighing

The protocol used for harvesting organs was theedanmice and rats. Animals were
killed using a Schedule 1 method (cervical dislmegtand the following organs were
harvested: heart, lungs, liver and, in some cdsgsus (more details on the individual
organs are detailed below). All organs were wailgising a precision electronic balance
(readability 0.00001g).

2.5.1 Heart

The heart was rapidly excised and washed in a bedkee-cold saline (0.9% NacCl).
Excess tissue was trimmed off and the aorta wasangversely, mounted on to a cannula

attached to a syringe and perfused retrogradeiegticold saline to rinse all blood out of
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the coronary vessels. The whole heart (which ohetlintact ventricles, atria and major
vessels) was then blotted dry on tissue paperoghaphed and weighed. Heart tissue was
then either fixed in formalin for histological expaents or snap-frozen in liquid nitrogen
and stored at -80°C until needed for biochemicakexnents. Hearts fixed in formalin
included the whole heart (intact ventricles, atma major vessels). Heart tissue that was
snap-frozen was either intact ventricular tissulg ¢aitria and major vessels removed) or

dissected regions (infarct, peri-infarct, remote &M RV).

2.5.2 Lungs and liver

For lung and liver measurements, the entire orgarhuding all lobes) was removed,
blotted dry and weighed but not stored for anytfertexperiments.

2.5.3 Thymus

For thymus harvest, the entire thymus was remowediased in saline to remove any
blood and then either fixed in formalin or snapz#n in liquid nitrogen and stored at -
80°C until required.

2.5.4 Tibial length for normalisation of organ weig hts

The length of the animal’s left tibia was measui@dchormalisation of organ weights; this
was performed post-mortem by making an incisiomglihe length of the left leg and
dissecting the tibia from surrounding muscle. dlitkength was defined as the distance
from the medial condyle to the medial malleolus.

2.6 Preparation of histological sections of the hea  rt

2.6.1 Mouse heart sections

All histological sectioning and sectioning of motissue was performed by Mrs Lynn
Stevenson at the University of Glasgow. Heartsevgaven a minimum fixation time of 24
hr in 10% neutral buffered formalil€élIPath, U.K) after which time they were embedded
into a wax block until required for sectioning. €Theart was sliced parallel to the long
axis of the heart every 250-300 um using a micrettorproduce serial sections 1um thick
per heart (this equated to approximately half eflieart as a whole being used). At every
250-300 pum interval, two adjacent sections wereriakne for each histological stain: (i)
Haematoxylin and Eosin (H&E), a stain in which tre@matoxylin component stains cell
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nuclei blue and the eosin component stains allra@bsinophilic structures (generally
intracellular and extracellular structures) in grekl and (ii) Sirius red, a collagen-specific
dye that stains nuclei black, muscle and red blmid yellow and collagen in red (Section
2.7.1.2 for full descriptions). At the mid-poinepth of the heart (defined by the largest
ventricular cavity size), two sections were takenRUNX1 staining (positive and

negative) (see Section 2.11).

2.6.2 Rat heart sections

Histological sectioning and staining for the rastie was performed by Mr Andy Carswell
at the University of Glasgow. Harvested rat heasse fixed in 10% neutral buffered
formalin (CellPath, U.K) for a minimum of 24 h to allow sufficient pendtoa of the
tissue. Hearts were then paraffin-embedded arttbeed transversely at the LV apex

using a microtome to produce 3 pum-thick sections.

2.7 Staining of heart sections

2.7.1 Mouse heart sections

Cut sections of the heart were deparaffiniseddlearing agent which removes alcohol
and makes the section hydropholfiit{oclear; TSC Biosciences, U)Xand rehydrated
through decreasing concentrations of ethanol: 188%nol for 2 min, 70% ethanol for 1
min followed by cold tap water for 1 min. Sectiomere then treated either using one of

the following protocols depending on the stain ezl

2.7.1.1 H&E staining

For H&E staining, the principle is as follows: Ha&tn is a complex formed from
aluminium ions and an oxidation product of haemgiox In acidic conditions, haematin
binds to lysine residues of nuclear histom@sa metallic ion (aluminium) mordant. The
stain is usually applied for longer than necessalgnsure saturation of the chemical
binding sites and this leads to an undesirable-sta@ning — the discoloration is selectively
removed by controlled leaching in acidic alcohoirted ‘differentiation’ NovaUltra
guidelines). The protocol therefore involved sulgimey the sections in Gill's
haematoxylin for 5 min (which stains all nuclei ®uwashed in tap water, differentiated in
1% acid alcohol, and rinsed again in water. Sastwwere then immersed in Scott’'s Tap

Water Substitute (STWS; a blueing reagent) to adferentiation and turn the nuclei
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blue. Normal tap water is not alkaline enoughtfos and is the reason for using STWS.
This is followed by a 5 min treatment with Eosintdon the eosinophilic structures shades

of pink/red before a final wash in water.

2.7.1.2 Sirius red staining

For Sirius red staining, the principle is basedhmaffinity of the Sirius red dye with
collagen fibrils. Collagen has a high affinity facid (anionic) dyes of large molecular size
which can bind through electrostatic attractuienvan der Waals forces (Lyon, 1991). The
protocol used was as follows: sections were subetkeirg Celestine blue (which stains
nuclei) for 5 min, washed in tap water, placed ilf$shaematoxylin for 5 min (also stains
nuclei) and washed again with water. The sectiegre placed in STWS (to arrest
differentiation and turn the nuclei blue) followkd another wash in water before staining
with Sirius red for 6 min (which stains collagenlf@ange and muscle/cytoplasm yellow)

and a final wash in water.

After completion of one of the above protocols, sketions were dehydrated through
increasing concentrations of alcohol (70% for 1,Mi@0% for 2 min); this was to remove
any residual water that could affect the clearind mmounting. The sections were then
cleared and mounted with dibutyl phthalate xyldnEBX) mounting medium which is a
synthetic resin used to allow a coverslip to badhted to the section while preserving the

stain.

2.7.2 Rat heart sections

For Sirius red stainingsections were deparaffinised using 2 x washds avitlearing agent
(Histoclear, Fisher Scientific, U.Kfollowed by rehydration in 100% ethanol, 90% eibia
70% ethanol then distilled water for 7 min in eaokution. Sections were then stained for
1 h with Sirius red, followed by differentiation thx washes of acid water (for
differentiation) and 2 x washes of tap water fanid each. Sections were then dehydrated
through 70% ethanol, 90% ethanol, 100% ethanolHistbclear(2 x washes) for 7 min
each. The dehydrated sections were then coverglymted with a mounting agent
(Histomount, Invitrogen, U.K. Rat tissue histology was performed in a différe
laboratory which is why some of the reagents weymfdifferent suppliers compared to

the mouse tissue work; however the principles eftéthnique were the same.
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2.8 Histological morphometry of the mouse heart

For each mouse heart, at least five serial sec{taken from a depth of at least 250 ym
into the heart; 250-300 um apart) were examinednimmphometric and infarct size
measurements to ensure a range of depths throadtetrt were examined avoiding bias.
All sections were examined with &lympus BX5Inicroscope and images were captured
with anOlympus DP7Xamera with the use @fell D (Olympus, Germarn)ysoftware.

H&E stained images were used to identify qualiatnstopathologic features in

myocardial tissue following MI.

2.8.1 Infarct thickness

Infarct wall thickness was measured using seriaEH&ctions of the heart as shown in
Figure 2.13. Infarct thickness was defined aglie@nce between the endocardium and
epicardium of the infarcted myocardium indicatedly red area on the corresponding
Sirius red image (or equivalent sham apex) disdiggrany papillary muscles. This was
performed using a line drawn perpendicular to theature of the ventricular wall and the
distance measured witmageJ Measurements were calculated using at leasttibese
taken from middle of the heart 250-300 um aparth{eapm thick) and averaging 3
equally spaced measurements along the infarct(ataliting at the apex and taking one

either side) in each slide to yield a final medaiict thickness for each heart.

2.8.2 LV chamber size

LV chamber area was measured from the same H&kossaisingmageJby tracing the
area of the LV using the freehand tool as showfigire 2.13. This was performed on all

sections of the heart to yield a mean value fordr¥a per heart.
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Infarct
thickness =

Infarct
thickness

Figure 2.13 Diagram showing how measurements offarct thickness and LV area were measured.

Infarct thickness was taken at three points albegrifarcted region (or equivalent sham regionpdsated by the
arrows. LV area was measured by drawing arounditbemference of the LV cavity and calculating Hrea enclosed
within, as indicated by the dotted lines. Bothaiwt thickness and LV area were measured usiageJsoftware.

2.8.3 Infarct size measurements

Infarct size was measured on sections stainedSuths red using a length-based
approach similar to the method published by Takagstval. (2007). Briefly, four lengths
were measured from each heart section: epicardeidt length, endocardial infarct
length, epicardial remaining LV circumference and@cardial remaining LV
circumference as shown in Figure 2.14. The infencdduded all infarcted myocardium
which was >50% of the total thickness of the mydizan. Epicardial and endocardial
infarct ratios were then calculated by dividing then of epicardial or endocardial lengths
from all sections by the sum of all epicardial ndecardial circumferences from all

sections respectively. Infarct size was then dated using the following equation:

EPIlinfarctratio + ENDOinfarctratio o

Infarctsize(%) = 5

100 Eq. 8
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Figure 2.14 Measurement of infarct size using Sirs red sections of the heart.

Four lengths were traced: epicardial infarct lengidrk blue), endocardial infarct length (dark greepicardial
remaining LV circumference (light blue) and endalialrremaining LV circumference (light green). Ebkeavere used
from all sections of the same heart to calculagectidocardial infarct ratio and epicardial infaetio (equations for each

shown). Infarct size was then calculated usingahaula shown above.

2.9 Collagen quantification

Sections of the heart stained with Sirius red,egitbngitudinal whole heart sections
(mouse) or transverse apical LV sections (rat) vesemined and photographed under x
10 magnification using a@lympus Bx4@nicroscope with a camerd.8 RTV, Qlmaging,
Canadg and associated softwai@Capture, QImaging, Canajlalmages were analysed

usinglmageProPlugMedia Cybernetics, U§Aoftware.

2.9.1 Collagen quantification in rat hearts (periva  scular vs.
interstitial fibrosis)

For the congenic rat model study, a square of fexee (300 x 300 pixels which was
equivalent to 102 pfwas drawn and positioned over an area of int¢sest below) and
the number of red pixels, defined by a set coloweghold, was measured within this
square by the software (Figure 2.15). The amotirédstaining inside this square could
then be expressed as a percentage of the totds jgixetained within the square (300 x 300
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=90,000). Four areas were taken for each ratose(t perivascular, 3 interstitial

regions). The square was placed either over alblessel or an area of interstitum
adjacent to a blood vessel to assess differengesrivascular and interstitial cardiac
fibrosis, respectively. Perivascular fibrosis vaasessed in at least 5 randomly selected
vessels per heart. Blood vessels with comparaihemh size were selected for as much as
possible and only vessels which could fit into blo& were used and only vessels which
were ~<50% the size of the box were used. Intaldibrosis was measured in areas
adjacent to the blood vessels; three separateeadjaceas to each blood vessel were used
for this and a mean value taken. Interstitial si@ntained no obvious blood vessels or
other structures. All perivascular and interdtitieasurements were then averaged to give

a mean value of perivascular and interstitial ffisdor each heart.

A 1

P P = Perivascular Fibrosis

A | = Interstitial Fibrosis

Fixed area box
(300 x 300 pixels)

B

ST e,

ORIGINAL IMAGE SELECTED RED VPIX'EL’S

<

Figure 2.15 Diagram showing how perivascular anchterstitial fibrosis was measured in the rat heartsusing
ImageProPlus.

(A) A box of fixed area (300 x 300 pixels or 100 f)mvas drawn around a blood vessel and three sepadiscent
interstitial areas for each image. Five differargas of each LV were performed like this. (B) Reetlgiof a set
threshold were selected to measure collagen-pesitid areas. Positive collagen area was expressth@ percentage of

red pixels to total pixels (90,000) as defined lugy fixed area box.

2.9.2 Collagen quantification in mouse hearts

For mouse (MI) model studies, the total numberedf pixels in each heart was expressed

as a percentage of the total pixels to measurpdheentage of red-staining in each heart.
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2.10 Mouse cardiomyocyte isolation

2.10.1 Mouse cardiomyocyte isolation protocol

Mice were killed by a Schedule 1 method (cervigalatation) and then placed in a dorsal
position with the arms and legs taped down. Thestbavity was opened and the heart
rapidly excised and immersed in ice-cold cell isolabuffer. Cell isolation buffer was a
Krebs-Henseleit (KH) solution containing the follong (in mM): NaCl (130), HEPES

(25), KCI (5.4), NaHP(O, (0.33), MgC}6H,0 (0.5) and glucose (22). Using a dissection
microscope, the ascending aorta was cleared afwuiling tissue and cut transversely
(below the level of the branches), positioned otheocannula (attached to the perfusion
apparatus; Figure 2.16A) and secured with a siiireu6-0). Once the heart was secured,
the perfusion was started and the cannula was nmovadertical position held by a
helping-hand deviceMaplin Electronics, U.K).(Figure 2.16B). All perfusion solutions
were maintained at 37°C through a heated waterdradhwater-jacketed perfusion system.
The heart was initially perfused with KH solutiasr £-3 min to remove all of the blood
and then switched to KH solution containing 0.7 mid.collagenase (type Worthington
Chemicals, New Jersey, UBa#nd 0.07 mg.ni protease (type XIVSigma Aldrich, U.K).

for 7 min at a flow rate of 4 ml.mih After this time, the heart was then perfusedwiH
containing 0.7% bovine serum albumin (BSAgma Aldrich, U.K.for 6 min. The heart
was then cut down from the cannula and the atbRW were removed. The LV was cut
into small pieces in KH with 0.7% BSA solution agently triturated with a plastic
transfer pastette with a large smoothed openimgitémise mechanical tearing during
cardiomyocyte dissociation. The cells were sedieatby gentle centrifugation and
resupended in fresh BSA, this was repeated fortadutime before finally pooling the

two tubes of cells together. The two tubes eacitatoed a suspension of isolated
cardiomyocytes; one containing the cells from ih& frituration and the other from the
second. C& was added gradually and incrementally (by addiign® of CaC} every

10 min) to the cells until the final concentrati@ached 1 mM.
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Figure 2.16 Apparatus for mouse ventricular cardionyocyte isolation.
(A) Experimental set-up and (B) cannula showing seolieart cannulated during digestion.

2.10.2 Measurements of cardiomyocyte length, width and cross-
sectional area

Isolated cardiomyocytes were viewed using a mia@psedx 20 magnificatioriyikon
Eclipse TE2000-5and captured using a cameRolera-XR, Qlmaging, Canayland
associated softwar€CapturePro, QImaging, CanaflaCardiomyocyte length and width
was measured by drawing a line end-to-end and magdhe distance usinghageJ
software as illustrated in Figure 2.17. Measuresamere calibrated using a stage
micrometer used at the same magnification. Cargomyte cross-sectional area was
estimated using the following equation:

cell width}z
_— Eq. 9

CrosssectionalArea= /1( 5

Figure 2.17 Diagram showing how cardiomyocyte widit and length were measured.

112



Kirsty K. Foote, 2012 Chapter 2

2.10.3 Filtration of cardiomyocytes to remove other cell types

The filtration approach was based on a publishedhoaetKosloskiet al, 2009). Isolated

cells were kept on ice while a second cell isotafrom a different heart using the same

isolation protocol was performed. The cells frora two hearts were then pooled to yield

sufficient RNA for subsequent experiments. Altloé following steps were performed on

ice to minimise RNA degradation.

A sample of the pooled cells was taken as a piratiibn control (2 ml) and was lysed

in Qiazol lysis buffer Qiagen, U.K) and stored at -80°C until required. The remaining
suspension (~ 8 ml) was poured through a 300 piwnnylesh filter to separate large
fragments of tissue from the cells. 5-10 ml icé&ddgank’s Buffered Saline Solution
was then poured through the filter to wash anypealcells through the filter (HBSS;
Invitrogen, U.K). The composition of HBSS was as follows (in mMEI (5.33),
KH,PO, (0.441), NaHC@(4.17), NaCl (137.93), NBIPO, (0.338) and glucose (5.56).

The filtrate was spun, supernatant removed, andgpeswed in HBSS and then passed
through a second filter mesh (40 um). Based anrttathod, cardiomyocytes were
caught on this filter and the contents of the filieere rinsed off into a separate tube
with ice-cold HBSS, spun and lysed in Qiazol Iysidgfer and stored at -80°C until

required as the purified cardiomyocyte sample.

The study on which this filtration method is baskdgloskiet al, 2009) recommends
the use oRNAlater a stabilising agent which permeates cells togmtd®NA from
degradation, for subsequent use of the cells ie gapression studies. However they
have usedRNAlateras a tissue storage medium for their biopsy sasnpier to the
isolation of the cells; whereas in our study tharheas not stored prior to the
dissociation of the cells (i.e. hearts were haea$tesh from the animalRNAlater
was used initially to store the newly isolated €élhsed on Kosloski al's paper
which found thaRNAlatersignificantly enhanced RNA yields; however REAlater
solution was found to cause the cardiomyocytesltorip’ together and due to the
density of the solution this required higher focemtrifugation to pellet the cells which
causing greater loss of cells through mechanicalagge. ThereforRNAlaterwas no
longer used; instead cells were continually kepicenrapidly lysed and stored at -
80°C which was sufficient to protect the RNA as whewn by comparable yields and

quality as determined by the use dflanoDropspectrophotometer agyilent
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Bioanalysertechnologies, both of which are covered in moraitiet the later sections
of this chapter (Section 2.12.2).

2.11 Immunohistochemistry

2.11.1 Staining protocol

IHC refers to the process of detecting antigenst@mm of interest) through the binding of
antibodies. A common approach to visualising #msbody-antigen interaction is using

an antibody which is conjugated to an enzyme tatgtlgses a colour-producing reaction.
This process typically utilises two antibodies, emarry and secondary antibody, which are
added in a step-wise fashion. The primary antibedypically unlabelled (does not
contain any conjugate molecules attached) and &as taised specifically against the
antigen of interest. The secondary antibody bindmtnunoglobulins of the primary
antibody and is conjugated to a reporter enzynge peroxidase) which, in the presence of
a chromogenic substrate, catalyses a colour-pragueiaction to indicate the presence of
the antigen. A common reporter enzyme/chromogemnbatation is the horseradish
peroxidase (HRP) enzyme with the chromogen 3,3nthabenzidine tetrahydrochloride
(DAB). In the presence of HRP, DAB produces a brgsecipitate which is insoluble in
alcohol. The overall process can therefore be sumathin three steps: (i) application of
a primary antibody; (ii) application of a HRP-laleel secondary antibody and (iii)
application of DAB to produce the brown colour (g 2.18). Prior to this 3-step process
the tissue often needs specific preparatory stbpse include antigen retrieval and
blocking of endogenous peroxidase activity. Amigetrieval is necessary to expose the
epitopes of the antigen which may have become obdaluring the fixation process; this
is usually performed by heating which breaks theegin cross-links formed by formalin
thereby uncovering epitopes. Blocking of endogsnmeroxidase is necessary when using
DAB which could react non-specifically and leadbckground staining; therefore it is
normal procedure to treat the samples with a biarkigent (commonly hydrogen

peroxide) to block endogenous peroxidase activity.

114



Kirsty K. Foote, 2012 Chapter 2

Coloured
Product
[ X J
[ X J
HRP
OO
DAB ©© Secondary Ab
Primary Ab

@B

/ N\
“ CELL \

Figure 2.18 Schematic representation of the prinpie of IHC staining.
Sequential binding of primary antibody to antigé) followed by an enzyme-labelled secondary antjbodRP
catalyses the conversion of the chromogen DAB irticosvn coloured precipitate. A; antigen. HRP; leoaslish

peroxidase. DAB; 3,3’ diaminobenzidine tetrahydrocide. Diagram adapted frobeinco Technologies Inc

All IHC was performed by Mrs Lynn Stevenson at thaudrsity of Glasgow. Sections
were cut, dewaxed and rehydrated as describeeiprdvious sections (Section 2.6.1 and
2.7.1). The buffer used for washing sections betvaggplications was tris-buffered saline
(TBS) with 0.05% Tween at pH 7.5 and is used asnels surface tension allowing more
complete coverage of the reagents applied. Secti@ne rinsed with buffer and incubated
in a pressure cooker for 1 min 40 s at 125°C foigan retrieval. Sections were loaded
into an autostainer machinedko, Glastrup, Denmajkand the following steps were
performed by the machine all at room temperatusebdffer rinse, treatment with
peroxidase blocking reagemdko, Glostrup, Denmajkor 5 min followed by 3 x 5 min
buffer rinses. Sections were then incubated fom@Dwith the primary antibody (rabbit
polyclonal 1:400, ab61753 or ab359@&%icam, U.K). for RUNX1 or with antibody

dilution buffer (negative control) followed by 25xmin buffer washes. The primary
antibody was then labelled with a secondary antil{adti-rabbit) attached to an HRP
conjugate Dako EnVision system, Dako, Denmyide 30 min. After 2 x 5 min further
buffer washes, the sections were treated with Znirbincubations with the chromogen
DAB (K5007 Dako, Denmajk After 3 washes in water, counterstaining wasgomed
using Gill's haematoxylin for 26 s followed by olast wash with water — counterstaining
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provides contrast to aid visualisation of the pmynstain. Sections were then dehydrated

and mounted using DPX mounting medium.

2.11.2 Quantification of IHC staining

Positive RUNX1 staining was quantified by countpasitively-stained nuclei (brown) as

a percentage of the total nuclei within fields ifftedent regions of the heart. Sections were
examined under a microscope (x60 lebgmpusBx51) and photographed using a camera
(OlympusDP71) with accompanying softwar€€ll D). Images were imported into
ImageJand a grid (5 boxes long x 4 boxes wide) wasditieer the full size of the image

to facilitate nuclear counting. Three photograplesestaken from each region of the heart
(infarct, peri-infarct, remote LV and RV) resultig12 in total per heart. The total
number of positively-stained nuclei (brown coloyradd negatively-stained nuclei (blue
coloured) were counted in each region and the p&ge positive staining was calculated

using the following equation:

numberof brownnuclei
(numberof brownnuclei+ numberof bluenuclei)

% RUNXL positivestaining = ( jXIOO

Eq. 10

As the different cell types present were not speadify labelled with markers, no
discrimination was made to exclude positive nuitlan any cell type. Positive staining
included any nucleus which was predominantly browhere it looked like there may be
two overlapping nuclei, this was counted as ong.offihis was repeated for three areas

per region and a mean value taken.

2.12 RNA extraction, cDNA synthesis and gRT-PCR

2.12.1 Gene expression based on quantification of m  essenger
RNA levels

The level at which a particular gene is expressedgiven tissue can be measured by
quantifying that gene’s messenger RNA (MRNA) levéde mRNA molecule contains the
sequence of a particular gene (or the ‘blueprinti)ch will later be translated into a
protein. A cell's total mRNA therefore containsthle mRNA from all the genes which
are actively being transcribed in that particukat.cBy isolating the total mMRNA from a
tissue sample and then selecting the mRNA for aqodar gene only, the levels of mMRNA
can be quantified and the amount of gene expresgbdt sample determined. This is
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achieved by the technique of qRT-PCR. If a gerexpessed at higher levels, there will
be a greater abundance of mMRNA for that gene, fitrera greater number of cDNA
molecules which will be detected quicker during ¢iRT-PCR reaction. As RNA cannot
serve as a template for qRT-PCR it must be syrgbdsnto double-stranded
complementary DNA (cDNA) by a method called reveraascription (RT). Therefore

the entire process from the biological sample twegexpression data consists of three main
stages: (i) extraction of RNA from the biologicahsple, (ii) synthesis of cDNA from the
RNA template, and (iii) qRT-PCR using the cDNA. Ead these steps will be described

in turn and for each, the principle behind the teghe will be described followed by the

laboratory protocol used for each.

2.12.2 RNA extraction
2.12.2.1 Principle of the procedure of RNA extracti  on

RNA extraction is the isolation and purificationRNA from biological samples. One of
the most common ways to do this is using a guaeithiocyanate/phenol/chloroform
extraction method. Cells or tissue are homogerirs@dysis buffer containing guanidine
thiocyanate which dissolves cells membranes ralgabke cellular contents into the lysate.
After lysis, a phenol/chloroform extraction is pmrhed on the lysate. The lysis buffer
contains phenol and when chloroform is added teek&nts separate into two phases by
centrifugation: a clear upper agueous phase (cluior) and a bright pink lower organic
phase (phenol). RNA partitions to the upper phB$&&\ to the interphase and proteins to
the lower phase. The upper phase (containing th&)RAN then be collected with a
pipette and added to a spin column for purificatidnspin column is a small plastic
capped tube similar to an eppendorff containingieasnembrane to which the RNA
binds while other substances can be washed awayp#mnitting the purification of the
RNA. Ethanol is added to provide appropriate bigdionditions for the RNA to bind to
the membrane of the column followed by various wasstiers designed to support binding
of the RNA and wash away any contaminants (sugihagsol or proteins). Finally, the
RNA is eluted (released) from the membrane by audaf water which neutralises the pH
and reduces the affinity for RNA-binding to the nteane. The purified RNA can then be

collected and used for downstream reactions.
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2.12.2.2 Full procedure for RNA extraction

The RNA extraction procedure was the same for maondeat tissue. RNA extraction is
complicated by the ubiquitous presence of riboraggeenzymes (RNases) which are
naturally present on the skin of users and canlagaresent on laboratory benches and
glassware. RNases can rapidly degrade RNA if gpjat@ laboratory practice is not
adopted throughout the RNA extraction procedureerdfore for all RNA work, gloves
were worn at all times, the bench was cleaned agpray that eliminates RNases
(RNAZap, Ambion, U.liKand RNase/DNase-free tubes and pipette tips uwsaé
throughout to minimise degradation of RNA. Total/RINas extracted from frozen heart
tissue using the miRNeasy Mini KiQ{agen, U.K according to the protocol included with
the kit. This kit contains the necessary reagemtsiie full extraction protocol: lysis
buffer, two wash bufferdBuffer RWTandBuffer RPE, RNase-free water and spin-
columns. The exact composition of buffers RWT an&RRe protected by the supplier
(Qiagen but they both contain high concentrations of etth@nd guanidine thiocyanate to
facilitate binding of RNA to the silica membranadaemove traces of proteins and organic
salts, respectively. Chloroform was not suppligdhe kit and was acquired separately

(Fisher Scientific, U.K. The full protocol was as follows:

* The tissue was weighed and then homogenised in [780ysis buffer provided by
the kit through high-speed shakingqsuelLyser, Qiagen, U Xwith steel beads
(supplied ready-made iagen, U.K). Homogenisation was performed in 30s
intervals and checked after each shake to assedlissue breakdown and
minimise over- homogenisation. Homogenisation desmed complete when no

solid tissue pieces remained (this usually tookmis).

* The steel bead was removed and the samples wetedtngh 140 pl chloroform
(Fisher Scientific, U.K.and spun at 4°C for 15 min using a temperaturdrotied
centrifuge Model 5415R, Lab Mark, Czech Repupfmr phase separation. After this
time, the uppermost layer containing RNA was coddavith a pipette into a separate
tube, leaving DNA (middle layer) and proteins (battlayer) behind.

* RNA was then treated with ethanol and applied $pia column where the ethanol
facilitates binding of the RNA to the silica memihbezof the column. The spin column
was then treated with washing buffelsiffer RWT and buffer RREo remove any
contaminants (e.g. proteins or organic salts) vo#ld by a 15-min on-column digestion
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with DNase DNase |, Qiagen, U.K(i.e. DNase is added directly to the silica

membrane of the column) to remove any accidentay-aaer of genomic DNA.

* RNA was then eluted in RNase-free water — this ra¢laat the RNA is lifted from the
silica membrane by the water which raises the p#Bt& increasing the charge on the
surface of the membrane reducing the affinity fofARbinding which means it can be
collected in the water that passes through the memeb The RNA extracted at this
stage represents the total RNA (including all mRiKzn all different genes) that was

present in the tissue sample.

Once the RNA has been extracted, there are thraéygcontrol checks to be performed
which are recommended at this stage prior to funtise in downstream reactions. These
include assessment of (i) RNA quantity (yield)) RNA purity and (iii) RNA integrity.
These factors are important because cDNA synthegisres a minimum template amount
(yield is important), any chemical impurities caivarsely affect the reverse transcriptase
enzyme (purity is important) and degraded RNA eadlto shorter cDNA fragments

which could underestimate the results (integrityrnportant).

()-(i)) The quantity and purity of the RNA were measured using a Nanodrop ND-1000
SpectrophotometeN@nodrop Technologies/Thermo Scientific, )l.KThe Nanodrop
ND-1000 is a spectrophotometer which measureshiberbance of light between 220-320
nm of a sample of nucleic acid - the absorbantiaesrly proportional to the
concentration of molecules within the sample amdlz&aused to quantify the
concentration of nucleic acid in a sample basethmn(Beer-Lambert law). The machine
requires only a small amount of sample (0.5-1 |HjcW is pipetted on to a measurement
pedestal. An ‘arm’is closed down on to the peslemtd a liquid sample column is
formed between the two surfaces through which g¥tlican be passed and the
absorbance measured. RNA absorbs light maximal@ nm and the absorbance ratios
260/280 nm and 260/230 nm provide information anghrity of the RNA sample. Pure
RNA will have a 260/280 ratio of 1.9-2.1 (<1.9 iodies protein contamination) and a
260/230 ratio of 1.8-2.3 (<1.8 indicates organintamination by phenol).

(i) RNA integrity was determined using the Agilent Bioanalyzer 2(&gilent
Technologies, U.K this step was performed by Julie Galbraith agJivang at the
Functional Genomics Centre at the University ofSgtav. This method is based on

capillary electrophoresis with a fluorescent dyat thinds to RNA. Capillary
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electrophoresis of a (total) RNA sample shows twstintt peaks corresponding to the two
ribosomal RNA (rRNA) species in the sample: 18S 288 and in a sample with low
degradation the baseline between the peaks sheulgldtively flat (Figure 2.19).

How the Agilent Bioanalyzer 2100 work§ he machine uses a chip which contains wells

for the samples with micro-channels between théswélhe chip is prepared by filling the
micro-channels with a sieving polymer matrix gefl anfluorescence dye and the samples
of RNA are then loaded into the wells along witsize ladder. Once the micro-channels
and wells are filled, a 16-electrode pin cartrifigeinto the wells of the chip and the
charged molecules of RNA are driven by the voltggalient, separated according to size
with smaller fragments migrating further than largees. The dye molecules intercalate
into the RNA strands which allows them to be vimeal by laser-induced fluorescence.
The result is visualised as an electropherogramevtiner amount of fluorescence is
proportional to the amount of RNA at a given si2e algorithm known as the RNA
Integrity Number (RIN) has been developed to iniche integrity of the RNA sample
based on 8 different features of the electrophoitput trace (total 28S/18S ratio, 28S
peak height, area under 28S peak, 18S and 28%@mgzared to area of the fast region,
linear regression of end-point of fast area, nuntbeletectable fragments in fast region,
presence or absence of 18S peak and relation oivérall mean to the median)
(Schroedeet al, 2006). Based on these criteria, computer soéwaftculates the RIN
number on a scale from 1-10 by order of increaBIN@\ integrity (1-badly degraded; 10-
highly intact). It is generally accepted that steaith a RIN >5 (but preferably >8) are
suitable for qRT-PCR experiments (Fleige & Pfa2f)06) although this is largely
dependent on the individual study. For this themidy RNA that met the following
criteria were used (A260/A280 > 1.8 and RIN>7).
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Figure 2.19 Example electrophoresis output tracesom the Agilent Bioanalyzer showing analysis of RNA

integrity.

(A) Good quality RNA is visible with two prominen8% and 28S peaks with a 28S/18S ratio of ~2 atat adseline —
RIN value of 9.8. (B) Example where RNA degradationisible as a decrease in the 18S and 28S peaksawiincrease
in smaller degradation fragments resulting in sieoibaseline — RIN value of 5.1. Figure courteisggilent

Technologies

2.12.3 Synthesis of cDNA
2.12.3.1 Principle of procedure of cDNA synthesis

RNA is not a suitable template for a gRT-PCR experit which requires double-stranded
DNA to work therefore the RNA must be transcribeticDNA. This is performed by the
process of reverse transcription in which singtareled mRNA is transcribed into double-
stranded DNA (i.e. theeverseto the normal transcription process in which DNA is
transcribed to mMRNA) as depicted in Figure 2.20is Thperformed using oligonucleotide
primers of poly-thymine (oligo-dT primers) that spieally bind to the poly-A tail of all
MRNAs and direct the enzyme reverse transcrip@B\(dependent) to synthesise a new
strand using dNTPs (A, T, C and G). This forms an rARNNA hybrid (one strand is the
MRNA and the other the newly synthesised cDNA stydor all the mRNAs in the
sample. In order to synthesise a new cDNA stranéplace the mRNA strand, the
MRNA must be digested with an enzyme, usually RNas©nce the mRNA strand is
digested, the single-stranded cDNA forms a hailpap on itself due to its hydrophobic
nature and this serves as the ‘primer’ to direotlsgsis of the complementary new strand
of cDNA by a DNA-dependent DNA polymerase. The heisudouble-stranded cDNA

derived from the original template mMRNA sequence.
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Figure 2.20 cDNA synthesis by reverse transcriptio

2.12.3.2 Full protocol for cDNA synthesis

As was the case with the RNA extraction protodud, ¢DNA synthesis protocol was the
same for mouse and rat samples. Prior to the sgistlof cDNA, the RNA was given a
second treatment of DNase to ensure complete rdrabeantaminating genomic DNA;
this was done by incubating the RNA with a diffarBiNase | TurboDNA-free, Ambion,
U.K.) for 25 min at 37°C. After this time a DNase-initor was added to inactivate the
DNase enzymeldNase Inactivation Reageptovided withTurbo DNA-freekit, Ambion,
U.K.). First strand cDNA was synthesised from 1 ug Rieasured by thidanodrop
Spectrophotometer as previously described) by seviganscription using th@mniscript
Reverse Transcriptiokit (Qiagen, U.K). This kit contains the reagents necessary for the
protocol including the reverse transcriptase enzgcatalyses synthesis of cDNA strands
and degrades RNA in RNA:cDNA hybrids), dNTPs (‘binlglblocks’ for the new cDNA
strands), buffer RT (contains Mgfor optimal reverse transcriptase activity) and
RNase/DNase free water for dilutions or as a suhigtn for the reverse transcriptase
enzyme in control reactions. TRENniscriptreverse transcriptase enzyme contains three

distinct enzymatic functions: (i) RNA-dependentaese transcription (catalyse the
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synthesis of cDNA from an RNA template), (ii) DNAsgendent reverse transcription
(catalyse the synthesis of cDNA from a cDNA temglatnd (iii) RNase H (degradation of
RNA in RNA:cDNA hybrids only). Additional reagentisat were not provided in this kit
but were necessary for the reaction were oligo-dfigns Qiagen, U.K) and an RNase
inhibitor (RNase-Outlnvitrogen, U.K) for removal of contaminating RNases (this does
not affect the RNase activity of tl@mniscriptreverse transcriptase enzyme). The final
composition of the reaction is shown in Table 2.8it@ a final volume of 50 pl and the
reaction was performed in an incubator at 37°ClLfor Reactions containing
RNase/DNase-free water instead of reverse trartasggenzyme served as negative RT
controls (denoted RT-). The resulting cDNA produagéthis stage contains all the cDNA
of all the genes that were present in the origisalie sample, transcribed from all the
MRNAs in the sample. The cDNA corresponding togdee of interest (e.gRunxor
Gapdh is selectively amplified in the final stage usmene-specific primers by gRT-PCR

allowing quantification of the expression of thengef interest.

Table 2.3 Reverse transcription reaction components

Componen Volume (per reaction’ Final concentration
Master mi

10x Buffer RT 5 ul 1x

dNTP mix (5 mM each 5ul 0.5 mM each dNTP
Oligo-dT primer (10 mM) 5ul 1uM

RNase inhibitor (10 units/ul) 2.5 ul 25 units (pérul reaction)
Reverse transcriptase 2.5 pul 10 units (per 50adtien)
RNase-free water Variable* -

RNA Variable* 1ug

Total Volume 50 pl -

* Variable depending on available RNA concentratiéiinal volume is made up with

RNase/DNase-free water.

2.12.4 Verification of cDNA synthesis

Prior to gRT-PCR, newly synthesised cDNA (includR§- controls) were tested for the
presence of double-stranded DNA to verify succéssfterse transcription. This was
done using conventional PCR amplification. Coni@ratl PCR amplification is based on
the same principle of exponential amplificationtbg three-step process of denaturing,
primer annealing, and strand extension as prewalesdcribed. It differs from gRT-PCR
in that the reactions do not contain any fluoresedabelling therefore the product is not
detected as it accumulates but rather at the exge gtost-amplification by agarose gel
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electrophoresis. Conventional PCR was sufficienttiis stage in verifying presence of

cDNA. The protocol for this was as follows:

Conventional PCR: For these experiments the PCR was run beyond 2&sci@ensure
the product is collected from the plateau phaseimam accumulated product). PCR
reactions were conducted in 10 pl final volume aoning 0.5 pl cDNA, 1 pl PCR custom-
made master mixThermo Scientific, U.K. 2 ul primers (10 uM) foRunx1(rat-specific

or mouse-specific as appropria@yantitect, Qiagen, USAr glyceraldehyde-3-phosphate
dehydrogenasg@apdh) (Eurofins MWG Operon, Germangnd 0.1 pl Tag DNA
polymeraseThermo Scientific, U.K. A layer of oil was placed on the top of theatézn
mix to avoid loss of solution by evaporation in thachine. Reactions were performed
using aStratagene RoboCycl&CR machine (which provided cyclic heating corais)

for either 30 cyclesGapdh or 40 cyclesRunx) to ensure analysis was taken from the
plateau phase of the reaction (Figure 2.23). Egcle avas 50s at 95°C, 50s at 55°C and 1
min at 65°C. Amplified PCR products were then gifged by gel electrophoresis.

Gel electrophoresis: Gel electrophoresis can be used to separate DNynieats by size
and charge. DNA from the PCR reaction can be loaake wells of an agarose gel and by
application of an electric field, the negativelyached DNA moves through the agarose
matrix towards the positive electrode with shoftagments migrating further than longer
fragments. The gel is treated with a fluoresceetablled ethidium bromide which allows

the final bands on the gel to be visualised undédight.

Preparation of the gelA 2% agarose gel was prepared fresh using powdsyaamse
(NuSieveFisher Scientific, U.K.) dissolved in 0.5x Tris/iawe/EDTA (TBE) buffer in a
final volume of 250 ml and heating in a standardrowave for approximately 2.5 min.
The composition of TBE buffer for a 0.5x stock wasr(iM): Tris (44.5), boric acid (44.5)
and EDTA (1.0). Once the agarose was completelpldsg the liquid gel was cooled
prior to pouring to prevent damage to the plastictigay (to approximately below 60°C) by
holding the bottle containing the gel under coldning tap water for 5 min. After this
time, 10mg/ml EtBrlfiwvitrogen, U.K) was added to the liquid gel, swirled to mix, dhnel
gel was then poured into a Perspex gel tray anddeB0 min to set with gel combs in
place to create the wells. Once the gel waslseiyel combs were removed and the gel

was placed into a gel tank with 0.5x TBE buffer.
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Loading and running the geB pl PCR product (final amplified cDNA) was mixedthv2
ul loading dye and added to each well. Loading(@yePromega, U.K).contains
bromophenol blue dye (which allows coloured vissation of the gel electrophoresis
progress) and Ficoll, a high molecular weight (Mp@)ysaccharide (which increases the
density of the sample to a level greater than tineoanding TBE buffer to ensure it falls to
the bottom of the well). A 100 bp DNA size lad@&mnl) was run alongside each run
(Promega, U.K).to allow size comparisons of the fragments torlagle. The gel
electrophoresis was run for 30 min at 160V. SusfceKRT reactions were confirmed by
positive single bands of correct size for RT+ saml€0 bp foRunxland 140 bp for
Gapdh and no band in RT- control samples (RT negataetion - water instead of RT
enzyme) (Figure 2.21).

DNA h

s, Gapd B o Runxt
P A+ A- B+ B- C+ C- D+ D-

. . <4«—Sample Wells —» Aopiggt: Y,+ -Z+

l | u
.
400 —

300 —— 300 ——,
200 —— - 100 —— W—

[t @D — =
100 —— D .

Figure 2.21 Example gels from DNA gel electrophosis to verify reverse transcription and appropriatesize
products.

(A) Samples of cDNA from positive (+) and negat{vereverse transcription reactions amplified witinventional PCR
usingGapdhprimers. Positive samples show a single, distiactd of appropriate length (140 bp) with no bamsent
in negative control reactions. (B) Samples of cDio positive (+) samples only to verify a singéstinct band of
appropriate size fdRunxlamplicons (120 bp). Primers f@apdhwere used to confirm positive and negative samples

(Runxlprimers were used when confirming amplicon lengttRunx?.

2.12.5 gRT-PCR
2.12.5.1 Principle of PCR

The principle of PCR (both gRT-PCR and conventidh@R) is based on the amplification
or replication of DNA (derived from the mRNA) toqutuce more DNA. This involves

first denaturing double-stranded DNA by applyinigigh temperature (~90-98°C) which
separates the DNA into two single strands. ShbtABequences known as primers which
have been selected to flank the DNA sequence effast can then anneal to the single
strands when the temperature is reduced to 50-6Bt@. slightly higher temperature of

72-80°C an enzyme known as DNA polymerase beginthsgising two new strands
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which are complementary to the template strandadxyrporating nucleotide bases
(adenine, thymine, cytosine and guanine) providettié reaction (this process is directed
by the primers which indicate the start site). Te®sults in two new strands and doubling
of the original DNA (1 copy to 2 copies of DNA). iShrepresents two new templates for
the next cycle in which these three main tempeeati@pendent steps are repeated again.
The entire process is continually repeated in cyidgsoduce exponential doubling of
DNA at each cycle for the sequence of interestR IP€actions take place in plastic tubes

within a thermal cycler machine and require théofeing components:

Component Function

Master-mix:
Buffer Maintains the master-mix at the appropriatefor the

reaction.

Deoxynucleotide triphosphatesProvide energy and nucleotides for the synthesis of
(dNTPs) DNA. Each nucleotide base must be added in equa

concentration to avoid mismatch of bases.

Primers specific to gene of | Short pieces of DNA (20-30 bp) that bind to the DNA

interest allowing the polymerase enzyme to initiate the
incorporation of dNTP

Polymerase A heat-stable enzyme that adds dNTPRg tONA
template strand.

DNA sample:

Template DNA Sample of DNA to be amplified by theRPf2action.

The PCR process:PCR usually consists of 20-40 repeated cycles @atth cycle made
up of a defined series of temperature steps depgrafi the activity of the DNA
polymerase, the concentration of dNTPs and divalatibns, and the melting temperature

of the primers, as outlined below and summarisdeigare 2.22:

(1) Initiation : This step involves heating the reaction to 94-98A@ held for 1-9 min
and is only required if the DNA polymerase requiresat-start’ activation.
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(2) Denaturation: The reaction is then heated to 94-98°C for 20¥@@sh disrupts
the hydrogen bonds between the complementary bdsek hold the two DNA

strands together, therefore causing the two stramdsparate (or ‘melt’).

(3) Annealing: The reaction is lowered to 50-65°C for 20-60s \whadows the
primers to anneal to the single-stranded DNA tetepl®NA polymerase then

binds to the primer-template hybrid.

(4) Elongation (extension) The reaction is then heated to 72-80°C whiches th
optimum temperature for DNA polymerase (a tempeeattd 72°C is used foFaq
polymerase). The DNA polymerase synthesises a trawdsby adding dNTPs to
the template strand in the 5’ to 3’ direction. @ndptimal conditions the amount

of target DNA doubles at each extension step.

(5) Final elongation: A single step may be performed after the lasteci@ensure any
remaining single-stranded DNA is fully extended.isT$tep usually involves
heating to 70-74°C for 5-15 min.

(6) Final hold: The final step can be applied for an indefinitediat 4-15°C which
holds the reaction until the user is ready to obliefrom the machine.
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Figure 2.22 Schematic representation of the PCR pcess.
(1) Denaturation at 94-98°C (2) Annealing at 50-683CElongation at 72-80°C. Three cycles are shoRiue lines
represent the DNA template to which primers (redd) anneal and are extended by DNA polymeraser{giecle) to

produce shorter DNA products (green lines) whightaen used as templates as the PCR progresses.

Stages of a PCR reaction:The complete PCR process can be divided into theee m
phases; (1) exponential phase, during which treeexact doubling of the product after
each cycle; (2) linear phase, during which thetteacomponents are being consumed
and the reaction is slowing; and (3) plateau phdiseng which the reaction components
have been exhausted and no more product is beidg (Fegure 2.23).
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Figure 2.23 Phases of a conventional PCR reaction.

Conventional vs. quantitative qRT-PCR: Conventional PCR uses agarose gel with
ethidium bromide for detection of PCR product (whis the amplified DNA) at the final
phase or end-point of the reaction as describedqusly in Section 2.12.4. Conventional
PCR is sufficient for simply detecting the preseatdouble-stranded cDNA to verify
appropriate RT as described; however for gene esijorestudies it is limited in that it
permits only semi-quantitative analysis of targetglevels (due to the insensitivity of the
ethidium bromide) and since the analysis is takemfnear the end-point of the reaction it
is often associated with poor precision as theti@atas often proceeded past the
exponential stage and products may therefore hagerbto degrade. Conventional PCR
has been replaced by real-time quantitative reveassscription PCR (QRT-PCR) which
differs in that it includes a fluorescent dye itite reaction to allow detection of target
DNA as the reaction is occurring (i.e. in real t)mather than at the end-point of the
reaction. This makes gRT-PCR more accurate thaodieentional PCR method.
Reporter dyes may be sequence-specific, for exathplevell-knownTagmanprobe, an
oligonucleotide specific to the target sequencellatd with two fluorophores (a reporter
and a quencher dye). As long as the two fluorophoemain in close proximity they do
not emit a fluorescence signal; however duringekiension phase of replication the
action ofTaqgpolymerase cleaves the 5’ end of the probe allgiilie two dyes to become
separated therefore as product accumulates theefloence increases. Reporter dyes may
also be non-specific, for example SYBR green, wihicids to the minor groove of double-
stranded DNA and as the reaction proceeds and gratitreases the fluorescent signal
also increases (Figure 2.24). Further detailherptocessing of qRT-PCR data is covered

in the later sections.
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Figure 2.24 SYBR green binding during PCR amplifiation.
SYBR green (green circles) binds to double-strandsd Bnd can be used to measure the abundance ofateniiNA

at the end of the extension step of the PCR reaction.

2.12.5.2 Full protocol for gRT-PCR

For this thesis, qRT-PCR was used to asResskmRNA levels in either whole heart
samples (LV + RV) or in dissected regions of tharh@énfarct, peri-infarct, remote LV

and RV). For regional work, the RV was selectethasegion to which other regions
were compared as the RV represented a comparisdinef@.V and represented the furthest

region from the infarcted region.

Preparation for gRT-PCR: All reagents were thawed and kept on ice and all-§i®R
reactions were prepared in a laminar flow hoodrevent aerosol contamination of cDNA
or primers. Gloves and a laboratory coat were vabl times to further minimise any
contamination. Synthesised cDNA was diluted 1:hhv&Nase/DNase-free water (final
volume 30 pl) to allow a manageable volume (2 pi)dipetting to reduce error. Either
96-well or 384-well plates specifically designed §RT-PCR were used\pplied
Biosystems, U.Kdepending on the number of samplBuinxwas detected with the
appropriateRunxspecific primersQiagen, U.K). These primers have also been
bioinformatically validated for high sensitivityXeludes short nucleotide polymorphisms
(SNP) therefore more accurate), have high effigirearad high specificity with short
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amplicon length (120bp) which have better efficieas less SYBR green is incorporated.
A master-mix was prepared to minimise variatiomeafgent concentration between wells;
two were prepared, one for each geRar(xland the housekeep&apdh enough to

contain the following in each well:

Table 2.4 gqRT-PCR mastermix reaction components.

Gapdh Runx

Master-Mix:
RNase/DNase-free @ 4 ul 6 pl
SYBR green mix* 10 pl 10 pl
Forward Primer (F) 2 pl

) 2ul(F&R)
Reverse Primer (R) 2 pl
CDNA:
CDNA (2 1) (2 u)
Final Volume: 20 pl 20 pl

*The SYBR green mixApplied Biosystems, U.Xcontains SYBR Green dye (the main
reporter dye which intercalates with double-strahD&A to indicate the quantity of DNA
accumulating during the amplification process)Aamplitag GoldDNA polymerase
(catalyses synthesis of new DNA), dNTPs (the bugdifocks of the new strand) and a
ROX dye (an internal passive reference dye to niismaon-PCR related fluorescence

fluctuations that may be caused by pipetting esrasample evaporation).

Sample loading: 2 pl of cDNA sample was added to each well follovegdL8 i of the
master-mix (final volume 20 pl) with centrifugat®of 1500 rpm between the addition of
cDNA and master-mix to ensure all drops of solufalhto the bottom of the well. An
optical adhesive cover film was applied to thedbghe plate to prevent loss of solution

through evaporation.

gRT-PCR reaction: The gRT-PCR reaction was then performed in an ABIO/®achine
with Sequence Detectisoftware Applied Biosystems, U.Kio measure relative gene
expression. The cycle conditions were as followtial 2 min at 50°C followed by 10

min at 95°C to heat-start (activate) theq polymerase enzyme, then 40 cycles where each
cycle was 95°C for 10 min, 60°C for 1 miRunxwas detected usirigunxprimers

(Qiagen, USAnormalised tagsapdh(Eurofins MWG Operon, GermanyAt the end of

the 40 cycles, the machine was set to perform éingeturve. This is an important step

for SYBR green based detection as SYBR green witl ko any double-stranded DNA
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therefore this stage was performed to ensure thabntaminating DNA is present in the
sample which could affect the results. The melsitayp is performed immediately after the
40 cycles by slowly ramping up the temperaturehefreaction from 60-95°C causing the
DNA to denature while continually collecting fluseence during this time. The melting
point is the temperature §J at which the two DNA strands separate causing the
fluorescence to rapidly decrease. Melting cunayasis is described in the section that
follows (Section 2.12.6.1). In all gRT-PCR expegints, template-free (no cDNA)

controls and RT- controls were always run in patallith positive samples and each
sample was run in triplicate for each experiméBaselines and thresholds were calculated

automatically by the software (see below for maetaid on these parameters).

2.12.6 Interpretation of qRT-PCR data

This section aims to cover the interpretation of fROIR data and covers the following:
() the theory behind the gRT-PCR amplificationvajr(ii) analysis of the qRT-PCR data
followed by (iii) example calculations showing hole data was analysed for the different

areas of the study.

2.12.6.1 Theory of the gRT-PCR amplification curve

Figure 2.25 shows graphical representations otamRT-PCR output amplification
plots. An amplification plot is the normaliseddhescence signal of the reporter dye (e.g.
SYBR green) plotted against the PCR cycle numb#A is being amplified at each cycle
therefore as the PCR reaction proceeds (cycle num&reases) the number of DNA
products increases and as fluorescence is dingaifyortional to DNA concentration

(more fluorescence with more DNA), the fluoresceals®e increases (Figure 2.25A).

Baseline fluorescenceln qRT-PCR, the fluorescence does not become aétector the
initial cycles of the reaction as the DNA concetitrahas not accumulated to a level
where the fluorescence is detectable by the magthiedluorescence during the initial
cycles of the reaction where it is not changingeferred to as the baseline fluorescence
(Figure 2.25A). The fluorescence signal shown enamplification plot is theormalised
fluorescence of the reporter dye (Rn). Rn is #t®rof the fluorescence by the reporter
dye (e.g. SYBR green) to the fluorescence of aipasseference dye. A passive reference
dye is required to normalise non-PCR related flattuns in fluorescence due to pipetting
or sample evaporation, a commonly used exampleifROX dye for use iApplied
Biosystemsnachines. The software automatically normalibes tTypically the delta-Rn
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(ARnN) is used in amplification plots which is Rn witte baseline fluorescence subtracted

(ARNn = Rn — baseline).

Cycle threshold (Ct): Following the initial cycles whereby the fluorescens

unchanged, the amount of DNA accumulating durirggatimplification process will begin

to reach detectable fluorescence levels and teeaesudden increase in the fluorescence
signal. The cycle at which this increase in fluosgge becomes detectable is known as
the threshold cycle (Ct). Itis the Ct which deBrthe quantification of gene expression.
The higher the starting copy number of a gene (greatmber of cDNA molecules
containing the gene sequence) the earlier theasera fluorescence (i.e. the earlier the
Ct). Therefore the Ct is inversely related to #heel of gene expression - the smaller the
Ct, the higher the gene expression. The Ct is edéfby a threshold fluorescence set either
manually by the user or more often by the softweekage which has auto-threshold and
auto-baseline features. The threshold iMRe used for which above this defines the Ct
of the reaction. The threshold must be set abavédiseline but low enough to be within
the exponential phase of the amplification curVee Ct is derived from the intersection of

the amplification plot with this threshold line ¢ftire 2.25A-B).

A ARn vs. Cycle B Log (ARn) vs. Cycle

Sample B

ARn

cB Sample A

Baseline / CA
=T Threshold
lCt Baseline

Cycle number Cycle numbe

Threshold

Baseline

Figure 2.25 Graphical representation of qRT-PCR dta.

(A) A typical gRT-PCR amplification curve whefdRn is plotted against PCR cycle number (Rn is the alised
reporter fluorescencé&Rn is the Rn minus the baseline). During the indjalles the fluorescence does not reach a
detectable level, this is known as the baselindi¢ated). The cycle at which the amplification\@imtersects the
threshold (green line) is the Ct, as shown. (B)fample amplification curve plotted using the IO&() against PCR
cycle for two samples (A; blue and B; red). Theggrline is the threshold (set at the same levdddth samples); the
gray line is the baseline. As the Ct determineeipression levels of the gene present in the samgln inverse
manner (lower Ct, higher gene levels) and samplesBahaearlier (lower) Ct (8) than sample A (@), sample B
therefore has higher expression of the gene oféstehan sample A. Figure adapted frpplied Bioysystenmuide
Real-time PCR: understanding.Ct
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Melting curve analysis: Melting curves show the melting temperaturg)(for samples
which is dependent on the base composition andHesfghe DNA present in the sample.
All DNA from the same primers should have the sdmeesulting in a single peak in the
melting curve; the presence of other peaks indscadetamination — this may be from
contaminating DNA or from primer-dimers (which demed when primers anneal to
themselves). Primer-dimers are easily identifiggimaller peaks to the left of the main
peak as they are smaller in size and therefore loaver T,,. An example of melting curve
analysis is shown in Figure 2.26. For this thgsisner-specificity was confirmed in
samples by single peak melting curves with no prichener formations. Only samples

with a single peak on a melting curve were included

A No contamination B Contamination
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0.08
0.08
= =
2 o006 2 006
z T
3 0.04 /}m__'#\ j o 004
/ e P =1
P o002 /| ‘ ‘ — i ® oo
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-0.02
60 65 70 75 80 85 90 95 60 65 70 75 80 85 90
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Figure 2.26 Example melting curves from the gRT-PR dissociation stage.

Melting curves are plotted as the derivative obfescence d(rfu)/dT against temperature. The afévivis often plotted
as it is useful for identifying different peaksA) (Melting curves with a single peak at the samdridicating no
contamination. The no template control (NTC) sampgleould have a straight line as there should HeNw in the
sample. (B) Multiple peaks present indicating comiteation. Some of the peaks on the left may befpoimer-dimers
as there are smaller peaks melting at a lower teayre. All samples in this thesis were testedrniejting curve

analysis and only those which showed a single pesik included. Figure adapted fr@uanster Biotech Ltd.

2.12.6.2 Analysis of gRT-PCR data

There are two different methods which can be usegiémtify gRT-PCR data: absolute or
relative quantification. Absolute quantificatiorogides an exact copy number of the gene
using a standard curve approach whereas relataetijaation presents the expression
levels relative to a specific control (e.g. treatschon-treated). Absolute quantification is
only usually used when the precise quantity of dfnegl DNA is required (e.qg. for viral

load studies where the absolute number of viralesoim the sample is to be determined).

But when comparing between groups, relative quatniit is sufficient.
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2.12.6.3 Analysis of gRT-PCR data by the comparativ e C; method

One of the most common methods of analysing redaiRT-PCR data is using the
comparative Ct method (known as ti&*% method) (Schmittgen & Livak, 2008). The
equation for this is:

2—AACt

Fold change= Eq. 11

WhereAACt = [(C target gene — Ceference genglwrLe a - (G target gene — CGeference

geneyavpLe ). The derivation of this formula can be foundhie appendix.

The result is the fold change in expression of #megof interest between one sample and
another (e.g. treatad. untreated). The sample to which the others argeoed against is
known as the calibrator sample and is typicallydbetrol, for example a healthy subject

in a disease study. Where the data is requirée s single data points (i.e. not compared
to a calibrator sample) it is acceptable to uS€ @r 2. Where samples have been run in
triplicate, the mean Ct is used for the equatidwra. For this thesis gRT-PCR results

were analysed using comparative Ct calculationkepp">“!

(regional comparisons
relative to RV region), 2°' (whole heart or RV region between sham and MB Gr
(Gapdhstability) as recommended by accepted publishatiods (Schmittgen & Livak,
2008). Example calculations for each of these atailéd below. Statistical significance
between regions within the same heart was tesiad ANOVA with multiple regression
analysis performed with SPSS software. This inviblselecting the RQ as the dependent

variable for the analysis. An example of how thiés calculated is shown in Figure 2.27.
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£f SPSS data example for thesis.sav [DataSet1] - PASW Statistics Data Editor

Add-ons  Window

SHE @I «~w Bl i %K

RQ RY Infarct Periinfarct | RemotelY
1 1.00 1.00 0 0 0
2 1.00 1.00 0 0 0
zl 1.00 1.00 0 0 0
4 1.00 1.00 0 0 0
(5 1.00 1.00 0 0 0
6 1.00 1.00 0 0 0
7 1.00 1.00 0 0 0
8 1.00 1.00 0 0 0
9 521 0 1.00 0 0
10 4.40 0 1.00 0 0
1" 7.62 0 1.00 0 0
12 173 0 1.00 0 0
13 8.23 0 1.00 0 0
14 283 0 1.00 0 0
15 2.40 0 1.00 0 0
16 8.46 0 1.00 0 0
17 1.43 0 0 1.00 0
18 1.55 0 0 1.00 0
19 2.50 0 0 1.00 0
20 590 0 a 1.00 0
21 292 a a 1.00 0
2 94 0 0 0 1.00
23 1.63 0 0 0 1.00
Model Summary

B Model Adjusted R Std. Error of

R R Square Square the Estimate

1 7462 556 503 1.63912

a. Predictors: (Constant), RemoteLY, Periinfarct, Infarct

ANOVAP
Model Sum of
Squares df Mean Square F Sig.

1 Regression 84.144 3 28.048 10.439 .0op3
Residual 67.168 25 2.687
Total 151.312 28

a. Predictors: {(Constant), RemotelY, Periinfarct, Infarct
h. Dependent Variable: RQ
Coefficients®
Model Standardized
Unstandardized Coefficients Coefficients
B Std. Error Beta t Sig.

1 {Constant) 1.000 .580 1.726 .097
Infarct 4110 820 .804 5015 .000
Periinfarct 1.826 848 342 2152 LY
RemotelLV 133 885 024 151 881

a. Dependent Variable: RQ

Figure 2.27 Example outputs of statistical analysiof gRT-PCR data using SPSS software.

Chapter 2

(A) The data set as a grid of dummy variables pgsa(1) or no (0) system — where there is 1.00 sm#amRQ

corresponds to the appropriate region in the cojuR@is selected as the dependent variable to agdether there is a

statistical difference between the RQ in each regi@) Output view showing the overall ANOVRRvalue and the

individual P values for each region. These results were asfiad with separate ANOVA testing.
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For comparisons of specific regions between shaiMirusing unpaired samples, the
student’s t-test was used. A valueRsf0.05 was considered significant. All data were

tested for normal distribution using a histograit jgind by plotting residuals.

Example 1: analysis of gene expression between shamd MI — whole heart samples.

SHAM Ml

Runx _ACT Runx _ACT
Gapdh Cr | AC; | 2 Gapdh Cr | AC, | 2

Cr Cr

17.37 17.80 15.16 17.68

16.99 17.41 15.03 17.78

16.89 17.94 15.22 17.87

Mean 17.08 17.72 -0.63 1.55 Mean 15.14 17.78 -2.64 6.25

Figure 2.28 Sample gRT-PCR data analysis of mousél tissue using the 22" method.
Samples were analysed using gRT-PCR and the Ct datalieSDSsoftware was imported into Microsoft Excel. Each
sample was performed in triplicate, representethtse Ct values for each gene in this example. Javoples are

shown; whole heart (LV + RV) homogenate for a (ivid sham heart and a (ii) 4-wk Ml heart.

As the whole heart samples were from separate dsithare was no means to justify
pairing any Ml sample with a particular sham samgtierefore it was not appropriate to
use the 2°“‘ method, and instead thé&2 value for Ml was used for the calculations. The
individual 2°“' value (mean of the triplicates) for each Ml heeass divided by the mean
sham value (mean of all shafi% values) and then multiplied by 100 to calculae th
percentage change Runxexpression using the formula shown below. In thava

example Runxexpression in the Ml heart is increased to 403%e\ls in the sham heart.

MI (2—ACt)
mean Shanf2 2"

% change= )X1OO Eq. 12
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Example 2: analysis of gene expression between shamd MI — heart region samples.

MI - RV region MI - Peri infarct region
Runx Gapdh AC: AAC: 8ACT Runx Gapdh AC AAC: 8ACT
Cr Cr Cr Cr
25.04 18.24 24.09 18.19
24.92 18.19 24.86 17.94
25.54 18.58 24.28 18.19
Mean 25.16 18.34 6.83 0.00 1.0¢ Mean 24.41 18.11 6.30 -0.53 144

Figure 2.29 Sample gRT-PCR data analysis of mousél tissue using the 2*2°* method.

Samples were analysed using gRT-PCR and the Ct datalieSDSsoftware was imported into Microsoft Excel. Each
sample was performed in triplicate, representethige Ct values for each gene in this example. fegmnal samples
are shown, both from the same heart; the RV regi@hthe peri-infarct region. The RV region wasrégion to which

all other regions of the respective hearts werenabtised.

For regional heart samples, th&"S' method was used to compare the infarct, peri-tnfar
and remote LV (or equivalent sham regions) to tier&ygion of that respective heart. An
example of this is shown in the table above wheta &tom the RV region and the peri-
infarct of an Ml heart is shown (both regions haeene from the same heart). The
calculation is performed in a step-wise order: Ga)culateACt (mearRunxCt — mean
GapdhCit) for the region; (2) CalculatACt (ACt of region of interest ACt of RV); (3)
Calculate 2!, the value is expressed as the relative quamtitdRQ) value. In the
example aboveRunxexpression is 1.44-fold higher in the peri-infargion of the Ml

heart than the respective RV.

Example 3: analysis of gene expression between tloair different rat strains — whole

LV samples.
WKY WKY-congenic
RUNX | Gapdhc; | acy | 28¢T RUNX | Gapdhc; | acy | 28¢T
Cr Cr
15.34 14.62 16.44 14.63
15.25 14.38 16.39 14.88
15.20 14.84 16.58 14.69
Mean | 15.26 14.61 0.65 0.64 Mean | 16.47 14.73 1.74 0.30

Figure 2.30 Sample gRT-PCR data analysis of congierrat tissue using the 2°' method.
Samples were analysed using gRT-PCR and the Ct datetlieSDSsoftware was imported into Microsoft Excel. Each
sample was performed in triplicate, representethise Ct values for each gene in this example. 3avoples are

shown; whole LV homogenates for a (i) WKY heart an@) WKY-congenic heart.
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Runxexpression between the different rat strains waspeoed using the®" method.
This method was chosen because, like the whole NBaxamples, there was no reason to
pair samples with each other therefore th€“2method was not appropriate to use.
Instead the mean + SEM for each strain was calaifaben single data points using the 2
“Ctyalue. In this example above, the WKY-congenioveha 2-fold reduction iRunx.

expression compared to WKY.

2.12.7 Limitations of the technique

gRT-PCR has several advantages in that it is éastemely sensitive, highly reproducible
and can be integrated into high-throughput systeialsng it a very powerful tool for
performing accurate gene expression. However tie@se advantages there are caveats
associated with qRT-PCR. The most common is threxgeh of a suitable reference gene.
It is necessary to use a housekeeping/referenaeigefRT-PCR as a normalisation
strategy to control for error between samples.fdP@ing each well in triplicate controls
for pipetting error but the housekeeping genegsiired to control for differences in

cDNA concentratiomotdue to pipetting error. Housekeeping genes arallystellular
maintenance genes that regulate basic functiotiseeafell and are therefore ubiquitously
and ideally uniformly expressed during all expenmat conditions. They serve as a
‘common denominator’ to which the target gene ismadised and control for variation in
the amount of starting material between samplgs frem variation in (i) RNA integrity,

(i) differences in RT efficiencies, and (iii) cDN#ample loading variation.

(i) Variations in RNA integrity (and purity) can ocatithe RNA becomes degraded due
to exposure to RNases or improper storage, andwonants (phenol or proteins) may
be present from incomplete purification during RNA extraction process. Degraded
RNA can lead to shorter cDNA products and contantsa the RNA can affect the
activity of the reverse transcriptase enzyme tloeeceading to reduced cDNA. This
would result in a lower gene expression of the bkasping gene and would indicate

that the altered expression of the target genetefest would be questionable.

(i) The reverse transcription process should occur Wit efficiency (that is, 1 pg
RNA is converted into 1 ug cDNA). In reality, thesnot always the case and this may
be due to factors that affect the activity of ttemscriptase enzyme such as the
presence of contaminants (as described before)rreat temperature (>42°C reduces

the activity of theOmniscripttranscriptase enzym@&iagen Omniscript Kit handbopk
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or incorrect concentration of primers (includingycidation of primers) and dNTPs.
To minimise these problems, only RNA of minimum pu(A260/A280 >1.8) was
used, reactions were performed in a controlledbater at 37°C and reagents were
kept on ice and stored at -20°C to minimise dedradaand primers/dNTPs were
always mixed by gentle vortex prior to use to eaghorough mixing. If the efficiency
of the reaction was markedly affected this woulttlléo a reduction in the
concentration of cDNA, which would result in a lavwggeene expression of the
housekeeping gene and therefore indicate thatltitreed expression of the target gene
of interest would be questionable.

(iii) The third source of variation could arise from cDB#mple loading — this means that
if unequal cDNA concentrations were used betwe#arént samples, for example if
the cDNA was not diluted correctly or if too litleo much was added (this does not
include minor errors which are not always avoidahle to the nature of pipetting).
Incorrect starting cDNA template could bias resldegling to over/under-
representation of true gene expression levels whaid be informed by the
over/underexpression of the housekeeping genes Wés avoided as much as possible

by ensuring dilutions of 1:5 of cDNA were alwaysfpemed as accurately as possible.

2.12.7.1 Choice of suitable housekeeping gene

Without appropriate normalisation to a housekeepgege, small differences between
genes of interest may be missed (variability initbasekeeping gene would obscure small
changes making them difficult to detect), or resuitay be misrepresented — for example
fluctuations in the housekeeping gene can leadéo/wnder-estimation in the expression
of the gene of interest (if the housekeeper exmess reduced or increased respectively)
and this can make it extremely difficult to intezpthe real changes. A suitable
housekeeping gene is one which shows no differencespression between the treatment
groups. It is best practice to test a number fbédint housekeeping genes and choose the
most suitable rather than arbitrarily selectingngle unvalidated gene. For this thesis a
preliminary study was performed to test three difife housekeeping genes based on some
of the most stable in mouse MI according to presibausekeeping gene studi€apdh(a
glycolysis enzyme), ribosomal protein ARp{p0 and hypoxanthine-guanine

phosphoriboyltransferaselfrt; an enzyme involved in purine nucleotide genergtio
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Gapdh is widely used in cardiovascular studies andesmiost frequently reported
housekeeping gene in the literature for M| (asaedeed by Bratteliét al,2010).

However there are discrepancies in the literatutée suitability olGapdhin mouse M,

for exampleGapdhhas been reported to be one of the most stabEsgermouse Ml
(Brattelidet al, 2010) but contrary to this, it has also beenacaas the one of the least
stable in mouse infarcted tissue (Everag¢dl, 2011). Gapdhwas also found to be the
most stable housekeeping gene in rat infarctedoanenfarct tissue (Zhaet al, 2011).
However it is being increasingly accepted that ke&asping genes behave very differently
depending on the study design and the experimeatalitions involved. Therefore while

a housekeeping gene may be unsuitable for one,studgy be acceptable under similar
conditions of another. Following the advice of Eaggtet al, 2011 which warned against
the use ofsapdhin mouse infarction tissue, we also tested trsommended alternative
gene reported to be the least variable in mouséHyit). RplpO was additionally chosen
as it has been shown to be stable regardless dibcatisease state (Moniotteal, 2001)
and ribosomal genes also feature highly as norabkerigenes in Ml (Everaest al,
2011;Pereet al, 2007). These three housekeeping geGepdh, Rplp0 and Hprwvere
therefore quantified using qRT-PCR and were rardasgd on a criteria of low variance
published by Manet al, 2008 (Maneet al, 2008). This method is based on the idea that
under ideal conditions, fluctuations in housekegmane expression would not vary much
from a mean (i.e. have low standard deviation (SD})erefore the variance was assessed
in the Ct and each candidate gene was ranked basthe SD (see example calculation

below).

Example 4. analysis of stability of the housekeepayene

MI Model — whole heart samples

Using the data from Example 1 above, @epdhCts for sham whole heart were (17.8,
17.4, 17.9) and whole heart Ml were (17.7, 17.8917The method for assessing the
suitability of the housekeeping gene between whebat groups (shaws.MI) was based
on comparing the fold change between groups usiagrean (of the triplicates) Ct fof2
as recommended by published methods (Schmittgeiv&kl 2008). For the values given
in this example, the medbapdhCt for sham and Ml were 17.7 and 17.8 respectively
The fold change between the two is Ml/sham (17.8)17.1.01 which equates to 1% fold-
change between sham and MI and by usingPthialue to indicate whether the differences

were significant also aided in determining theatility of the housekeeping gene — in this
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example therefore it was suitable between this pHnis method was used for all animals

by taking the mean'? value for all animals (sham and Ml).

MI Model — regional heart samples (SD method)

For regional variations, as there were more thandamples, fold-change between all four
was not possible using the above method. Ther#ferenethod used was based on the SD
between the regions as mentioned above and puthlishManeet al. (2008). The SD
calculation was performed as follows: (i) firsttiie mean Ct for each individual region
from all hearts (sham and MI) were compared anedef®r stastical significant

differences using ANOVA (with Tukey post-test) telgd aP value as shown in Figure
2.31A(i),B(i); aP value of <0.05 signified that the raw Ct valuesnssn sham and Mi

were significantly different and the housekeepirgabeing tested was unsuitable (ii)
secondly, the regional mean Ct values were poalgtketd a single mean Ct for either
sham or Ml; (iii) the SD between this single shamd aingle MI mean Ct value was

calculated using the standard formula for SD:

SDzwlz(X—_)_()2 Eq. 13
n-1

Where} is the sum ofx is a value in the data set,is the mean of all values in the data

set,n is the number of values in the data set.

The resulting SD of each housekeeping gene is shovad in Figure 2.31; the SD value
was used to rank the genes in order with lowesb&Bg most suitable and highest SD the

least suitable gene.

Results: The results of this method are shown in Figurd 2r13d these data have shown
thatGapdhwas the most stable gene of the three with the$v 8D and showed no
significant differences in expression between shachMI. Hprt was tested in the infarct
region and showed that there was a small but sognif difference in the Ct values

between sham and MI with a high SD, theretdpet was considered the least suitable in
this study. RplpOwas the neither the best nor worst of the threeiglver data was only
available frorm=1 sham therefore the results were somewhat inasivel for this gene.
Based on these validation experime@apdhwas chosen as the housekeeping gene for all
mouse qRT-PCR experiments. Based on these reGalpslhwas also tested for
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suitability in the different strains of rat heasgsue for the congenic rat model studies and

was also found to be stable with no significantestédnces observed between the 4 strains

(Figure 2.32).
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Figure 2.31 Comparison of different housekeepingemes for gRT-PCR between sham and MI hearts.

(A-i) Comparison of raw Ct values from different i@gs of 4-wk sham hearte<5) and 4-wk M| heartsn&8) and (A-

i) values for the regions combined usi@Bgpdh (B-i) Comparison of raw Ct values from differeagions of 4-wk

sham heartsEl) and 4-wk MI heartsnE5) and (B-ii) values for the regions combined gdRPLO. (C) Comparison of
raw Ct values from 4-wk sham apex=8) and 4-wk Ml infarct regiomE3). The standard deviations (SD) between the
two groups for each housekeeping gene are shovadinTheP value indicates whether there were any significant
differences in the mean Ct value between groupsathard was used in conjuction with the SD methti<0.05 using
ANOVA for more than two groups (regional data) tudent’s unpaired t-test for comparisons betweengwmups only

(combined regions).
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Figure 2.32 Validation ofGapdh as a suitable housekeeping gene between four diffat rat strains.

Raw Ct values are shown for each group; WKY (white ira5), WKY-congenic (light grey ban=5), SHRSP (black
bar;n=5) and SHRSP-congenic (dark grey bw%). Statistical significance was tested using AMQOwith a Tukey
multiple comparisons post-test. The resulfthgalue from this ANOVA test across the four groiggshown. These
data indicate that there was no significant diffieeein the Ct value déapdhbetween the hearts from the four different
rat strains overall.
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3.1 Introduction

3.1.1 Mlis a serious public health problem

CVD is the leading cause of death in Europe andJt&e estimated to account for 49%
and 37% of all mortalities respectively (Peterseal, 2005;Thonet al, 2006). The
majority of CVD-related deaths are due to corortasrt disease (Petersetal,
2005;Thomet al, 2006) which is the atherosclerotic narrowinghsoimbus occlusion of
coronary arteries, both of which can lead to Ml amdntual HF (Libby, 2001) . Despite
considerable progress in the prevention and traatofeCVD, Ml leading to HF continues
to be a highly prevalent source of morbidity andtaldy (Allenderet al, 2006). Current
treatments for Ml such as coronary artery bypass;ytaneous interventions and
dissolution thrombotic therapies are successfalowing the disease and improving
patient symptoms and quality of life (Hermanide®#&ervanger, 2008), however,
paradoxically the advances in the treatment of BMienled to an increased prevalence of
chronic HF; this is because patients are survitteginitial insult but have to live with a
severely compromised heart (Thoneasl, 2008). More effective treatments are therefore
required to slow the progression of HF.

3.1.2 Need for an animal model of Ml

In order to manage and treat Ml and HF more effebyj it is important to understand the
pathophysiology and underlying mechanisms of tleale so that suitable therapeutic
treatments can be developed. Experimental animdetadhat closely resemble human
disease characteristics have proven invaluablthfe{Hasenfuss, 1998;Kloclet al,

2007). Much of the work that has advanced our tstdeding of Ml and HF over the past
four decades would not have been possible withmutise of animal models. CVD
research performed on animals has yielded invadualibrmation about alterations in
neurohormonal activity (McCullagt al, 1972), myocardial function (Magoveenal,
1992) and molecular changes (Dagtdal, 1993) that occur in the failing heart after Ml.
Animal models of Ml and HF are therefore highly bfcial for CVD research.

3.1.3 Surgical methods of inducing Ml in an animal model

As mentioned previously, human Ml is characterisg@therosclerotic narrowing of
coronary arteries (Libby, 2001). Animal modeld\vifare therefore based on methods that

result in partial or complete occlusion of a comyrartery. This is typically performed
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through the use of surgical intervention methotise advantage of using a surgical
approach rather than alternative methods suchedargi(Wilson & Hartroft, 1970) or
genetic-inducing strategies (Chtial, 2002) to induce natural atherosclerotic develapme
is that surgical methods allow more precise cordvelr timing, location and extent of
infarction which provides more reproducible resulBpending on the nature of
ischaemic injury required for the purposes of ttuelg, a number of different methods
have been described utilising physical occludeegzing and ligation approaches. Most
surgical interventions involve placing the animatiar anaesthesia, performing a left
thoracotomy to expose the heart and implementiagdtevant coronary artery occlusion
method (Klockeet al, 2007). The most widely used method of inducingiVi&n animal is
by ligating a coronary artery using a band (langenals) or thin suture (small animals)
(Klocke et al, 2007). Alternative methods have been reporteldemch method has
numerous advantages and disadvantages associgtethevsuitability of inducing Ml

similar to the human phenotype, descriptions oheae detailed below.

3.1.3.1 Occluding devices

Occluder devices such as hydraulic or ameroid aetkihave been described in large
animal models, for example swine (Haradal, 1994) as a method of inducing Ml
through coronary artery stenosis (Rethal, 1987). These occluders are constriction
devices that are implanted around the coronaryyaaied either inflated (balloon occluder
or hydraulic occluder) or constricted (ameroidatoontrolled extent to cause partial or
complete occlusion. These occluders are usefllanthey can gradually occlude over a
long period of time that will allow formation of taterals therefore mimicking human M
(St Louiset al, 2000), however implantation requires a high lefedurgical expertise and
moreover due to their size are restricted to usarger animals only (Dixon & Spinale,
2009).

3.1.3.2 Embolisation

Another example of an animal model of Ml is basedriracoronary embolisation with
microspheres or agarose beads using catheter-reédgections (Sabbadt al, 1991).
This technique is advantageous in that it closedgmebles the clinical cause of Ml in
humans due to the embolisation of athereoscletwricthrombus plaques that build up
inside the artery wall (Topol & Yadav, 2000). Thexalso the added advantage that the
embolising agents are administered percutanoustyetore the risk of infection or

inflammation associated with thoracotomy is redu@atbel & Heusch, 2000). The
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technigue has been successful at inducing LV dysimm, myocardial fibrosis and
hypertrophy in dogs (Sabbahal, 1991) however due to the nature of the technigjse

also restricted to larger animal models only (Grahdl, 1999).

3.1.3.3 Cryoinjury

Cryoinjury is another method of inducing infarctishich has been described in smaller
animal models such as rats (Ciudfaal, 2004) and mice (van den Besal, 2005). This
involves applying a cryoprobe to the LV free wall pproximately 10 s and the freezing
temperature (-175 to -190°C) disrupts coronary tlbow. Cryoinjury is unique among
these methods in that cell death occurs immediately result of the freezing insult, rather
than from a developing ischaemia process and threr@fdoes not induce the injury in the
same way that a naturally developing ischaemiagadunjury occurs in human Ml (van
den Boset al, 2005). Cryoinfarctions in mice have been shosvoause reduced
contractility and diastolic dysfunction to a simigxtent as coronary artery ligation after 8
weeks, however the injury results in smaller infaizes, not always transmural and with

only modest LV structural remodelling (van den Bbsl, 2005).

3.1.3.4 Coronary artery ligation

CAL is the most commonly used approach for surtygatiucing Ml; this involves tying a
ligature around a coronary artery for either transpr permanent occlusion (Klockeal,
2007). CAL has been extensively used for a largaber of years as a very effective
method of inducing Ml in a variety of animal speciecluding dog (Hood, Jet al,

1967), sheep (Gorman, Bt al, 1998), rabbit (Smitlet al, 2006), rat (Pfeffeet al,

1979b) and mouse (Michael al, 1999). CAL does have some drawbacks, one bheng t
damage made around the ligature; inserting a suttogéhe myocardium inevitably will
include muscle mass as well as veins, nerves anpHgtic vessels which could affect the
level of coronary artery stenosis (Klookeal, 2007). CAL is subject to infarcts with
varying size which may mean a large group of arsmadhy be required (Zimmet al,
1990). Despite its limitations, the CAL techniduees many advantages which make it a
very attractive choice for surgical Ml methodsrsHBy, the ability to produce a range of
infarct sizes can also be considered a strengdtieaiechnique as it provides flexibility in
the extent of infarction that may be useful for sihedy. Secondly, CAL is not restricted to
larger animals as some of the other techniquesaackis therefore suitable for rodents
including mice, which have become increasingly papin the field of cardiac research

due to the availability of transgenic strains irs tfpecies (Rockmagt al, 1994;Svenson
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et al, 2003). The ligature can be placed for either p@m@nt or temporary occlusion and
therefore can be used for ischaemia-reperfusi®) (flodels as well as permanent

occlusion models providing greater scope for useliiklet al, 1995).

3.1.4 How well does CAL-induced experimental Ml res  emble
human MI?

If an animal model is to be used to study humaaatis it is imperative that the animal
model closely resembles the human disease as farsatble. Ml is caused by acute
occlusion of coronary arteries in human patientghiopgmbosis and leads to a cascade of
events that ultimately alter the functional andistural properties of the heart that can
eventually lead to the development of HF.

3.1.4.1 Characteristics of human Ml

The loss of contractile mass from the infarcted aseses an acute reduction in cardiac
pump function. Stroke volume and cardiac outpwdnger are initially maintained
through the action of adrenergic signalling pathsvaich increase Gainflux and SR
activity to increase contractility in the surviviegrdiomyocytes (Levick, 2010).
Enhanced contractility in the surviving myocardiwrbelieved to induce cardiomyocyte
hypertrophy, whereby individual cardiomyocytes tigb the action of increased
sarcomeres have the ability to increase in cedl, glzereby increasing contractile mass and
offering further support against the wall stressdeds (Pfeffer & Braunwald, 1990).
Over time, the ventricles dilate further increasing work of the surviving myocardium
(Weisman & Healy, 1987). The dilated ventricleughier supported by increased
deposition of collagen within the infarcted regtorprovide structural support and
preserve the structural integrity of the myocardifirench & Kramer, 2007). These
adaptive responses which maintain SV and CO witbimmal physiological ranges are
collectively known as compensatory remodelling.wdwoer, persistent strain on the
surviving cardiomyocytes leads to abnormalitiethigir C&*-handling properties: Ga
transient and action potential durations are prgdohand SR CGauptake rates are slowed
(Pogwizdet al, 2001). Initially this can cause diastolic dysftion but with preserved
systolic function. These changes are responsibldéslowing of contraction and
relaxation rates and prolonged relaxation durattha ultimately lead to impaired
contraction and relaxation of the ventricles. Astcaction and relaxation abnormalities
worsen to the point where the heart cannot mairgaufficient CO, this is classified as

HF (McMurray & Pfeffer, 2005). Therefore in summgahyman MI can present
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diminished systolic and diastolic function, ventiter dilation and infarct thinning with

increased collagen deposition (French & Kramer,7200

3.1.4.2 CAL-induced experimental Ml

The CAL method has been applied to large animals asa¢he dog and pig but it is
reportedly problematic in these species due to hightality rates (>50% in dog) mainly
from ventricular tachycardia (Hood, &t.al, 1967). Moreover, dogs have a very
extensive collateral coronary circulation whichréfere restricts infarct size to only 20%
of the LV in many cases and as a result produclsneimor haemodynamic alterations
(Hood, Jret al, 1967). Therefore CAL-induced Ml is commonly use@gmaller
laboratory species such as the rat and mouse yargehuse of the lower costs associated
and with the recent technological advances in ringainstruments for measuring cardiac
parameters they have become popular species fon gsediac research (Patten & Hall-
Porter, 2009). CAL models in the rat have been-d@tumented. CAL-induced Ml
results in impaired LV function with reduced systdunction and increased filling
pressures in rats (Pfeffet al, 1979b). Rats with infarctions greater than 46%mhe LV
develop congestive HF after 3-6 weeks with elevéthog pressures and reduced cardiac
output (Pfefferet al, 1991b). As mentioned previously, the mouse lea®ime a popular
species of choice for the Ml model as it carriesudhique ability to manipulate specific
genes that may be important for post-infarctionadelling not possible with any other
species (Svensaet al, 2003). The mouse, like the rat, demonstrates $tolic and
diastolic dysfunction (Shiouret al, 2007) with evidence of LV remodelling (Sanal,
2000). Further details of the phenotype of murrealels of Ml reported by others are
described in Table 3.1.
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Table 3.1 Characteristics of murine models of Ml usg the permanent CAL method.

Chapter 3

Animals

Phenotype

Reference

Male and female Kumming
mice (24-309).

Myocardial necrosis after 24h
Infarct size 44.3 £ 2.9% of LV after 24h

Wanget al A simple and fast
experimental model of
myocardial infarction in the
mouse (2006).

Male C57BI/6 mice (20-
25g; 6-10 wk old).

33% survival after 1-wk
30.8% reduction in ESP compared to sham after 1-wk

Degabrieleet al Critical
appraisal of the mouse model
of myocardial infarction
(2004).

Male Swiss mice (30-45g;
10-12 wk old).

3-fold reduction in LV wall thickness (5-wk post-MlI
2.1-fold increase in LV diameter (5-wk post-MI)
Infarct size 47.7 £ 5.2% of LV circumference (5-péist-MI)

Positive Sirius red collagen levels peaked 7.8-fotsher than sham
at 2-wk, dropped therafter but remained ~2-folchkigat 3-wk and
5-wk

No differences in HW/BW ratio by 5-wk post-MI

Reduction LV ESP, dP/dt, dP/dt, (exact fold change not
available)

Lutgenset al Chronic
myocardial infarction in the
mouse: cardiac structural and
functional changes (1999).

Male and female C57BI/6
mice (18-229; 8-10 wk
old).

At 2-wk post-MI :
60% survival

1.7-fold increase in LV mass compared to sham

Increased systolic (1.7-fold) and diastolic (1.8¥jaliameter (echo)
compared to sham.

Fractional shortening reduced by 30.9% of shamd)ech

Kumaret al Distinct mouse
coronary anatomy and
myocardial infarction
consequent to ligation (2005).

Female C57BI/6 mice (20-
25g; 4-6 wk old).

At 9-days post-MI:
60% survival

2.5-fold increase in EDV (MRI)
6.6-fold increase in ESV (MRI)
EF reduced from 72 to 31%

Caianiet al. Analysis of
regional left ventricular
function in the post-infarct
mouse by magnetic resonanc
imaging with retrospective
gating (2008).

Male C57BI/6 mice (6 wk
old).

Apoptosis of cardiomyocytes at 48h

Bialik et al Myocyte apoptosis
during myocardial infarction in

the mouse localizes to hypoxi¢

regions but occurs
independently of p53 (1997).

Male C57BI/6 mice (20-
25g; 8-10 wk old)

At 6-wk post-MI :
68% survival

Infarct size 38.6 £ 15.2%

12.4% reduction in SBP

41.0% increase in EDP

24.1 and 28.2% reduction in dR/gtand dP/dfin
14% increase in LV mass/BW ratio

25.6% increase in end-diastolic diameter (echo)
40.7% increase in end-systolic diameter (echo)
36.4% reduction in fractional shortening (echo)

Patteret al. Ventricular
remodelling in a mouse mode
of myocardial infarction
(1998).

Male C57BI/6 mice (10-12
wk old).

Collagen accumulation at days 7-14, scar compleyedhy 21
Infarct size 47.3 £ 5% (4-wk), 45.3 £ 5% (8-wk)

60% increase in HW/BW ratio at 4-wk post-MI

No change in lung weights at 4-wk or 8-wk nor byviad

Yanget al Myocardial
infarction and cardiac
remodelling in mice (2002).

Male C57BI.6 mice (20-
30g; 10 wk old).

Survival after 12-mo 70%

Decrease in EF from 64% to 33% at 6-mo
100% increase in EDP at both 6- and 12-mo
38% increase in LV hypertrophy at 6-mo
53% increase in LV chamber size at 6-mo
Infarct size 40.7 £ 1.9%

Ponset al Survival,
haemodynamics and cardiac
remodelling follow up in mice
after myocardial infarction
(2003).
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Given the well-documented success of the CAL methadouse models of Ml and its
close similarities to the human disease phenotyygeCAL model was the choice of
method for inducing experimental Ml in mice for therk in this thesis. Furthermore,
there are also a number of projects anticipatetdrétmire genetic manipulation in this
model and therefore the mouse was the best speaiss for this.

3.1.5 Aims

The aims of the work presented in this chapter weeperform a detailed characterisation
of the mouse model of Ml in terms of (i) cardiastural and functional alterations and
(ii) associated surgical success rates and surghaiacteristics of the model. As this was
a new model in our laboratory, it was necessagharacterise the phenotype (including
both mechanical and electrical activity) to enghieemodel developed LV dysfunction. It
was hypothesised that inducing Ml in mice by CALulkbproduce a model of LV
dysfunction and structural remodelling comparabih wther published mouse models of
MI using the CAL method.

3.2 Methods

3.2.1 Induction of Ml

Adult male C57BI/6 mice (aged 8-10 weeks; 20-2&mgjerwent M| by CAL as previously
detailed in the General Methods Section 2.1. @bstram-operated mice underwent the
same procedure but without CAL. Mice were perrditi@recover up to 4 or 8 weeks
following the procedure at which point they undentia vivo functional assessment (PV
loop and analysis) and their hearts were harvdeteslbsequent morphological and
histological analyses as described in the Geneedhbdtls Section 2.3 and 2.4. Animals
were inspected daily for mortality and any founddi@nderwent post-mortem analysis to

identify the cause of death.

3.2.2 Experimental timeline

A schematic of the experimental timeline is showifrigure 3.1. Following CAL, animals
were randomly assigned to one of the two followgngups: (i) 4-wk group and (ii) 8-wk
group as detailed above. Sham-operated animaks alsw randomly assigned to one of

the two study groups (4-wk or 8-wk).
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Ti 0 8 weeks
ime | END OF 8-WEEK
4 weeks STUDY GROUP
END OF 4-WEEK ECG
| I STUDY GROUP PV measurements
Operation: ECG +
LAD ligation PV measurements .
(or sham procedure) + Sacrifice
Sacrifice . +
Tissue Harvest
+ & PM measurements

Tissue Harvest
& PM measurements

Figure 3.1 CAL model experimental time line.

3.2.3 Haemodynamic assessment of LV function

Mice underwent PV measurements either at 4 wk 8rveit after Ml as described in the
General Method Section 2.3. Briefly, mice wereestletised (4% isofluorane), intubated
with a 0.7 mm cannula and ventilated using a rodesytirator (1.5-2% isofluorane, 120 pl
tidal volume, 120 breaths per minute). A rectarthocouple probe connected to a
feedback control unit maintained core body tempeeadf the animal between 37.0 +
0.5°C throughout the procedure. Following a migllaervical incision, a 1.2F PV catheter
(SciSense, Ontario, Canadaas inserted into the LV of the heaia the right common
carotid artery. PV data were recorded at baselimteduring reduced preload by transient
vena cava occlusion. The parallel conductancemmbgnding conductive structures was
offset by administering an intravenous 10 pl bati$5% hypertonic saline.

3.2.4 Assessment of electrical cardiac function

Mice underwent ECG assessment either during the €i&gery, and/or at 4 wk or at 8 wk
after Ml as described in the General Methods Se@id. Briefly, mice were
anaesthetised and sustained under spontaneoulibgeainditions through a face mask
(1.5-2% isofluorane) while a rectal thermocoupleb@ connected to a feedback control
unit maintained core body temperature at 37.(62@. Subdermal needle leads were
placed orthe front and hind forelimbs in a lead 1l configiima and ECG measurements

were recorded for a 5 minute time period.

3.2.5 Harvesting of hearts

Animals were sacrificed at 4 or 8 wk after Ml ahe heart was removed and washed in

ice-cold saline (0.9% NaCl w/v). The aorta wasttaisversely, mounted on to a 23G
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cannula attached to a syringe and perfused rettegréh ice-cold saline to rinse blood
out of the coronary vessels. Hearts were blottgad tissue paper and weighed using a
precision electronic balance and subsequentlyrdiitked in formalin for histological
analysis or snap-frozen in liquid nitrogen andestioat -80°C until needed for biochemical

experiments.

3.2.6 Preparation of heart sections

Hearts taken for histological analysis includedmle intact heart (atria, ventricles and
major blood vessels). Hearts were given a mininfiMation time of 24 hr in formalin to
allow sufficient time for fixative to penetrate thissue. After sufficient fixation, hearts
were embedded into a wax block until required &mtioning. The heart was sliced
parallel to the long axis of the heart to produadtiple sections 1um thick with an
interval of 250-300 um between each section. Aheaterval, adjacent sections were
taken, one for each stain: (i) H&E, (ii) Sirius raad (iii) RUNX1-specific antibody (for
work detailed in Chapter 4).

3.2.7 Morphometry and infarct measurements

For each heart, at least five serial sections @@pprately 250-300 um between each
section) were taken for morphometric and infarzé sneasurements to ensure a range of
depths through the heart. All sections were exathimith anOlympus BX5Microscope
and images were captured with@lympus DP7Xamera with the use @fell D software.

3.2.7.1 LV wall thickness and LV area

LV wall thickness and LV area were measured usingldd&E sections of each heart as
described in the General Methods Section 2.8.122a8@. The wall thickness was
measured as the distance between the endocardaieparardium of the infarcted
myocardium using a line perpendicular to the cumeabf the ventricular wall. LV area
was measured from the same sections by tracingndrtie endocardium inside the LV.
Both chamber size and wall thickness were measusiegimageJsoftware and
measurements were performed on all sections of leeatt to yield a mean value for each
heart. Qualitative histopathological changes imoaydial tissue following M| were

assessed using H&E and Sirius red stained sectidhe beart.
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3.2.7.2 Infarct size

Infarct size was measured on sections stained$uiths red using a length-based
approach similar to the method published by Takagztval, 2007 as described in the
General Methods Section 2.8.3. Briefly, four ldregivere measured from each heart
section: epicardial infarct length, endocardiahnof length, epicardial total circumference
and endocardial total circumference. The infarcluded all infarcted myocardium which
was >50% of the total thickness of the myocardiltpicardial and endocardial infarct
ratios were then calculated by dividing the suretardial or endocardial lengths from
all sections by the sum of all epicardial or enddizd circumferences from all sections

respectively. Infarct size was then calculatedgihe following equation:

EPlinfarctratio + ENDOQinfarctratio "

Infarct size(%) = 5

100 Eq. 14

3.2.7.3 Collagen levels

Collagen levels in the heart were estimated fronuSred sections usirighnageProPlus
software as described in the General Methods Se2t@2. The number of red pixels
above a set threshold of red colour were countédeapressed as a percentage of total

pixels in the heart.

3.2.8 Lung and liver weights

The lungs and liver were harvested, blotted dryigssue paper and weighed using a
precision electronic balance as described in thee€a Methods Section 2.3. Tibial
length measurements were also taken as a norngatisi@rence for lung, liver and heart
weights. Since the animals were at an age wheserttay still be growing, the tibial
length was used as a more accurate normalisingerefe than body weight.

3.2.9 Cardiomyocyte isolation and measurements of ¢ ell length,
width and estimated cross-sectional area

Cardiomyocytes were isolated using a standard tiageprotocol with collagenase and
protease from 4-wk sham and 4-wk MI hearts as de=tin the General Methods Section
2.10.1. Briefly, hearts were removed and perfusémgradely at 4 ml.mihwith a

modified KH solution containing 0.7 mg.thtollagenasetype I, Worthington, New Jersey
USA and 0.07 mg.mf proteasetype XIV, Sigma Aldrich, UKfor 7 minutes followed by
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6 minutes of KH solution containing 0.7% bovineweralbumin (BSASigma Aldrich,
UK). The perfusion was then stopped and the LV frakk eut into strips and mixed in KH
solution with 0.7% BSA to yield a cell suspensidrsingle cardiomyocytes. Isolated
cardiomyocytes were visualised by light microscapyl captured using a came€a (
imaging Rolera-XlRandQCapturePro software Cardiomyocyte length and width was
determined from a group of hearts usintageJsoftware and cross-sectional area was

estimated using the equation as detailed in theefaéMethods Section 2.10.2.

Eq. 15

: cellwidth )’
CrosssectionalArea= n(—j

2

3.2.10 Data recording and statistical analysis

All PV and ECG data were recorded obell laptop usind-abScribe2software at a
sampling rate of 1000 sampleSand analysed offline usirgabScribeZoftware. All data
in the text and figures are expressed as mean + SH#tistical significance was
measured using student’s paired or unpaired tfaestomparisons between a maximum of
two groups, or ANOVA followed by the Bonferroni dukey post-hoc test where
appropriate for comparing more than two groupst tke survival study, Kaplan-Meier
analysis was used and statistical significancedessing the Log-rank (Mantel-Cox) test.

A P value of <0.05 was considered statistically sigatrit.

3.3 Results

3.3.1 Survival following Ml

Mice underwent surgically induced Mi£137) or a sham operation®60). Survival data
for these procedures are presented in FigureAsXhown in Figure 3.2A (i), Ml leads to
significantly reduced survival (end-point survivate 63% after MI/s.100% for sham
operationsP<0.05). Of the 197 mice that underwent surgerydid3ot survive to the end
of the study and reasons for this are shown inrei@u2A (ii). 50% of the deaths were due
to cardiac rupture, 45% occurred intra-operati{B% of these were attributable to
mechanical ventilation issues; the other 17% welsted to another unidentified aspect of
the surgical procedure), 4% developed severe alisgmptoms within the first week of

MI (extreme dyspnoea, lethargy and rapid weight)l@md were killed humanely using an
appropriate Schedule 1 method; the remaining 1% afieer the first week of the
procedure for reasons that could not be identifiech a post-mortem. The majority of
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deaths following MI occurred within the first weekthe operation (99%) and it was very
rare to lose animals beyond the first week (1%3.tl#As was a new model in our
laboratory, efforts were made to minimise mortaéitto achieve the highest possible
success (survival) rates. Figure 3.2A (iii) shdwsv mortality changed over the course of
learning the technique and how this affected treraVsurvival. The current values are
denoted by the last point on the graph of Figue&Jiii). It can be seen that with
experience of the technique, deaths from ventitassues and from cardiac rupture were
reduced by 64.8% and 86.1% respectively (cuverttighest incidence). Intra-operative
deaths were reduced by 100% to zero (cuwsritighest incidence). In reducing
mortalities over the course of developing the tégqpine, the overall survival rate of the
model was increased by 63.3% (curreniowest incidence). Current survival success

rates were 78% for Ml and 100% for sham-operateaals.

3.3.1.1 Cardiac rupture

The most common cause of mortality in this model easliac rupture. All animals were
monitored daily and any animals found dead werengxad by autopsy for evidence of
cardiac rupture. Cardiac rupture was confirmedhgyptresence of a pool of clotted blood
surrounding the heart within the chest cavity (IFgg8.2B(i-a) and by the presence of a
visible tear on the LV free wall of the heart (Figt8.2B(i-b). Cardiac rupture always
occurred in the first week of MI between day 3-&(fFe 3.2B (ii)); it did not occur before
day 3 nor after day 7.
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Figure 3.2 Survival following MI.

(A-i) Kaplan-Meier survival curves for mice undeigg CAL to produce Ml (red line) compared to shamgadure
(black line). Animals removed from the study aithrespective time points (4 or 8 weeks) are regmted by ticks at
these time points on the survival curve to indicataoval from the study rather than death fromGA&. procedure.
*P<0.05 Log-rank (Mantel-Cox) test. (A-ii) Reasonsywhice did not survive CAL. (A-iii) Success ratesaciated
with experience of the CAL technique. (B-i) Photgzh of an animal that died as a result of cardigture showing
blood in the chest cavity (white arrows; (a)) ahd site of rupture on the heart (black arrow; (i§B-ii) Incidence of
cardiac rupture showing the frequency of rupturthendays following MI.
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3.3.2 Effect of Ml on haemodynamic LV function

LV PV loop measurements were used to assess cham@gunction 4-wk and 8-wk
post-MI. The results of these measurements aremiexsin Figure 3.3, Figure 3.4 and
summarised in Table 3.2 and described below. Reatdtexpressed as the percentage

change compared to the respective time-matched.sham
3.3.2.1 Effect of Ml on LV pressure and volume trac  es and HR

Figure 3.3A (i-iv) shows typical LV pressure anduroe traces from 4-wk sham, 4-wk

MI, 8-wk sham and 8-wk MI. The resultant PV loopan these traces are summarised in
Figure 3.3B. Heart rate was not statisticallyetiéint across the four groups (545.1 £ 13.3
(4-wk shamn=10); 552.7 £ 10.2 (4-wk MIn=13); 572.0 + 14.6 (8-wk shams5); 546.2

+ 18.0 (8-wk MI;n=7) bpm;P>0.05; Figure 3.3C).
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Figure 3.3 Effects of Ml on pressure, volume anddart rate.

(A-i-iv) Representative pressure and volume traoe® sham and Ml hearts at 4-wk and 8-wk time poiB)
Representative PV loops from sham and MI heartsvelit 4nd 8-wk time points. (C) Heart rates from K-sham
(n=10), 4-wk MI (=13), 8-wk shamr=5) and 8-wk MI (=7).

3.3.2.2 Effect of MI on systolic functional paramet  ers of the heart

Figure 3.4A shows the effect of Ml on parametersysftolic function. LV end-systolic
pressure (ESP), a measure of contractility, wasfgigntly reduced to 88.0% of control
sham levels at 4-wk post-MI (4-wk Mh£13) vs.4-wk sham 1§=10); P<0.05) and to
82.0% of control sham levels at 8-wk post-MI (8-Mk (n=7) vs.8-wk sham j=5);
P<0.05; Figure 3.3A (i-iv), B; Figure 3.4A (i)). @ilarly, the maximum rate of rise of LV
pressure (dP/dty) which is another index of contractility, was sigrantly reduced to
78.6% of control sham levels at 4-wk post-MI (4-Mk (n=13) vs.4-wk sham1§=10);
P<0.05) and to 59.7% of control sham levels at 8poakt-MI (8-wk MI (0=7) vs.8-wk
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sham (=5); P<0.05; Figure 3.4A (ii)). Another measure of syistperformance is the
ejection fraction (EF) which is equal to (strokduroe/end-diastolic volume)*100; Ml led
to a significant reduction in EF to 63.5% of consbhhm levels at 4-wk post-MI (4-wk M
(n=13)vs.4-wk sham1¢=10); P<0.05) and to 65.2% of control sham levels at 8pokt-
MI (8-wk MI (n=7) vs.8-wk sham (=5); P<0.05; Figure 3.4A (iii)). Cardiac output,
however, remained unchanged following Ml after 4ast-MI (7.9 + 1.3/s.9.5 £ 1.2
ml.min™; 4-wk M1 (n=13)vs.4-wk sham t=10): P>0.05) and 8-wk post-MI (10.1 + 1.4
vs.10.1 + 0.6 ml.mift; 8-wk MI (n=7) vs.8-wk sham i§=5); P>0.05; Figure 3.4A (iv)).
There was no further decline in systolic functioonfr4-wk to 8-wk post-Ml for any

parameter.

3.3.2.3 Effect of Ml on diastolic functional parame ters of the heart

Figure 3.4B shows the effect of Ml on parameterdiaétolic function. LV end-diastolic
pressure (EDP) is a measure of diastolic functiahvaas significantly increased to
198.1% of control sham levels at 4-wk post-MI (4-Mk(n=13)vs.4-wk sham 1=10);
P<0.05) and to 280.8% of control sham levels atk8ast-MI (8-wk MI (1=7) vs.8-wk
sham (=5); P<0.05; Figure 3.3A (i-iv), B; Figure 3.4B (i)). 18ilarly, the maximum rate
of fall of LV pressure (dP/dty which is another measure of diastolic functiorswa
significantly reduced to 58.9% of control sham lewa 4-wk post-MI (4-wk MI1(=13)vs.
4-wk sham 1(=10); P<0.05) and to 58.3% of control sham levels at 8poakt-MI (8-wk

MI (n=7) vs.8-wk sham 1§=5); P<0.05; Figure 3.4B (ii)). Another index of diastol
function is the time constant Tag) (vhich describes the rate of LV pressure decayngur
isovolumetric relaxation® was significantly increased to 155.9% of conti@ms levels at
4-wk post-MlI (4-wk MI f=13)vs.4-wk sham(=10); P<0.05) and to 168.0% of control
sham levels at 8-wk post-MI (8-wk Mh£7) vs.8-wk sham 1§=5); P<0.05; Figure 3.4B

(iii)).
3.3.2.4 Effect of Ml on load-independent measures o f LV function

The end-diastolic pressure-volume relationship (EDPW&s measured to assess a load-
independent measure of diastolic function in teofnmyocardial compliance and stiffness.
The myocardial stiffness consta@t €alculated from an exponential fit of the end-dést
PV data points) is a load-independent measureastalic function in terms of stiffness of
the myocardium and was significantly increased Byf@ld of control sham levels at 4-wk
post-MI (4-wk MI (n=13)vs.4-wk sham 1§=10); P<0.05) and by 13.8-fold of control sham
levels at 8-wk post-MI (8-wk MIrn=7) vs.8-wk sham (=5); P<0.05; Figure 3.4B (iv)).
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Hearts were progressively stiffer by 2.5-fold awB-compared to 4-wk post-MI (8-wk Mi
(n=7) vs.4-wk MI (n=5); P<0.05; Figure 3.3B (iv)). EDPVR was the only didisto
parameter that was found to progressively charma #-wk to 8-wk post-MI; no other

parameters of diastolic function were found to gebetween 4-wk and 8-wk post-MI.

3.3.2.5 Effect of Ml on volume parameters

Figure 3.4C shows the effect of Ml on LV volumearaeters. LV end-diastolic volume
(EDV) and end-systolic volume (ESV) are measuredhefliv blood volumes at end-
diastole and end-systole, respectively and areauUseficators of any change in LV
volume as a result of chamber dilation for examf®V was significantly increased to
141.1% of control sham levels at 4-wk post-MI (4-Mk(n=13)vs.4-wk sham 1=10);
P<0.05) and to 168.4% of control sham levels at 8pa&t-MI (8-wk MI (1=7) vs.8-wk
sham (=5); P<0.05; Figure 3.3A (i-iv); Figure 3.4C (i)). Siraily, ESV was significantly
increased to 215.0% of control sham levels at 4podt-MI (4-wk MI ((=13) vs.4-wk
sham (=10); P<0.05) and to 301.2% of control sham levels at 8pakt-MI (8-wk MI
(n=7) vs.8-wk sham §=5); P<0.05; Figure 3.3A (i-iv); Figure 3.4C (ii)). Ske volume
(SV) was unchanged after Ml at both 4-wk post-M3.(L+ 2.2vs.17.6 £ 2.1 ul; 4-wk Ml
(n=13)vs.4-wk sham1¢=10): P<0.05) and at 8-wk post-MI (18.7 + 2/$.17.8 £ 1.3 pl;
8-wk MI (n=7) vs.8-wk sham 1t=5): P>0.05; Figure 3.4C (iii)). There was no further
change in volume parameters from 4-wk to 8-wk padkt-
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Table 3.2 Effect of myocardial infarction on haemodgamic indices of LV function in mice.

Chapter 3

4-wk 4-wk 8-wk 8-wk

SHAM Mi SHAM MI
HR (bpm) 545.1 +13.3 552.7 +10.2 572.0 £ 14.6 546.2 H18.
ESP (mmHg) 98.2+1.8 86.4 +4.4* 100.1+7.4 82.1+3.9*
EDP (mmHg) 52+0.9 10.3 £ 1.7* 2.6+0.2 7.3£1.4*
dP/dtyay (MMHg.s™) 9872.8 + 489.2 7761.5 +516.3* 11023.0 + 893.9 %87 399.9*
dP/dty, (MMHg.s™) 8663.3 £ 292.0 5106.8 + 351.4* 8826.9 + 804.7 514 711.2*
Tau (ms) 59+0.3 9.2+0.9* 50+0.4 8.4+ 0.6*
EDPVR 0.038 +0.011 0.097 +0.018* 0.018 +0.002 0.24605*t
ESV (ul) 127+2.2 27.4 +3.4* 85+2.0 25.6 + 4.4*
EDV (ul) 29.7+3.9 41.9 +3.3* 26.3+3.3 44.3 £5.5*
SV (ul) 176+2.1 15.0+2.2 178+1.3 187 +2.1
CO (ml.min-1) 95+1.2 7.9+1.3 10.1+0.6 10.1+1.4
EF (%) 58.7 +4.0 37.3+4.6* 69.3+35 452 +6.4*

HR = heart rate; ESP = end-systolic pressure; gi/dtmaximal rate of rise of pressure; EF = ejecfrantion; CO =

cardiac output; EDP = end-diastolic pressure; -tifa/d maximal rate of fall in pressure; Tau = timeasgltion constant;

EDPVR = end-diastolic pressure-volume relationskiffness constant. Values are expressed as m&iM: *P <

0.05vs.time-matched sham control. Pf< 0.05 between 4-wk MIs.8-wk MI.
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Figure 3.4 Effects of Ml on haemodynamic indices dfV function in mice.

Effect of MI on systolic functional parameters V), diastolic functional parameters (B i-iv) andlvme parameters (C
i-iii) in 4-wk sham (white barn=10), 4-wk MI (black barn=13), 8-wk sham (white ban=5) and 8-wk MI (black bar;
n=7). Data shown are mean + SENP<0.05.
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3.3.3 Effect of Ml on the electrical properties of  the heart

ECG measurements were used to measure changeseiedtrecal properties of the heart
after Ml. ECG was used during the induction of ki cohort of animals as a method of
validating successful CAL. Representative ECG miogs before, during and after CAL
are shown in Figure 3.5 which show an increasberST-segment during CAL which can
still be seen 10 min after CAL (Figure 3.5A (iJil)ECG measurements were also
recorded 4-wk and 8-wk after MIl. Representative E@Gm sham, 4-wk Ml and 8-wk

MI are shown in Figure 3.5B. It can be seen frbese recordings that MI causes the
development of a negative Q wave, ST depressioTamave inversion, based on the
morphology of the ECG alone (not quantified). Amshgthmic events that occurred in the
5 min recording period were counted offline. Shammals showed no arrhythmic events
and therefore the 4-wk and 8-wk shams were combimtech single group. Animals with
MI were found to have a significantly increasedyfrency of arrhythmias in the form of
ventricular premature complexes (VPC) both at 4@k0 + 0.04; 4-wk MI11(=18) vs.
sham (=18); P<0.05; Figure 3.5C (ii)Jand 8-wk post-MI (0.04 £ 0.08:wk MI (n=7) vs.
sham (=18); P<0.05; Figure 3.4C (ii)). These arrhythmias wesemnitfied as VPC by

their larger QRS complexes with a deflection in dp@osite direction to the normal sinus
rhythm and a larger T wave consistent with a VPCes&hwere identified based on their
morphology alone. There were no statistical diffiees in the frequency of VPC
arrhythmias between 4-wk and 8-wk post-¥b(.05).
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Figure 3.5 Effect of Ml on the electric propertiesof the heart.

(A-i-iil) Representative electrocardiograms from entwefore (i), during (ii) and after CAL (iii). (Biif) Representative
electrocardiograms from (i) sham, (ii) 4-wk M1 aii) 8-wk MI. (C-i) Representative electrocardiogna for arrhythmia
analysis from 4-wk sham and 4-wk MI after MI. (¢Hrequency of VPC arrhythmias in sham (both 4-wét 8-wk
shamsn=18; red circles), 4-wk MIn=18; black circles) and 8-wk MINE7; open circles).
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3.3.4 Effect of Ml on the structural properties of the heart
3.3.4.1 Heart weight

Heart weight relative to TL was found to be sigrafitly increased 4-wk post-MI (10.7
0.5vs.8.9 + 0.4 mg/mm; 4-wk MIr=15)vs.4-wk sham1§=22); P<0.05; Figure 3.6A-B)
and 8-wk post Ml (13.4 £ 1.4s.9.3 £ 0.4 mg/mm; 8-wk MIrn=12) vs.8-wk shamif=11);
P<0.05; Figure 3.6A-B). Hearts were also found égpbogressively heavier as the Ml
developed from 4-wk to 8-wk (13.4 = 1v4.10.7 + 0.5 mg/mm; 8-wk MIn=12) vs.4-wk
MI (n=15); P<0.05; Figure 3.6A-B).

3.3.4.2 Cardiomyocyte size

One factor that may be contributing to an increagbe weight of the heart after Ml is an
increase in the size of the individual cardiomyesyt Cardiomyocyte cell dimension
measurements (measured at 4-wk post-MI only) itdeca small but significant increase
in cardiomyocyte length 4-wk post-MI (148.9 + ¥2130.7 = 3.1 um; 4-wk MIn=3
heartsn=63 cells)vs.4-wk sham =3 heartsn=79 cells);P<0.05; Figure 3.6C(i-ii).
Conversely, there were no statistical differendeseoved in cardiomyocyte width at 4-wk
post-MI (30.4 £ 1.3/s5.28.1 £ 0.9 um; 4-wk MIr{=3 heartsys.4-wk sham (=3 hearts);
P>0.05; Figure 3.6(i,iii). There was also no sigrafit differences in cardiomyocyte cross-
sectional area at 4-wk post-MI (809.9 + 78s1665.0 + 40.9 u 4-wk MI (n=3 hearts)
vs.4-wk sham §=3 hearts)P<0.05; Figure 3.6C(i,iv).
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Figure 3.6 Effect of Ml on heart weight and cardionyocyte size.

(A-a-c) Representative photographs of the heart fi@m-wk sham, (b) 4-wk Ml and (c) 8-wk after M(B) Effect of
MI on heart weight (normalised to tibial lengthy fbwk shami=15), 4-wk MI (1=22), 8-wk shamr(=12) and 8-wk Ml
(n=11). (C-i) Typical cardiomyocytes from a 4-wk shand 4-wk MI heart. C (ii-iv) Effect of Ml on (iigell length, (iii)
cell width and (iv) estimated cross-sectional doeal-wk sham (=79 cells;n=3 hearts) and 4-wk MhE63 cells;n=3

hearts). Data shown are mean + SERk0.05.

3.3.4.3 LV dimensions

Histological H&E-stained sections of the heart wased to quantify LV wall thickness
and LV chamber area (Figure 3.7A (i-iii)).

LV wall thickness was found to be unchanged in sham-operated anfroats4-wk to 8-
wk (1.96 + 0.46vs.1.30 + 0.06 mm; 4-wk sham#£4) vs.8-wk sham (=5); P>0.05;
Figure 3.7B). MI resulted in thinning of the L\e& wall after 4-wk compared to the
respective time-matched sham (0.19 £ 821.96 + 0.46 mm; 4-wk MIr=5) vs.4-wk
sham (=4); P<0.05; Figure 3.7B) and after 8-wk (0.32 + 0vK01.30 + 0.06 mm; 8-wk
MI (n=4) vs.8-wk sham 1(=5); P<0.05; Figure 3.7B). There were no statisticaletghces
in the degree of LV wall thinning between 4-wk Mica8-wk MI (0.19 + 0.0%/s.0.32 +
0.10 mm; 4-wk MI (=5) vs.8-wk MI (n=4); P<0.05; Figure 3.7B).

LV chamber areain sham-operated animals was not statisticallffeceht from 4-wk to 8-
wk (5.3 £ 0.7vs.7.0 = 0.3 mrf 4-wk sham =4) vs.8-wk sham (=5); P>0.05; Figure

3.7C). After MI, LV area was significantly increabat 4-wk compared to the respective
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time-matched sham (19.3 + 3/3.5.3 + 0.7 mm; 4-wk MI (n=5) vs.4-wk sham i§=4);
P<0.05; Figure 3.7C) and at 8-wk (17.2 + 857.0 + 0.3 mrf; 8-wk Ml (n=4) vs.8-wk
sham (=5); P<0.05; Figure 3.7C). There were no significantetiéhces in LV area
observed between the 4-wk MI and 8-wk MI groups3193.7vs.17.2 + 3.5 mrf 4-wk
MI (n=5) vs.8-wk MI (n=4); P>0.05; Figure 3.7C).
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Figure 3.7 Altered LV dimensions after MI.

A (i-iii) Representative H&E sections of the headrh 4-wk sham, 4-wk MI and 8-wk MI. (B) LV infartiickness and
(C) LV chamber area measured using H&E sectiondfak sham (white ban=4), 4-wk Ml (black barn=5), 8-wk
sham (white bam=5) and 8-wk MI (black bam=4). * P<0.05
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3.3.4.4 |Infarct size

Sirius red sections of the heart were used to dfyantarct size (Figure 3.8A (i-iii)). The
mean infarct size after 4-wk and 8-wk post-MI wés63t 4.2 and 39.4 £ 5.4% of the LV
respectively (Figure 3.8B) indicating that therereveo differences in the infarct size
between the two time points (36.6 £ 4239.4 + 5.3%; 4-wk Ml 1t=4) vs.8-wk Ml

(n=3); P>0.05; Figure 3.8B). Sham animals showed no itifamc

3.3.4.5 Collagen deposition (cardiac fibrosis)

Collagen content was measured from the collagettiyp®¢$red-stained) area in Sirius red
sections of the heart (Figure 3.8A (i-iii)). 4-wkd 8-wk shams were combined. Collagen
levels were expressed as a percentage of the Wwkake After Ml there was a significant
increase in collagen content in the heart aftek448.2 + 2.2/s.4.4 + 0.7%; 4-wk MI

(n=4) vs.sham (=3); P<0.05; Figure 3.8C) and after 8-wk (20.5 + ¥54.4 + 0.7%); 8-

wk MI (n=3) vs.sham (=3); P<0.05; Figure 3.8C). There were no significantetéihces

in collagen content between 4-wk and 8-wk hearst-pdl.
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Figure 3.8 Infarct size and collagen content afteMI.

(A i-iii) Representative Sirius red sections of tieart from (i) sham, (ii) 4-wk MI and (iii) 8-wk MIB) Infarct size after
4-wk MI (n=4; light grey bar) and 8-wk MhE3; dark grey bar). £<0.05 compared to sham (dotted line). (C)
Collagen levels in the heart as a percentage oftfede heart in shanm€3; white bar), 4-wk MI1§=4; grey bar) and 8-
wk MI (n=3; black bar). *P<0.05 between two groups indicated by connecting.ba

3.3.5 Effect of Ml on lung and liver weight

There were no statistical differences in lung wergt-wk post-MI (7.1 + 0.4s 7.2 + 0.4
mg/mm; 4-wk Ml f=22)vs 4-wk sham1=15) P>0.05; Figure 3.9A) nor at 8-wk post-Ml
(7.2 £0.7vs 6.8 £ 0.2 mg/mm; 8-wk MIn=11)vs 8-wk sham1{=12) P>0.05; Figure
3.9A). Similarly, there were also no statisticdfedences in liver weight at 4-wk post-Ml
(67.5 + 1.8vs 66.6 + 2.8 mg/mm; 4-wk MInE22) vs. 4-wk sham 1=15) P>0.05; Figure
3.9B) and at 8-wk post-MI (70.0 £ 2vk 65.9 + 2.6 mg/mm; 8-wk MInE11)vs 8-wk
sham (=12) P>0.05; Figure 3.9B).
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Figure 3.9 Lung and liver weights after MI.
(A) Lung weight in 4-wk shammE15), 4-wk M1 (1=22), 8-wk shamr=12) and 8-wk Ml §=11). (B) Liver weight in 4-
wk sham (=15), 4-wk M| (=22), 8-wk shamr(=12) and 8-wk Ml f=11).

3.4 Discussion

For this study, a model of Ml was produced in theuse using the well-established CAL
method. The results presented in this chapter dstrata that this method produced a
model with altered cardiac functional and strudtpraperties consistent with LV

remodelling during MI.

3.4.1 Inducing Ml leads to reduced survival

Inducing MI in mice experimentally is known to b&saciated with a higher incidence of
mortality compared to animals undergoing the shemogrure (Saret al, 2000;van
Laakeet al, 2007). The current mortality in our model was 2f6#animals undergoing
CAL (compared to 0% in shams); which saw an impnaset in survival by approximately
3-fold since first learning the technique for tiedy. Mortality associated with CAL-
induced MI in mice is about 32-50% (Gehrmagtral, 2001;Kuhlmanret al, 2006)
therefore the mortality for our model was low comgubwith the published literature for

this species.

3.4.1.1 Reasons for reduced survival

Nearly all (99%) of the deaths from CAL occurredhin the first week of the operation
which is a consistent finding in mouse MI modelstienset al, 1999;Patten, 1998).

Sudden deaths beyond the first week were uncommoarimodel (1% of all deaths) but
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these have been known to occur in murine MI mobelsond the first week although these
tend to be a significantly smaller proportion comgobto the first week drop-out: Patten
reported a small proportion of deaths (8.8% ofrtdeaths) which occurred at days 20, 28
and 32 post-operative (Patten, 1998) and Yang tepated 1% of sudden deaths at 2-wk,
4-wk and 8-wk with 3% of sudden deaths at 16-wk 2dvk (Yanget al, 2002).

Intra-operative mortality: In the present study, nearly half of all mortakt{@5%)
occurred intra-operatively and were mainly dueggpiratory problems from mechanical
ventilation. It was necessary to mechanically Natet the animals to prevent respiratory
insufficiency from lung collapse during thoracotarhpwever, due to the animal’'s small
size and complex respiratory patterns (e.g. higpiration rate (RR) and low inspiratory
time to total time of the respiratory cycle/{Tk)), mechanical ventilation in mice can be
inherently difficult (Schwartet al, 2000). There is also the associated high risk of
pneumothorax with open-chest procedures which soshen air is not fully displaced
from the chest and the lungs cannot fully inflatéick can also lead to respiratory
insufficiency. In this model, deaths from mechahientilation were either due to (i)
pneumothorax as previously described, or (ii) aaronflation of the lungs, which may
have been caused by too great a pressure at dtgpot. Efforts were made to minimise
ventilation-related deaths and improve overall salv These included (i) placing the
expiratory tube under water during closing up wéase PEEP and reduce the chance of
lung collapse, (ii) ensuring patency in the tra¢lveanula and associated tubing at all
times, (iii) use of appropriate tidal volumes aadpiration rates for the body weight of the
animal (as recommended by the manufacturer oféndélator,Harvard Apparatus
Germany). Together these methods were succeagfediucing ventilation-related deaths
to 0% and improved overall survival by 65% durihg tourse of refining the model as
shown in Figure 3.2A(iii)). Novel methods for indiig CAL in mice without the need for
mechanical ventilation are emerging like the methp@&acet al, (2010) in which a
“heart pop-out” approach is used to eliminate thedhfor ventilation and is found to
produce identical infarct sizes and a similar lexaflysfunction as the conventional
method but with less tissue damage and bettenalrvirhis may be beneficial to
investigators using mouse MI models to help redntra-operative mortality (Gaet al’s
method showed reduced mortality from 52.3% to 32/#hout need for mechanical
ventilation). The other intra-operative deaths olesg in the present study that were not
caused by respiratory problems were for reasonscthdd not be identified; it's possible
that the CAL may have triggered fatal arrhythmiadternatively, as Figure 3.2A(iii)
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shows, these deaths were highest at the beginhihg course of learning the technique

therefore it may have been related to inexperience.

3.4.1.2 The main cause of reduced survival was card iac rupture

The largest loss of animals after the CAL procedvuas from cardiac rupture which
occurred in 27% of animals overall (constituting®6f all deaths) as shown in Figure
3.2A(ii). Cardiac rupture is a feature of acutewHich is believed to occur from
persistent stretching of weakened myocardium cagusiio rupture (Schuster & Bulkley,
1979). The increased abundance and activity of MMEB/mes in the early stages of acute
Ml is believed to be the major contributor to thigent (Heymanst al, 1999;Matsumura
et al, 2005). Cardiac rupture can occur in human ptieth Ml although it is rare
(occurs in 3% of MI patients) (Brener & Tschopp, 2Pand is also a feature of mouse
models of MI; the mouse is the only laboratory sgeceported to demonstrate cardiac
rupture like humans (Gaat al, 2010b;Sanet al, 2009). Mouse rupture models have
provided valuable insight into the principal medsars of rupture as well as the
associated risk factors for developing rupturecafnmon finding appears to be that the
occurrence of rupture requires a critical extenhtdrction (Gao, 2005;Gaet al, 2010Db).

It has also been reported that the gender anch gifamice plays a role in the risk of
rupture with males being at greater risk than fes@9% for malegs.23% for females)
(Gao, 2005) and the greatest incidence occurririgari29sv strain compared to the
C57BI/6 strain (62% for 1293sxs.33% for C57BI/6) (Gao, 2005). Ageing is also adac
for rupture incidence; older mice (12 months oldjndnstrated greater LV remodelling
with a higher incidence of rupture (40.7%) compacegounger mice (3 months old;
18.3%) (Yanget al, 2008). In light of these reports, a lower righam (C57BI/6) and
younger animals (8-10 weeks of age) were usechfsrstudy to try to minimise the
incidence of rupture and promote full recoveryte 4-wk and 8-wk time points. From
these studies, rupture incidence for male C57Blt&mwere reported to be 27% and 33%
(Gao, 2005;Gaet al, 2010b) which is very comparable with our ruptiate (27%).
Cardiac rupture was easily identifiable at autdjetipwing sudden death by the presence
of blood clots within the chest surrounding therhaad by the presence of a visible tear
on the LV free wall, although the latter was natays clearly evident. The time-window
for this event was always within the first weekiVbif peaking at day 3-5 which is
consistent with what others have seen in mouse Imodfl@ost-infarct rupture (Gao,
2005;van der Borne, 2009).
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3.4.2 Ml alters the structural properties of the he  art
3.4.2.1 Ml causes LV chamber dilation and wall thin  ning

Ml induces a series of complex changes to the stzgpe and function of the heart as part
of LV remodelling (Pfeffer & Braunwald, 1990). Onéthe earliest features of
remodelling after Ml is LV chamber dilation caudgdinfarct expansion through loss of
cardiomyocytes (Weismaat al, 1988) or side-to-side slippage of cardiomyocyt&srdes

& Capasso, 1995;0Olivetat al, 1990). Side-slippage of cardiomyocytes occurabse of
the loss of collagen holding the cells togetheotigh degradation by MMPs which
permits them to move (Whittaket al, 1991). Cardiomyocyte cell death also contributes
to the process because as they die, the neighigouighle cells are no longer held in place
and are also able to slip (Gajarsa & Kloner, 201f)the present study, it was found that
after 4-wk and 8-wk post-Ml, mice displayed @ 6-fold and=2.5-fold increase
respectively in LV chamber area together with réiducin LV infarct thickness by 90%
and 75% respectively, findings which are consistéttt a dilated LV chamber. These
measurements were taken from histological slices-pmrtem which are acceptably less
accurate than for example vivoimaging methods such as echocardiography and M&I du
to the tissue shrinkage associated with histoldgigacessing which may underestimate
true dimensions. However, efforts were made tdknas accurate measurements as
possible using histology methods by use of seeeliens and using area-based chamber
size measurements rather than radius/diameter wlbigld be subject to error if there was
any deformation of the heart on the slide. Dedps®logical limitations, a study by
Nahrendorfet al (2000) found that MRV¥s histologic-based methods of LV dimensions
correlated wellR=0.97) in a rat Ml model which is encouraging floe imeasurements in
our study (Nahrendosdt al, 2000). Furthermore the findings are further sugal by
increased end-diastolic LV volumes observed by PtYhodology in the 4-wk and 8-wk
infarcted heart also consistent with LV chambeatihh. Chamber dilation leads to an
increase in systolic and diastolic wall stresss tigcurs because the increase in LV radius
increases the wall stress and oxygen demand by ¢eipllaw (Pfefferet al, 1991a).
Elevated wall stress triggers eccentric hypertrafgmygl-to-end lengthwise cell
enlargement) in the non-infarcted myocardium bysoayaltered expression of genes
which encode contractile proteins (g3gnyosin heavy chain) for assembly of new
sarcomeres (Sadoshiratal, 1992). Over time however as the heart undergogsing
remodelling, cardiac function significantly detedtes as the LV chamber becomes so

enlarged that it begins to severely impair conti@étinction. Dilated cardiomyopathy is a
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serious problem for patients as once this stageashed it is very difficult to reverse;
approximately 1 in 3 cases of congestive HF aretdwedilated cardiomyopathy (Jameson
et al, 2005).

3.4.2.2 Ml leads to cardiac hypertrophy

A dilated ventricle can trigger hypertrophy of swimg myocardium in attempts to
attenuate further dilation, offset the elevatedllaad wall stress resulting from infarct
expansion and stabilise contractile function (Su&oSharpe, 2000). There are two forms
of hypertrophy (concentric and eccentric) whickdésermined by the type of load applied
to the heart. Pressure overload causes cardiorte/titugknening (concentric
hypertrophy) by the parallel addition of new sareoes, while volume overload elicits
cardiomyocyte lengthening (eccentric hypertrophyjhe in-series addition of new
sarcomeres. LV remodelling post-Ml is primarilgtate of volume overload and thus
leads to cardiomyocyte lengthening as part of éceemypertrophy (French & Kramer,
2007). Cardiomyocytes in the non-infarcted regicas increase in length as a result of in-
series addition of sarcomeres as described prdyi¢@srdes & Capasso, 1995) which at
the organ level manifests as an increase in heaghtv In the present study, hearts
showed a progressive increase in heart weightgasad heart weight-to-tibial length
ratio) after Ml, with heavier hearts after 4-wk whicontinued to increase by 8-wk.
Concurrent with the increased heart weight was% hrease in cardiomyocyte length
but no change in cardiomyocyte width at 4-wk posttbit no significant differences in
with what others have found, for example Zhanhgl (1998) reported a 10% increase in
cardiomyocyte cell length with no change in celdlthi 3-wk post-Ml in a rat model
(Zhanget al, 1998) and Scherrer-Croshaeal (2001) also found no change in
cardiomyocyte width in a mouse model of Ml aftewk{Scherrer-Crosbiet al, 2001).

An increase in cardiomyocyte length with no chaimgeell width is consistent with
eccentric hypertrophy observed in Ml, although @mdc hypertrophy has been known to
occur during Ml in addition to eccentric hypertrgpiRunge & Patterson, 2006). Together
these results demonstrate the hearts have undehgpeerophy consistent with LV
remodelling after Ml and that cardiomyocyte elongais likely to be contributing to the

increase in heart weight observed.
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3.4.2.3 Ml causes increased collagen deposition

Another important characteristic of remodellinghie increased synthesis and deposition
of collagen to support the weakened myocardiumsaaldilise the infarct (Vaat al,

2000). After MI, collagen levels in the heart wésand to increase 3-fold and 4.7-fold
after 4-wk and 8-wk respectively. Collagen levelsded to be higher at 8-wk (compared
to 4-wk) however this did not reach statisticah#figance. This may be due to law
numbers for this group (shans3, 8-wk MIn=3) and larger numbers may have shown a
statistical difference. Increased collagen depmsitould explain why no further dilation
was observed from 4-wk to 8-wk as collagen cangmegardiomyocyte slippage, one of
the primary causes of LV expansion and dilation iftékeret al, 1991). Fibrosis after

MI can also decrease the compliance of the veatleading to stiffer myocardium during
diastole (Rayat al, 1988;Litwinet al, 1991). This occurs because excessive
accumulation of collagen around myofibres redubespiassive viscoelasticity of the
myocardium which limits normal diastolic recoil, pairs tissue compliance and
compromises length-dependent muscle fibre shoggidarlew & Weber, 2002).
Therefore, the increased cardiac collagen obsenagdaxplain why the ventricles were
stiffer after Ml as PV data using the EDPVR demmatsd. A trend towards higher
collagen levels at 8-wk would parallel with the giessively stiffer ventricle at 8-wk.
Increased myocardial stiffness has been knownd¢arao the post-MI heart during the
healing phase in humans (Diamond & Forrester, 18Ad)experimental animal models
(Hood, Jret al, 1970) which is in agreement with the results fbumthis present study.
However investigations have also led to variabidifigs regarding cardiac stiffness post-
MI, these refer to the very early stages of Ml (). Forresteet al (1972) found a
significant increase in LV compliance (reduced s&fs) 1 hr after induction of Ml in the
canine model (Forrestet al, 1972). Increased myocardial stiffness is a megoise of
diastolic dysfunction which is important becausasthblic dysfunction is considered an

independent predictor of mortality in CVD patie(ddjaroudi et al, 2012).

3.4.2.4 The CAL technique produces comparable infar  ct sizes

Data from other mouse MI models have reportedttf@CAL method can produce infarct
sizes from 25-50% (Lutgeret al, 1999;Patten, 1998). Using the CAL method in our
model produced a mean infarct size of 37.6 £ 42354 £ 5.4% at 4-wk and 8-wk
respectively. This model therefore had infarctsahparable size with other mouse

infarct models. Infarct size was not differentioeen 4-wk and 8-wk. This suggests that
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the size of the infarct had reached completion{wmk4with no further increase in size
thereafter to 8-wk. Yanegt al (2002) reported a similar finding with identi¢cafarct sizes
in mice post-MlI of (as % of LV) 47.3 £ 5% at 4-wkd45.3 = 5% at 8-wkR>0.05) —
through further examinations at different time pei(8-wk, 4-wk, 8-wk, 16-wk and 24-
wk) they found that the infarct formation was cosatplby 3-wk and infarct size did not
increase after this point (Yamg al, 2002). Based on these findings this may expdip
no change in infarct size was observed in our mivdet 4-wk to 8-wk as the infarct may
have reached its full size by 3-wk. Despite egkeintinfarct size, the progressive increase
in cardiac weight observed between 4-wk and 8-vggsests the hypertrophic response
could have occurred independently of infarct sizé may be a time-related response.
This result does however differ from previous repadidr example the current view is that
after MI, the extent of cellular hypertrophy in gwing tissue is proportional to the
magnitude of cardiomyocyte loss which has been dsinated in a number of studies
showing a positive correlation between the extéaodiomyocyte hypertrophy with
infarct size in rats (Anversat al, 1986;Anversat al, 1990). However hypertrophy is
known to be a progressive process which can inereasr the course of the remodelling
period with time and may not be strictly regulabgtthe degree of infarction as has been
shown in mice where heart weight continued to iaseawith no change in infarct size
(Yanget al, 2002).

3.4.3 Early onset of structural remodelling can hav e adverse
effects

A small percentage (5%) of animals undergoing Calzedloped very severe symptoms in
the first week after the procedure including sevespiratory distress which autopsy
assessment revealed may be due to severe adveisgeléng. These animals displayed a
marked increase in heart weight (32% greater thak #1 P<0.05; data not shown)

which was comparable to the level seen at 8-wk7(353.0vs.13.4 £ 1.4 mg/mm; severe
MI (n=4) vs.8-wk MI (n=11); P<0.05; data not shown). However, these heartslolesée

a greater degree of adverse remodelling in ternssgoificantly greater chamber dilation
(than 4-wk and 8-wk hearts; see below) and alsdesge of severe pulmonary congestion
in these animals which showed 65% increase in Wwgight when compared to both 4-wk
and 8-wk animals respectively. This may explain whymals at 8-wk MI (which had
comparable HW/TL ratio to the animals with the seyghenotype) did not exhibit the
same symptoms. It is likely that these animalseveeiffering from acute congestive HF,

however due to the severity of their condition &sanot possible to perform any functional
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measurements on them to confirm this. Examinatfdnistological heart sections also
revealed that these animals had severe LV chanillatiod compared to animals that
survived to 4-wk and 8-wk post-MlI, as mentionedwahavith 1.9-fold and 2.1-fold greater
chamber area respectively. Advanced dilation aalllthinning does not usually occur
until the chronic phase of Ml in mice (Baydtal, 2002), however the level of acute
adverse remodelling observed in these animals mahaia their symptoms. Severe
dilation causes an increase in systolic wall st(Bésffer & Braunwald, 1990) and loss of
cardiomyocyte contractility (Gome al, 2001) to a level that significantly affects the
pump function of the heart and reduce the EF anddC®level insufficient to meet the
demands of the body, leading to HF (Isatal, 1989). The findings from this small
subset of animalf€2) are consistent with a study by Gatal, 2000 who have reported a
similar small subset of mice that did not surviesithe first week of CAL and showed
significant chamber dilation compared to mice thatived to longer time points (Gab

al., 2000).

3.4.4 Ml leads to impairment of cardiac function

After chronic Ml in mice, chamber dilation and irdathinning can adversely lead to
systolic and diastolic dysfunction (Pfefierral, 1991b). LV PV measurements are
considered the ‘gold standard’ for measuring cartliactionin vivo and in this model, PV
measurements revealed an overall decline in cafdration after Ml. There was a
significant reduction in contractile function atvk and 8-wk post-Ml as evidenced by
reduced LVESP and reduced dR/t There was also a significant decrease in diastoli
function with raised LVEDP and reduced relaxatiates (-dP/gi,) and duration of
relaxation ¢) consistent with impaired relaxation and fillin§ystolic and diastolic
function were reduced to the same degree at 4-@wkBank, suggesting there was no
further deterioration in function from 4-wk to 8-veliter MIl. This has been observed by
others; one study reported no further decline it and EF beyond 12-wk post-Ml in
mice (Ponst al, 2003) while another showed no further worsenihfgioction in terms of
ESP, dP/gt.x and dP/dti, between 1-wk and 3-wk post Ml in mice (Lutgestsal, 1999).
This finding is consistent with the sustained suitadtproperties between 4-wk and 8-wk
such as infarct size, degree of LV dilation anciof thickness. The progressive increase
in cardiac weight did not improve function betweewk and 8-wk; however it may have
contributed towards protecting the heart from farttiecline. Alternatively, it may be that
the degree of remodelling had not reached advasteggs and the heart was still well

compensated. This is confirmed by the finding tHagpite marked LV dysfunction,
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hearts had preserved SV and CO after 4-wk and 8#iks is known to occur during
compensated remodelling post-MI where there isr&ingly little change in the SV due to
a compensatory rise in LV filling pressure — an @ase in both EDP and EDV (the latter
through dilation) shifts the ventricular functioaree upwards restoring contractile energy
through the Frank-Starling mechanism allowing S @O to be near normal (Levick,
2010). Although there are reports which have oleska reduction in CO in mouse
models of MI by 8-wk (Shiourat al, 2007), it has also been found that CO is conskerve
after 8-wk in mice with Ml similar to the findingsf the present study; for example it has
been previously shown from PV loop measuremendésnmouse model of Ml that there
was no reduction in CO by 12-wk post-MI comparedtiam (Ponst al, 2003). In our
mouse model conservation of SV and CO would suggedtearts had not reached the
stages of HF by 8-wk. Examinations of the lived &umg weights have further confirmed
this by the absence of any signs of systemic anpuobry congestion. These findings are
not unusual as it has been reported that it canupko 18 weeks for mice with Ml to start
showing signs of HF (Bayat al, 2002).

3.4.5 Ml alters electrical activity and increasest he frequency of
cardiac arrhythmia

As well as mechanical dysfunction, M| can alter tloemal electrical functioning of the
heart. This occurs because the infarcted myocardepmesents an area of altered
substrate for the normal depolarisation and refsaton of the heart leading to conduction
disturbances (Peters, 1995). Our model demondtcateduction abnormalities associated
with ventricular depolarisation and repolarisatsaith as negative Q waves, ST depression
and T-wave inversion. These findings are consistéh what has been reported on
changes in ECG seen in mouse MI (Wehretral, 2000). These morphological changes
observed on the ECG were very similar between 4+vk&wk. The model also showed
an increased propensity for ventricular arrhythnmethe form of VPC. VPC arrhythmias
are the most common type of cardiac arrhythmia iral occur when an action potential
is fired from a region other than the SA node ptoonormal conduction resulting in a
premature or ectopic beat (Horan & Kennedy, 1984)ese occur during Ml as a result of
the myocardial scarring disrupting the normal cartidun system of the heart. Furthermore
due to the loss of cell-cell communication by tbarsed tissue (Peters, 1995) neighbouring
cardiomyocytes are more likely to depolarise spuoenasly (‘irritated myoctes’) and fire

off premature beats — this explains why VPCs ugualike from the infarct or peri-infarct
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regions (Boguret al, 2008). At the molecular level, VPCs largely acdue to the
remodelling of (i) ion channels, (i) €ahandling proteins and (iii) gap junction proteins
which predispose the heart to electrical disturbamainly after depolarisations. For
example, during MI NCX is known to be up-regulateuich increases the inwargalca
during SR release leading to extrusion of a lafgetion of released Ga(increasing the
transient inward Nacurrent, §). There is also a reduction in the inward reatiké

current (k1) which for any givengl could produce a greater depolarisation which means
that it may be more likely to trigger an AP (Pogavét al, 2001). The incidence of VPC
arrhythmias is markedly increased in heart dis@ag®0% in patients with coronary
artery disease and ischaemia) (Ghuran & Camm, 200RLCs are an important predictor
of adverse outcome; in patients with Ml, a frequeoic>10 VPC per hour is associated
with a greater risk of sudden death (Laidletnal, 2007). In our model, the frequency of
VPC arrhythmia was not different between 4-wk angkBwhich is not surprising given
the similar degree of LV remodelling between thieae groups. Collectively, the findings

reveal that our mouse model demonstrates cardiagthmias consistent with MI.

3.4.6 Summary

In summary, these data show that the mouse modél déveloped for this study
demonstrates both structural and functional alt@matof the heart comparable with other
published mouse models of Ml using the CAL methidds model is therefore a suitable

model of Ml for use in subsequent studies in thesis.
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4.1 Introduction

Ml is the leading cause of HF and premature deatarporough, 2010). The loss of
viable myocardium after Ml triggers a sequencetiefcsural and geometric alterations to
the heart as part of LV remodelling which can eualty lead to progressive dysfunction
and the inability of the ventricle to maintain outtgufficient for the body’s metabolic
needs (Webeegt al, 1991a). LV remodelling is a complex process imvig a multitude

of cellular and molecular mechanisms (Colucci, 299%hile these mechanisms are
believed to be beneficial initially, many of therincbecome detrimental and lead to long-
term adverse effects in patients (Pfeffer & Braulow&990). Despite extensive
investigations, the specific pathophysiologicahpatys responsible for the decline into
HF are not fully understood. Novel insight int@ tlegulatory mechanisms that contribute
to the subsequent decompensatory processes oinfarstion remodelling are therefore

required to slow this deterioration process andrawg treatment strategies.

4.1.1 Altered gene expression in Ml

Clinical and animal studies of MI have revealeduanber of cellular changes that
contribute to the functional and structural changfaemodelling including cardiomyocyte
hypertrophy (Litwinet al, 1991) and ECM alterations (Vanal, 2000). Although the
molecular mechanisms involved in remodelling armearous and complex, it is clear that
substantial alterations in gene expression ardvedao afford the changes observed.
Altered gene expression after Ml has been widgbprted in both human and
experimental animal models (Stantetral, 2000;Gidh-Jairet al, 1998;LaFramboiset

al., 2005). Studies have revealed that MI can matiéyexpression of genes involved in
calcium-handling (Swynghedauw, 1991), contractilection (Yueet al, 1998), the ECM
(Weber, 1997) and the RAA system (Holtz, 1998).

4.1.1.1 Altered gene expression in different region s of the heart in Mi

Changes in gene expression can be seen as a ghamae across the whole heart but
studies particularly from rodent models of MI hal®wn that altered gene expression
post-MI can occur differentially and tends to blestve for specific regions of the heart
(Melle et al, 2006;Xuet al, 2004;Schneidest al, 2007). Most commonly, genes are
altered differently in the infarcted versus noramated regions. In the early post-infarction
period (24-48 h) a broad range of genes are aetivait up-regulated in the remote region
while many are repressed in the infarct region;sipecific cell types were not specified
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(LaFramboiseet al, 2005). Early remote gene expression is largdiyatton of genes
involved in the inflammatory response including thterkeukins (ILIr, IL1[3, IL6, IL12q,
IL18) which can increase 1.5 — 5 fold and the @iNfaperfamily which have been
observed in mice to increase ~2 fold compared &onsbquivalent regions (LaFramboete
al., 2005) as part of the initial compensatory phadantit injury expansion (Brivaniou &
Darnell, 2002;Frangogiannét al, 2002). Other genes which show increased exjmessi
in the remote region at this early time point im@dihomeobox genes which encode
homeobox transcription factors which are involvedeévelopmental processes (RAX,
LH2, HOXAL; 2-4 fold increase compared to sham) aimd finger factors which are a
group of transcription factors (ZPF103, HR, GATA&13 fold increase compared to the
matching sham region) (LaFrambogteal, 2005).

Conversely, at a later stage of the MI (4-wk) teeiprocal pattern between infarct and
remote regions is reversed, and many genes areguypated in the infarcted region while
expression in the remote is reduced. Genes upategun the infarct region are mainly
ECM genes (collagen 5A3, MET1A, P4HB, contactin, catierin, osteopontin)
(Frangogianni®t al, 2002a;Jugdutt, 2003). Genes which show earkgase in the
remote but low expression in the infarct (24h) thein lower in the remote and higher in
the infarct at the later time point (4-wk) incluthe genes encoding MMPs which degrade
collagen (MMPs 2, 9, 12, 23; 2-5 fold higher inardt compared to sham), ADAM15
(glycoproteins for cell adhesion; up 2 fold in ildacompared to sham) and
metallothioneine 1 and 3 involved in zinc bindingigh increase 2 fold in the infarct
compared to the equivalent sham region (LaFramktatiaé, 2005). In the weeks after the
MI, a large number of gene expression alteratisageported to occur in the infarct and
peri-infarct regions only with little or no changreareas remote; these include genes
encoding TGH31, part of a super family of cytokines although tled type was not
specified (Vanderveldet al, 2007), fibulin-2, a Cd-binding glycoprotein located in the
vascular endothelial cells only (Tsueltal, 2012) and fibroblast growth factor receptor 1
(FGFR-1) found to be 1.4 fold higher in cardiomyiasy(Wanget al, 2007) which all

show increased levels in the peri-infarct alonegiBnal patterns of altered gene
expression are not surprising given the dispaeteodelling processes in each region of
the infarcted heart, more details on this are dised later (French & Kramer, 2007). This
may largely be contributing to the difficulty irytng to resolve the molecular mechanisms

associated with adverse remodelling and HF.
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4.1.2 Transcription factors in Ml

Microarray technology has emerged as a large-sgadeoach for the identification of
altered target genes during Ml (Kaatoal, 2004). In one study, this approach identified
over 700 different genes which were altered aftemMhe remodelled myocardium alone
(Stantoret al, 2000) and this is believed only to representation of the genes which
show altered expression patterns after Ml. Howgeere expression profiles are complex
and require detailed understanding of the pre@galatory mechanisms underlying the
control of their expression patterns. Transcripfexctors have therefore emerged as
important targets in cardiac disease as they tiremgulate the expression of many
cardiac genes in response to specific physiologindlpathophysiological signals.
Furthermore, one of the earliest responses follgwardiac injury is the activation of
transcription factors (LaFramboiséal, 2005). Transcription factors are therefore kay f
understanding the regulatory mechanisms and caatetirchanges in cardiac gene
expression during disease (Buermanhal, 2005;Bruneau, 2002). Examples of
transcription factors which have been shown to ladtezed expression post-Ml are

detailed below.

CARP and TSC-22: Additionally, the transcription factors CARP andrisforming

growth factorB-stimulated clone (TSC)-22 both show elevated legEbxpression in rat
remodelled myocardium and have specific roles rdiaa gene regulation (Stantehal,
2000). CARP is constitutively expressed in therbgethin the nucleus of
cardiomyocytes) and is up-regulated in a varietglifi€rent cardiac pathologies; including
failing canine ventricular tissue (Zo#t al, 2002), hypertrophied mouse hearts (Ihetra
al., 2002), hypertrophied rat models (aortic band®igR and Dahl salt-sensitive rats)
(Aiharaet al, 2000) and also in explanted ventricular tissoenfhuman HF patients (Zolk
et al, 2002). CARP is believed to be induced by botit@and chronic pressure-overload
and stress pathways (Aihagtal, 2000) and leads to contractile disturbances titvou
repression of genes encoding contractile proteifC-22 is also over-expressed in rat
remodelled cardiac tissue and is believed to bertapt for mediating cardiac
myofibroblast differentiation (Yaet al, 2011).

HIF1-a: Another example of a transcription factor which baen characterised during
Ml is the hypoxia-inducible factor 1 alpha (HIEQ-which activates gene expression of
glycolytic enzymes and glucose transporters (Semetnal, 1994;Semenza, 1996). HIF1-

a levels are increased in the nuclei of cardiomyesyif the heart by ~ 2 fold in a rat
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model of Ml and hamster model of cardiomyopathy Hitd(Kakinumaet al, 2001). The
same study revealed that HIEImMRNA was increased ~3.3 fold in cultured rat
cardiomyocytes that were treated with a mitochaldnhibitor Cobalt(ll) Chloride

(CoCl), therefore this degree of mMRNA increase in HtFled to an increase in glycolysis
believed to be a protective response against irga&nergy metabolism during Ml
(Kakinumaet al, 2001). Transgenic studies with HIBElin mice have revealed that HIF1-
a is required to reduce the extent of infarctiorigint size) and limit the progression of

dysfunction in mice post-MI by promoting angiogesd&ido et al, 2005).

WT-1. Recently the transcription factor Wilms’ tumouotein (WT-1) has also been
shown to have altered expression in Ml (Fineeal, 2004). WT-1 expression was
increased in non-infarcted myocardium (cell typespecified). WT-1 is known to be a
transcriptional regulator of syndecans, a familyrahsmembrane proteoglycans which
have also themselves been implicated in Ml (Firetead, 2004) as having increased
expression in non-infarcted mouse myocardium polséhd have been shown to be
critical mediators in cardiac fibrosis (Frangogimsn2010).

4.1.3 RUNX transcription factors

As detailed in Introduction chapter (Chapter 1) RUpPoteins are novel transcription
factors in the context of myocardial injury. RUNXa&s been shown to be up-regulated in
the human heart in response to Ml relative to hgdiearts (Gattenlohnet al, 2003) and
may represent a novel candidate gene for myocargiay. RUNX1 has been shown to
selectively regulate the expression of genes thedae important muscle proteins during
disrupted electrical activity (e.g. in skeletal rol@3 which are also found in cardiac tissue
such as phospholamban, sodium channel type V, pst¢io and thrombospondin (Wang
et al, 2005). During these conditions RUNX1 elicitedratective role in the diseased
muscle which may also be applicable to similar ¢tomaks of disrupted electrical activity

in cardiac injury. RUNX2 has also been shown teehaegligible expression in the
healthy heart (negative with IHC in normal rat ¢ganadyocytes) (Custodiet al, 2012) but
is up-regulated under conditions of myocardial assesuch as human DCM and HCM
(Sanoudotet al, 2005), aortic valve calcification (Gaeg al, 2005), atherosclerosis
plaque formation (Tysoat al, 2003) and during myocardial fibrosis and dysfiorct
(Elsherifet al, 2008). RUNX3 expression during cardiac diseasarfually unknown.
However, due to its links with RUNX1 cross-regudati(Levanoret al, 2001a) and, like

RUNX2, it is a direct target of Notch signallingtpaays which are known to be altered in
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cardiac disease (Fat al, 2011) it is therefore possible there may be adtexpression
patterns of RUNX3 like the other RUNX proteins. dp#e this information, knowledge of
the expression of RUNX proteins within the heantiniy CVD is limited. RUNX
expression has not clearly been investigated mgef its altered expression during
cardiac disease in an animal model of MI. No ewadecurrently exists on their expression
in different regions of the heart, over differeme-points post-Ml or any links with the

cardiac expression in relation to the functionifighe heart.

41.4 Aims

The aims of the work in this chapter were to perfardetailed characterisation of the
expression oRunxgene/protein expression in a mouse model of Méims of changes in
expression, including how these changes developtowe, and in particular regions of the

heart, and examine the links with dysfunction isp@nse to Ml.

4.2 Methods

4.2.1 Induction of Ml

Mice underwent MI as described previously in thex&al Methods Section 2.1. Sham
controls underwent the same procedure but withgatibn. All subsequent experimental
measurements detailed in this chapter were caoueeither 4-wk or 8-wk post-MI except
in the case of animals which developed severe RHr@cterised by symptoms of laboured
breathing, lung congestion and significant LV chamttilation) which were sacrificed

after 1-wk.

4.2.2 Tissue harvest
4.2.2.1 Hearttissue

At the appropriate time-point after MI, hearts weapidly excised and perfused retrograde
via the aorta with ice-cold saline to remove the bloBdr heart tissue required for qRT-
PCR, the atria and blood vessels at the base ¢feeg were removed and then either the
intact ventricles were snap-frozen (whole heartsueaments) or hearts were dissected
into regions (regional measurements). This wapadd using a microsurgical
microscope by carefully dissecting away the infaegion (easily distinguishable as the
whitened/fibrous thinned area), the peri-infarafided as the ring of myocardium around
the infarct ~1mm in width; Sirius red stained imsi@é the heart provided knowledge of
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the location of the peri-infarct in relation to thear), an area of remote LV furthest from
the infarct at the base of the heart and an ar&/dree wall to yield four different
regions which were snap-frozen separately in liguicbgen. Care was taken not to
include any scar tissue in any regions other tharnrtfarct by removing the whole scar
region first and examining that the other regioiasrobt contain any fibrous (whitened)
tissue under high magnification (x25). The ‘equévetl regions of the sham heart were
harvested as controls by dissecting a region of &oematch the infarct), a 1 mm region
adjacent to the apex (to match the peri-infarct) similar regions of remote LV and RV
free wall as in the infarcted heart. These willdd®elled sham apex, sham ‘peri-infarct’

and sham remote LV throughouill heart tissue was stored at -80°C until needddarts

for IHC were also perfused to remove all blood #redwhole intact heart (including
ventricles, atria and major blood vessels) wasqaanto 10% neutral buffered formalin

for a minimum of 24 h.

4.2.2.2 Positive and negative control tissue

Adult mouse thymus was harvested either from sioide or sham mice as positive
control tissue for IHC as all RUNX proteins arehiligexpressed in adult thymus (Satake
et al, 1995;Woolfet al, 2003). The thymus is located in the upper thoreagion and lies
close to the base of the heart (as shown in Figure Briefly, the entire thymus (both
lobes) was removed and rinsed in ice-cold salimenmove any blood and placed in 10%

neutral buffered formalin for a minimum of 24 h.

Figure 4.1 Location of mouse thymus in the upper trax above the base of the heart.
Arrow indicates the location of the thymus.

* When referring to corresponding sham heart regjitvat do not by definition exist (e.g. peri-infarisut are necessary
to show control for the same region in the Ml hetligse will be indicated by single inverted comifeag. sham ‘peri-
infarct’) where appropriate. The sham control oegior the infarct will be denoted as the sham age&mote LV will
be stated the same for both sham and MI hearts.
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4.2.3 Cardiomyocyte isolation and purification

Adult male C57BI/6 control stock mice which had natlergone any previous surgery
were used for these set of experiments. LV cargamytes were isolated as described
previously in the General Methods Section 2.1(0te cells were kept on ice while a
second cell isolation from a different heart uding same procedure was performed. The
cells from the two hearts were then pooled to ysifficient RNA for subsequent
experiments. Cardiomyocytes were separated frower akell types using a filtration
method as detailed in Section 2.10.3 of the GerMedlhods. All of the following steps
were performed on ice to minimise RNA degradatiénsample of the pooled cells (2 ml)
was taken prior to any filtration as a pre-filtcaticontrol (i.e. containing all cell types) and
was lysed iQiazollysis buffer and stored at -80°C until requirélthe remaining
suspension was passed through a series of filfessty, a 300 um nylon filter to separate
large fragments of tissue from the cells followgdal4d0 um nylon filter to catch the
cardiomyocytes with washes in between with ice-¢¢BES. Cardiomyocytes caught on
the 40 um filter were rinsed off into a separateetwith ice-cold HBSS, spun and lysed in
Qiazollysis buffer and stored at -80°C until requiredtees purified cardiomyocyte
sample. This method was performed in order to yénié presence dtunxin
cardiomyocytes alone by separating cardiomyocytas bther cell types (mostly
fibroblasts and smooth muscle cells) using a filramethod published by (Kosloski

al., 2009). The authors of this method report that phoduces a purified population of
>98% cardiomyocytes.

4.2.4 IHC and quantitative imaging
42.4.1 IHC

The heart was removed, perfused to remove all bdoaidplaced into 10% neutral buffered
formalin as noted in Section 4.2.2.1 above bef@iagsubmitted to the Histopathology
Unit. All immunohistochemistry was performed bysvirynn Stevenson at the
Histopathology Unit at the University of Glasgowdescribed fully in the General
Methods Section 2.11. Briefly, following adequéixation hearts were embedded in
paraffin wax and 1 pm-thick longitudinal sectionsrevcut parallel to the long axis of the
heart. Sections were incubated for 60 min witmia@ry antibody (rabbit polyclonal
1:400,Abcam, U.K) for RUNX1 or with antibody dilution buffer (nege¢ control)

followed by 30 min with a biotinylated secondaryibady (anti-rabbit) attached to a HRP
conjugate Dako EnVision system, Dako, Denmarkections were then treated with 2 x 5
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min incubations with the chromagen DARS007 Dako, Denmajkbefore the final

dehydration and mounting.

4.2.4.2 Quantification of IHC staining

Sections were examined under a microsc@ignmipusBx51) and photographed using a
camera QlympusDP71) with accompanying softwar€€ll D) and analysed usifignageJ
A 5x4 grid (mageJplug-in) was fitted over the image to facilitataioting. The total
number of positively-stained nuclei (brown coloyradd negatively-stained nuclei (blue
coloured) were counted in each region (using alé0%) and the percentage positive

staining was calculated using the following equatio

numbernf brownnuclei
(numberof brownnuclei+ numberof bluenuclei)

% RUNXL positivestaining = ( jxloo

Eq. 16

As the different cell types present were not speadify labelled with markers, no
discrimination was made to exclude positive nutlamn any cell type. Positive staining
included any nucleus which was predominantly browfhere it looked like there may be
two overlapping nuclei, this was counted as ong.offihis was repeated for three areas

per region and a mean value taken.

4.2.5 RNA extraction

Total RNA was extracted from frozen heart tissutrazen cell lysates using the
miRNeasy Mini Kit Qiagen, U.K) based on a guanidine thiocyanate/phenol/chlomofor
extraction method followed by ethanol precipitatamtording to the manufacturer’s
protocol (full details are described in the Genétathods Section 2.12). RNA extraction
included on-column treatment with DNase&iggen, U.K) for 15 min at room
temperature to remove genomic DNA. RNA yield andty was determined by
measuring the absorbance at 260 nm and absorbatrec@280/280 nm, respectively with a
Nanodrop ND-1000 Spectrophotometdafodrop Technologies/Thermo Scientific, J.K.
RNA integrity was further determined by UV spectioppmetry and electrophoretogram
(Bioanalyzer 2100, Agilent Technologies, J.KOnly RNA that met minimum purity
standards (260/280 >1.8 and RIN >7) was used fosexqquent experiments. RNA was
then incubated with a second DNase | treatmeuttjo DNA-free, Ambion, U.Kfor 25

min at 37°C.
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4.2.6 cDNA synthesis

First strand cDNA was synthesised from 1 ug RNAdwerse transcription (RT)
performed at 37°C for 1 h with Omniscript revensmscriptase@iagen, U.K) in a final
volume of 50 pl containing dNTP, RNase inhibitorsl atigo dT primers@mniscipt
Reverse Transcription kit, Qiagen, U)K Reactions containing RNase/DNase-free water

instead of reverse transcriptase enzyme servedgagtine RT controls (denoted RT

4.2.7 Verification of cDNA synthesis

cDNA (and RT controls) samples were tested to verify succe$gfulising conventional
PCR amplification. PCR reactions were conductetliqul final volume containing

cDNA, PCR master mixThhermo Scientific, U.K. appropriate primers fdRunx
(Quantitect, Qiagen, USAr Gapdh(Eurofins MWG Operon, Germangnd Tag DNA
polymeraseThermo Scientific, U.K. Reactions were performed usin§taatagene
RoboCyclePCR machine for either 30 cyclégsgpdh or 40 cyclesRunx) to ensure
analysis was taken from the plateau phase of tietio. Each cycle was 50s at 95°C, 50s
at 55°C and 1 min at 65°C. Amplified PCR prodweese then visualised by gel
electrophoresis on a 2% agarose grlSieveprepared fresh) treated with EtBr and using
3 ul PCR product mixed with 2 ul loading bufferargach well. A DNA size ladder was
run alongside each ruP{omega, U.K. Successful RT reactions were confirmed by

positive single bands of correct size for'RSBmples and no band in Rbntrol samples.

4.2.8 QRT-PCR

gRT-PCR was performed with cDNA and SYBR Green srastix (Applied Biosystems,
U.K)) in 20 pl final volume reactions using the ABI D5fachine with Sequence
Detection softwareApplied Biosystems, U.Kto measure relative gene expressianx1-

3 were detected using appropri&enxprimers (1, 2 or 3; alQiagen, USAnormalised to
Gapdh(Eurofins MWG Operon, Germanfor heart tissue studies BPIA (Qiagen, U.K)

for purified cardiomyocyte preparation€&sgpdhwas found to be the most stable gene for
the MI heart tissue work whileP1Awas recommended as a stable gene for the cell
preparations according to the published method faetie protocol by (Kosloslat al,
2009)). In all gRT-PCR experiments, template-free cDNA) controls and RIcontrols
were always run in parallel with positive samplad aach sample was run in triplicate for

each experiment.
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4.2.9 Interpretation of QRT-PCR data

gqRT-PCR results were analysed using comparativ@lCtlations; either 2*“! (regional
comparisons relative to RV region)>2 (whole heart or RV region between sham and Ml)
or 2 (Gapdhstability) as recommended by accepted publishetiods (Schmittgen &
Livak, 2008). Statistical significance betweenioeg within the same heart was tested
using multiple regression analysis performed wiHES software. For comparisons of
specific regions between sham and Ml using unpaasdples, the student’s unpaired t-
test was used. A value Bk0.05 was considered significant. All data wessed for
normal distribution using a histogram plot and byting residuals. Triplicate
measurements of Ct were assessed and any oudiecsred using the Grubb’s Test for
removing outliers as an accepted published metbioddrmalising gRT-PCR data (Burns
et al, 2005b). This was only used when Cts were >1 fi#rdnt to the others in the
triplicate set. A Grubb’s statistic of >1.00 was triteria for removing an outlier value.

The formula for the Grubb’s test is as follows:

Eq. 17

Where G is the test statistic associated with théb®s Test, Yis theith observation from
the data set (suspected outliét)s the sample mean (with outlier included) andiSthe

standard deviation of the data set (with outlietuded).
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4.3 Results

4.3.1 Expression of Runx1 in the whole heart post-Ml

Runx1mRNA levels were assessed in whole heart homogeifaY + RV) 4-wk post-Ml
using gRT-PCR. The results demonstrated firstly Rumx1was present in sham hearts
indicating a basal expressionRiinxlin the normal mouse heart (mgaanx1Ct value of
20.6 £ 0.7). Although acceptable Ct ranges foeckable expression have not been
specifically defined, it is generally consideredhe literature (and from personal
communication with companies specialising in qRTRp@at Cts<30 represent strong
abundance of the gene, Cts of 31-35 indicate \@xyelxpression but in some cases can
still be acceptable, and Cts of 38-40 indicateaarly weak/barely detectable expression
(Goniet al, 2009;Sigma Aldrich, 2010). The second finding WegRunxlexpression
was significantly increased in the MI heart 4-wlspbll to 247.7% of levels in 4-wk sham
hearts (247.7 £ 66.3% increase; 4-wk M) compared to 4-wk sham (10096;6);
P<0.05; Figure 4.2A). This was calculated usingrt® of (2°° (MI)/mean 2*“* (sham))
*100. Expression of the housekeeping géagpdhwas not different between sham and
MI for whole heart expression as shown by equivia&rvalues (15.7 £ 0.8s.15.6 £ 0.3
raw Ct; 4-wk shamr6) vs. 4-wk M1 (n=7); P>0.05; Figure 4.2B(i)) and equivalent
expression (2.6 x 10+ 8.9 x 1(Pvs.2.3 x 10+ 6.1 x 10°% 21 G2 4wk sham 1§=6)

vs 4-wk MI (n=7); P>0.05; Figure 4.2B(ii)) between sham and Ml indicgtthatGapdh

was a suitable internal control gene for these oreasents.
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Figure 4.2 Runx1 expression andsapdh stability in the whole heart 4 weeks post-Ml.

(A) Runxlgene expression measured by gRT-PCR uRing1specific primers on whole heart homogenates (LR\A)
from 4-wk MI hearts1f=7; black bar) relative to 4-wk sham heartsq; dotted line). (B (i)) Raw Ct values for the
housekeeping gern@apdhbetween shammé6; white bar) and 4-wk MI hearta=£7; black bar). (B (ii)) Resulting fold
change inGapdhbetween shammg6; white bar) and 4-wk M1 hearte<7; black bar). Data presented are mean + SEM. *
P<0.05.
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4.3.2 Expression of Runx1 in different regions of the heart post-
MI

Runxlexpression was measured in different regionsehtrart: infarct, peri-infarct,
remote LV and RV to assess regional variation @wk4post-MIl. Expression in each region
was normalised tGapdhand expressed relative to the non-infarcted RVoregf the

same heart (RV set to 1.0) using the comparatiy@ ") method. Runxllevels in the

RV region were not different between 4-wk sham 4svek Ml as analysed using thé*?
method (0.23 + 0.06s.0.20 + 0.09 2" 4-wk sham f=5) vs.4-wk M| (n=6); P>0.05;

Figure 4.3A(ii)) which permitted regional compamsadetween sham and MI.

4.3.2.1 Runx1 expression in regions of the 4-wk sham heart

Results from gRT-PCR revealed tiainxlexpression was uniform across all regions of
the sham heart with no differences between angefeégions compared to the sham RV
which was set to 1.0. These differences were medsiging the 2°“ method. This was
true for the sham apex (1.4 £+ @2 1.0 RQ; sham apex<£4) vs.sham RV (=4); P>0.05;
Figure 4.3A(i)), the ‘peri-infarct’ equivalent shamegion (1.1 £ 0./s.1.0 RQ; sham ‘peri-
infarct’ (n=4) vs.sham RV §=4); P>0.05; Figure 4.3A(i)) and the sham remote LV (1.2 +
0.1vs.1.0 RQ; sham remote L\h£4) vs.sham RV §=4); P>0.05; Figure 4.3A(i)).

4.3.2.2 Runx1 expression in regions of the 4-wk MI heart

Runxlexpression was significantly increased in therttfeegion of 4-wk Ml hearts
compared to the MI heart’s respective RV (5.1 vk A.0 RQ; Ml infarct (=8) vs. Ml
RV (n=8); P<0.05; Figure 4.3A(i)). The peri-infarct region&fwk M| hearts showed
significantly higheiRunxlexpression compared to its own RV region (1.8 #8.2.0
RQ); MI peri-infarct 6=8) vs.MI RV (n=8); P<0.05; Figure 4.3A(i). There were no
significant differences observed between the rerhgteegion of the 4-wk MI heart
compared to its respective RV region (1.4 +\&21.0 RQ; MI remote LV1§=8) vs. Ml
RV (n=8); P>0.05; Figure 4.3A(i).

4.3.2.3 Comparison of regional Runx1 expression between 4-wk MI and 4-
wk sham

Comparing each region between sham and MI (batiead-wk time point) showed that
the infarct region of the MI heart had significgritigher levels oRunxlexpression than

the equivalent apical sham region (5.1 +\Us01.4 + 0.2 RQ to its respective RV region;
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4-wk MI (n=8) vs.4-wk shami(=4); P<0.05; Figure 4.3A(i)).Runxlwas significantly
increased in the peri-infarct region of 4-wk MI hisacompared to the equivalent ‘peri-
infarct’ region of the 4-wk sham heart (1.8 £ 921.1 + 0.1 RQ to its respective RV
region; 4-wk M| (=8) vs.4-wk sham(=4); P<0.05; Figure 4.3A(i)).Runxlexpression
was not significantly different in the remote LV &fwk M| hearts compared to the remote
LV region of 4-wk sham hearts (1.4 £+ %2 1.2 £ 0.1 RQ to its respective RV region; 4-
wk MI (n=8) vs.4-wk sham§=4); P>0.05; Figure 4.3A(i)).
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Figure 4.3 Regional expression dkunxl1 4 weeks post-Ml.

(A (i)) Runxlexpression measured by gRT-PCR in different regibtiseoheart in 4-wk shamm€4) and 4-wk MI hearts
(n=8); infarct, peri-infarct and remote LV were exgsed relative to their respective RV region (dolitee)). (A (ii))
Runxlexpression in the RV regions between 4-wk shaxb) and 4-wk MI i=6). #7<0.05 between region of interest
and the RV of the same hearB<0.05 between MI and sham.
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4.3.3 Expression of Runx1 at different time points post-Ml

RegionalRunxlgene expression levels were additionally deterchatedifferent time
points post-MI (Figure 4.4). Regional expressibtha4-wk time point has been
described in the previous section (Section 4.3.2).

At the 8-wk time point Runxlexpression in the RV region between 8-wk sham8wnt
MI was not different as analysed using tf&"method (0.010 + 0.004s.0.010 + 0.005 2
ACt 8.wk shamvs.8-wk MI; P>0.05; Figure 4.4A(ii)). This allowed for comparison

between 8-wk sham and 8-wk Ml to be made.

4.3.3.1 Runx1 expression in regions of the 8-wk sham heart

As was observed in the sham heart at 4-wk, there ne differences iRunxlexpression
between the different regions of the 8-wk shamthgampared to the 8-wk sham heart’s
respective RV) as measured using th8“2method. This was the case for the 8-wk sham
apex (1.1 + 0.2s.1.0 RQ; sham apex£4) vs.sham RV (=4); P>0.05; Figure 4.4A(i)),
the ‘peri-infarct’ equivalent 8-wk sham region (&®.2vs.1.0 RQ; sham ‘peri-infarct’
(n=4) vs.sham RV (=4); P>0.05; Figure 4.4A(i)) and the sham remote LV (0.@.2vs.

1.0 RQ; sham remote L\h$4) vs.sham RV (=4); P>0.05; Figure 4.4A(i)).

4.3.3.2 Runx1 expression in regions of the 8-wk MI heart

All regions of the 8-wk MI heart were also compareldtive to their non-infarcted RV
region within the same heart using tf¥% method. 8-wk MI hearts demonstrated a
significant increase iRunxlexpression in the infarct region compared to dspective

RV of the 8-wk Ml heart (3.7 £ 0.8s.1.0 RQ; Ml infarct =8) vs.MI RV (n=8); P<0.05;
Figure 4.4A(i). Runxlexpression was also significantly increased inpg-infarct region
compared to the respective 8-wk MI RV (2.2 + 8s31.0 RQ; MI peri-infarctrf=8) vs. Ml

RV (n=8); P<0.05; Figure 4.4A(i)). The remote LV region of #evk MI heart also
showed significantly elevated levelsRfinx1lexpression compared to the respective 8-wk
MI RV (2.7 £ 0.6vs.1.0 RQ; MI remote LV1§=8) vs.MI RV (n=8); P<0.05; Figure

4.4A()).

197



Kirsty K. Foote, 2012 Chapter 4

4.3.3.3 Comparison of regional Runx1 expression between 8-wk MI and 8-
wk sham

Also similar to 4-wk MI, 8-wk MI hearts also demadraded a significant increase Runx1
expression in the infarct region compared to théwedent region in 8-wk sham (3.7 £ 0.9
vs.1.1 £ 0.2 RQ to respective RV region; 8-wk ME) vs.8-wk sham 1t=4); P<0.05;
Figure 4.4A(i)). Similar to the situation at 4-vtke level ofRunxlexpression in the peri-
infarct region at 8-wk post-MI was significantlyghier compared to the corresponding 8-
wk sham region (2.2 + 0)3.1.2 + 0.2 RQ; 8-wk MI1§=8) vs.8-wk sham 1(=4); P<0.05;
Figure 4.4A(i)). Interestingly at 8-wRunxlexpression was significantly elevated in the
remote region of the 8-wk MI heart compared to 8shilam remote (2.7 + 06.0.8 £ 0.2
RQ to respective RV region; 8-wk Mh£8) vs.8-wk sham 1t=4); P<0.05; Figure 4.4A(i)).
This finding of increased expression in the 8-wk @&V compared to 8-wk sham
remote is in contrast to the observations at 4+wkhich there was no significant change

in Runxllevels in the remote region between 4-wk M| andkdsham.

4.3.3.4 Runx1 expression between 4-wk Ml and 8-wk Mi

Expression levels dRunxlin the infarct region between 4-wk Ml and 8-wk Mére not
significantly different (5.1 £ 1.9s.3.7 £ 0.9 RQ to respective RV region; 4-wk M&B)
vs.8-wk MI (n=8); P>0.05; Figure 4.4B). There were also no signifiaifferences in the
expression oRunxlin the peri-infarct regions in the 4-wk and 8-wk Ndart (1.8 + 0.2s.
2.2 £ 0.3 RQ to respective RV region; 4-wk MEB) vs.8-wk MI (n=8); P>0.05; Figure
4.4B). However, in contrast to the similar expr@sdevels in the infarct and peri-infarct
regions, there was a significantly greater levaRohxlexpression in the remote LV at 8-
wk Ml than the remote LV at 4-wk Ml (1.4 + 0v&.2.7 £ 0.6 RQ to respective RV region;
4-wk MI (n=8) vs.8-wk MI (n=8); P<0.05); Figure 4.4B).

4.3.3.5 Runx1 expression at 1-wk in a severe Ml phenotype

The highest level dRunxlexpression was observed at a 1-wk time pointfotg a

severe MI phenotype (as defined by symptoms ofuedabbreathing, severe infarct
thinning and lung congestion; see Section 3.4.3ma&). It is believed that animals in
this condition were suffering from acute HF althbugwas not possible to confirm this by
functional assessment due to the severity of tteidition. These animals were killed in
the interest of their welfare and the hearts exkisenediately and treated in the same way
as the other time points. However, due to the lspnaportion of animals developing this

phenotype, only one heart was available for gRT-RG@&ysis from this groum£1l).
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1-wk sham The control 1-wk sham heart showed the followegls ofRunxl

expression across the four regions: sham apewx$0130 RQ to respective RV; sham apex
(n=1) vs.sham RV K=1); Figure 4.4C(i)), the peri-infarct (1vk.1.0 RQ to respective

RV; sham ‘peri-infarct’ (=1) vs.sham RV (=1); Figure 4.4C(i)) and the remote LV (1.4
vs.1.0 RQ to respective RV; sham remote I#1) vs.sham RV (=1); Figure 4.4C(i)).

1-wk Ml heart The 1-wk MI heart with the severe MI phenotypewad a high level of
Runxlexpression in the infarct region compared to tispeetive Ml RV (12.&s.1.0 RQ;
Ml infarct (n=1) vs.MI RV (n=1); Figure 4.4C(i)). A similar high level &tunxlwas
found in the peri-infarct region (11v5.1.0 RQ; Ml peri-infarctif=1) vs.MI RV (n=1);
Figure 4.4C(i)). The remote LV showed the followi{igdvs.1.0 RQ; MI remote LV
(n=1) vs.MI RV (n=1); Figure 4.4C(i)).

1-wk shanvs.1-wk MI: Comparing the 1-wk MI with the 1-wk sham shovirgher

levels ofRunxlin the infarct region (12.0s.0.3 RQ; Ml infarct (=1) vs.sham apex

(n=1); Figure 4.4C(i)) and in the peri-infarct regidri.5vs.1.1 RQ; MI peri-infarctif=1)
vs.sham ‘peri-infarct’ §=1); Figure 4.4C(i)). The remote LV between thedvitl sham
were as follows: (1.9s.1.4 RQ; MI remote LV1§=1) vs.sham remote LVn=1); Figure
4.4C(i)). However due to a very small proportior3) of animals developing this very
severe phenotype and only 1 heart]) being available for gRT-PCR measurements, this
observation represents data from only one animadtiam and MI and therefore it was not

possible to perform any statistics on this data set
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Figure 4.4 RegionaRunx1 expression at different time points post-MI.

(A (i)) RegionalRunxlexpression in 8-wk M| hearts£6; black bars) compared to 8-wk sham heartg{ white bars)
measured by gRT-PCR usiRynx1specific primers; each region is expressed radthits respective RV region (dotted
line). A (ii) Runxlexpression in the RV region (normalising regiorjneen groups. (B) ComparisonRéinx1
expression in different regions of the infarctedméetween 4-wk (light grey bars) and 8-wk Ml (dgrey bars) hearts
as compared to the respective RV region (dotted.l{i@(i)) Runxlexpression in 1-wk animals showing symptoms of
severe MI §=1; black bars) compared to 1-week shamil{ white bars); each region expressed relativts teespective
RV region (dotted line) and (iRunxlexpression in the infarct and peri-infarct onlylefvk severe Ml animals using the
mean Z*“' of infarct and peri-infarct for each animal (shami) and (MI;n=1). #P<0.05 between region of interest and

the respective RV.;P<0.05 between MI and sham.
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4.3.4 Comparison of regional expression of differen  t Runx
genes post-Ml

In addition toRunx] the othelRunxgenes Runx2andRunx3 were also measured in
regions of the infarcted heart 4-wk post-MI to car@mRNA expression patterns
between the different genes of Ranxfamily. RegionaRunxlexpression data at 4-wk

post-MI has been discussed previously in Secti8r24.

4.3.4.1 Regional expression of Runx2 at 4-wk post-Mi

4-wk sham heartAs has previously been observed viRilinx] the expression dRunx2

was not different between regions of the 4-wk sihaart. This was ascertained by
comparing expression levels in each region relatveach heart’s respective RV using the
using the 22“' method. No differences were observed in the 4hdm apex (1.1 + 0.3
vs.1.0 RQ; sham apex£3) vs.sham RV (=3); P>0.05;Figure 4.5A), or the ‘peri-infarct’
equivalent 4-wk sham region (0.9 + 4.1.0 RQ; sham ‘peri-infarctnE3) vs.sham RV
(n=3); P>0.05;Figure 4.5A) nor the sham remote LV (1.2 £\&21.0 RQ; sham remote

LV (n=3) vs.sham RV (=3); P>0.05;Figure 4.5A).

4-wk Ml heart Runx2expression was also compared in different regadrise 4-wk M
heart. Each region was expressed relative to gpeotive non-infarcted RV region within
the same heart using thé“2' method. As was observed wiunxl. Runx2expression
was significantly elevated in the infarct regiorntloé heart 4-wk post-MI compared to its
respective RV of the Ml heart (5.3 + v8.1.0 RQ; Ml infarct =7) vs.MI RV (n=7);
P<0.05; Figure 4.5A) Runx2was not altered in the peri-infarct region 4-wilspdl with

no significant differences in expression compacethé respective RV (1.4 + 0V5.1.0

RQ; Ml peri-infarct 0=7) vs.MI RV (n=7); P>0.05; Figure 4.5A). Similarly there was
also no significant differences Runx2expression in the 4-wk MI remote LV compared to
the respective RV (1.2 £ 0\&.1.0 RQ; Ml remote LVi{=7) vs.MI RV (n=7); P>0.05;
Figure 4.5A).

4-wk shanwvs.4-wk MI: ComparingRunx2expression between 4-wk Ml regions and the

corresponding region of the 4-wk sham heart redetlatRunx2expression was higher in
the infarct region versus the 4-wk sham apex (5131%s.1.1 + 0.3 RQ to respective RV;
Ml infarct (n=7) vs.sham apexnE3); P<0.05; Figure 4.5A).Runx2expression in the 4-
wk MI heart was not significantly different to tdewk sham heart in the peri-infarct
region (1.4 + 0.%s.0.9 = 0.1 RQ to respective RV; MI peri-infarat={) vs.sham ‘peri-
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infarct’ (n=3); P>0.05; Figure 4.5A) or the remote LV region (1.2.3%s.1.2 £ 0.2 RQ to
respective RV; MI remote LVnE7) vs.sham remote LVrE3); P>0.05; Figure 4.5A).

4.3.4.2 Regional expression of Runx3 at 4-wk post-Mi

4-wk sham heart Similar to the results frolRunxlandRunx2 the results foRunx3

expression showed no significant differences adtossegions of the 4-wk sham heart.
This was true for the sham apex compared to theectisp RV (0.9 £ 0.2s.1.0 RQ;
sham apexn=3) vs.sham RV §=3); P>0.05; Figure 4.5B), for the sham ‘peri-infarct’
region (1.1 + 0.¥s.1.0 RQ; sham ‘peri-infarctnE3) vs.sham RV (=3); P>0.05; Figure
4.5B), and for the sham remote LV (1.0 + 0s31.0 RQ; sham remote L\h£3) vs.sham
RV (n=3); P>0.05; Figure 4.5B).

4-wk Ml heart In the 4-wk MI heartRunx3expression was significantly elevated in the
infarct region compared to the non-infarcted R\thegf M1 heart (11.0 £ 2.0s.1.0 RQ; MI
infarct (h=7) vs.MI RV (n=7); P<0.05; Figure 4.5B) Runx3levels were also significantly
elevated in the peri-infarct region compared toRheof the Ml heart (4.3 + 1.0s.1.0

RQ; Ml peri-infarct 6=7) vs.MI RV (n=7); P<0.05; Figure 4.5B). No differences were
observed irRunx3expression between the LV remote and the RV ohkeart (2.0 +
0.8vs.1.0 RQ; MI remote LV1§=7) vs.MI RV (n=7); P>0.05; Figure 4.5B).

4-wk shanwvs.4-wk MI: In addition to the regional expression withie thwk sham and

4-wk MI heart individually (comparing each to thesspective RV of the same heart), the
regional differences were also compared betweek #ivand the corresponding region of
the sham heartRunx3was found to be significantly higher in the infaregion of the Ml
heart compared to the equivalent sham apex re@b0 ¢ 2.0vs.0.9 + 0.2 RQ to
respective RV region; Ml infarch€7) vs.sham apexnE3); P<0.05; Figure 4.5B) Runx3
was also significantly higher in the peri-infaregron of the MI heart compared to the
sham ‘peri-infarct’ region (4.3 £ 1¥%s.1.1 + 0.1 RQ to respective RV region; MI peri-
infarct (h=7) vs.sham ‘peri-infarct’ (=3); P<0.05; Figure 4.5B). No differences were
observed in the levels &unx3between the LV remote of the MI heart with the LV
remote of the sham heart (2.0 £ 081.0 £ 0.3 RQ to respective RV region; Ml remote
LV (n=7) vs.sham remote LVN=3); P>0.05; Figure 4.5B).
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4.3.4.3 Comparison of Runx1-3 expression in the 4-wk MI heart

Expression patterns of the thieanxgenes (1-3) were assessed to compare how their
regional differences in MI compared with each otifeunx3showed the greatest degree of
elevated expression in the infarct region with egpron levels significantly greater than
Runx1(11.0 £ 2.0vs.5.1 + 1.0 RQ to respective RV regidrunx3MI infarct (n=7) vs.
Runx1MI infarct (n=8); P<0.05; Figure 4.5C) andunx2(11.0 £ 2.0vs.5.3 £ 1.1 RQ to
respective RV regiorRunx3MI infarct (n=7) vs.Runx2Ml infarct (n=7); P<0.05; Figure
4.5C). Runx3also showed the greatest degree of elevated expnas the peri-infarct
post-MI compared tRunx2only (4.3 £ 1.0vs.1.4 = 0.5 RQ to respective RV region;
Runx3MI peri-infarct (7=7) vs.Runx2MI peri-infarct (+=7); P<0.05; Figure 4.5C) but not
compared tdRunx1(4.3 + 1.0vs.1.8 + 0.2 RQ to respective RV regidRinx3MI peri-
infarct (0n=7) vs.Runx1MI peri-infarct (»=8); P>0.05; Figure 4.5C)RunxlandRunx2

were altered to the same degree as each otheMpogth equivalent expression levels in
the infarct (5.1 £ 1.@s.5.3 + 1.1 RQ to respective RV regidrgnx1IMI infarct (n=8) vs.
Runx2MlI infarct (n=7); P>0.05; Figure 4.5C) and peri-infarct regions (1.8.2vs.1.4 £

0.5 RQ to respective RV regioRunx1MI peri-infarct (1=8) vs.Runx2MI peri-infarct

(n=7); P>0.05; Figure 4.5C). All threBunxgenes showed a similar level of expression in
the remote LV with no significant differences beénehe three (1.4 + 03%.1.2 + 0.3vs.

2.0 £ 0.8 RQ to respective RV regidRynx1MI remote LV (=8) vs.Runx2MI remote

LV (n=7) vs.Runx3MI remote LV (=7); P>0.05 between all three; Figure 4.5C).
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Figure 4.5 Expression of differentRunx genes post-Ml.

(A) Expression oRunx2in differentregions of sharm&3) or 4-wk MI (1=7) hearts using gRT-PCR. (B) Expression of
Runx3in different regions of shamm£3) or 4-wk Ml (=7) hearts using qRT-PCR. (C) Comparison of all tReex
genes for each region of the infarcted heart dftek. Data presented are mean + SEMP<®.05 between region of

interest and the RV of the same heaP0.05 between Ml and sham.
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4.3.5 Links with  Runx expression and LV function

Further analysis was performed to assess whetlaggels irRunxgene expression
correlated with the extent of LV dysfunction. Tiiactional parameters selected for this
analysis were the maximal rate of LV pressure (@$¥dt..) and the maximal rate of LV
pressure decay (dPfg). These parameters are widely accepted as reliatiEators of
myocardial inotropic (dP/gtsy) or lusitropic (dP/dfi) state (Kasst al, 1987) and were
therefore considered suitable indices of LV funetior this part of the study. The RQ
values for the three regions of each heart wereddg together then divided by 3 to give
a single mean RQ value fRunxexpression per heart for 4-wk sham and for 4-wk-Ml
calculated as shown below. This value was there@aiith the function of that heart to
assess the correlation. This was performed fdn Baoxgene (i.eRunxl Runx2and
Runx3.

(RQinfarct+ RQ periinfarct + RQremotel.V)

RQvalueusedfor correlation study= 3

Eqg. 18

4.35.1 Correlations between Runxland LV function

These results revealed that the risRimxlexpression in the heart showed a significant
negative correlation with LV function for both paraters investigated. As dR/dt
decreased (myocardial contractility reduced), tiigession oRunxlincreasedy=-4.4 x
10% + 6.0;R=-0.74;P<0.05; Figure 4.6A(i)). Similarly as dP/gtdecreased (myocardial
relaxation impaired), the expressionRainxlalso increased with significant negative
correlation Y= -4.4 x 10 + 5.1;R=-0.95;P<0.05; Figure 4.6A(ii)).

4.3.5.2 Correlations between Runx2 and LV function

The results revealed that there was no significaationship betweeRunx2expression
and either dP/gy (y=1.68 x 10*x + 0.1;R=0.32;P>0.05; Figure 4.6B(i)) or dP/g# (y=-
5.7 x 10° + 1.9;R=-0.24;P>0.05; Figure 4.6B(ii)).

4.3.5.3 Correlations between Runx3 and LV function

Although a similar trend was observed betwBemx3and dP/dt.x (as had been observed
with Runx) the relationship betwedRunx3and dP/df.x did not attain statistical

significance y=-1.7 x 10k + 17.8;R=-0.69;P>0.05; Figure 4.6C(i)). There was however
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a strongly significant negative correlation betw&mx3expression and dP/gt (y=-1.1 x
103« + 10.6;R=-0.99:P<0.0001; Figure 4.6C(ii)).

4.3.5.4 Correlations with Runx expression and LV function excluding the
infarct

To assess whether the trends observed were retasizktof the infarct, the contribution
of Runxexpression from the infarct region was removed fthenanalysis. As Figure 4.7
shows the same trends remain even with the cotitsibof Runxexpression from the

infarct removed.

206



Kirsty K. Foote, 2012 Chapter 4

>

Runx1 vs. dP/dt Runx1 vs. dP/dt

—
—
N

‘max 'min

—
—
—

~—

—_ 6 © SHAM HEARTS —_ 6 © SHAM HEARTS
(e 3 ® 4-WK MI HEARTS Ol—“ ® 4-WK MI HEARTS
gg 5 ° ® 8-WK MI HEARTS 58 5 ° ® 8-WK MI HEARTS
-~ E - 4 -~ E S
S23 2241 7
x5 3 x5 31
Sz >0 s
= 2 Jdpw 24
Jg" 48" * o
g 1 P=0.006 g 11
oz oz P=0.0004
== 0 x1000 = ( x1000
4 6 8 10 12 2 4 6 8 10
dP/dt max (mmHg.s") dP/dt min (mmHg.s™)
() Runx2 vs. dP/dt,_, (i) Runx2 vs. dP/dt,
O 41 o sHAM HEARTS o= 410 sHam HEARTS
o ® 4-WK MI HEARTS o ® 4-WK MI HEARTS
N E:: N E::
x5 2 x5 2
>a= >e= \h
-l = e o -l = ® o
_| om [e) _Ion: o O
<Z 1 P=0.54 <z 1
o =w =
oz oz P=0.65
= 0 - . - »x1000 0 x1000
6 7 8 9 10 2 4 6 8 10
dP/dt max (mmHg.s™) dP/dt min (mmHg.s™)
(i) Runx3 vs. dP/dt__ (i) Runx3 vs. dP/dt_
al—' 8 © SHAM HEARTS 8 . 8 o SHAM HEARTS
é‘é ° ® 4-WK MI HEARTS x 5 ©® 4-WK MI HEARTS
n < g
RE=6 RE> °
Sl . Sz
Tuo4 . xZs 4
>o= ° >S0s
==y T
22%2 S9% 2
g= o> P=0.13 < o P<0.0001
oz o 5g
= 07 " - - x1000 - (O x1000
8 9 10 M 2 4 6 8 10
dP/dt max (mmHg.s™) dP/dt min (mmHg.s™)

Figure 4.6 Correlations withRunx gene expression and LV function.

(A) Linear regression of the mean RQ valueRonxlexpression of all LV regions relative to theirpestive RV
region in individual Ml (4-wkn=6; 8-wkn=1) and 4-wk sham hearts53) 4-wk post-MI plotted against (i) dP/d} or

(i) dP/dty, (infarct size was not variable between hearts). dP/da (y=-6.0 x 10x + 7.5;R=-0.83;P<0.05) and for
dP/dyin (y=-5.5 x 10°x + 8.6;R=-0.92;P<0.05). (B) Linear regression of the mean RQ vatu&kfinx2expression of all
LV regions relative to their respective RV regiornindividual 4-wk Ml (=4) and 4-wk sham hearts=2) plotted against
(i) dP/dfnay or (ii) dP/dty, (infarct size was not variable between hearts)r dP/dh.y (y=1.7 x 10°% + 0.1;R=0.32;
P>0.05) and for dP/g}, (y=-5.7 x 10Px + 1.9;R=-0.24;P>0.05). (C) Linear regression of the mean RQ valu®fmx3
expression of all LV regions relative to their resfive RV region in individual 4-wk MInE4) and 4-wk sham hearts
(n=2) plotted against (i) dP/g, or (ii) dP/dt,, (infarct size was not variable between heart)r dP/d},, (y=1.7 x 10
3x + 17.8;R=-0.69;P>0.05) and for dP/gf, (y=-1.1 x 10° + 10.6;R=-0.99;P>0.05). Each point in the graph
represents an individual heart.

207



Kirsty K. Foote, 2012 Chapter 4

EXCLUDING INFARCT

(i) Runx1 vs. dP/dt,,, i) Runx1 vs. dP/dt,,,
=3 4 o SHAM HEARTS => 4 o SHAM HEARTS
(< I J © 4-WK MI HEARTS < I * © 4-WK MI HEARTS
55 © 8-WK MI HEARTS 55 ® 8-WK MI HEARTS
<= 31 s 31
w X W
S SE>
Sp S:52
25 1. JF 1
gg P=0.0267 E?; Po0.0034
Y 0 x1000 Y (O x1000
4 6 8 10 12 2 4 6 8 10
dP/dt max (mmHg.s™) dP/dt min (mmHg.s™)
() Runx2 vs. dP/dt,_, (ii) Runx2 vs. dP/dt,,,
83 3 © SHAM HEARTS GE 37 o SHAM HEARTS
14 |'|I_'| ° ® 4-WK MI HEARTS 55 ® 4-WK MI HEARTS
~O0
NES N =
sE 2 sE 2
é o 2 32
o 3 .
j < 1 ° a5 1 .///_LP=0.59
g g . ° P=0.49 E ?I: o °
= g.’ 0 x1000 = Iﬁ'.J O x1000
7 8 9 10 2 4 6 8 10
dP/dt max (mmHg.s™) dP/dt min (mmHg.s”)
() Runx3 vs. dP/dt,,, (i) Runx3 vs. dP/dt,,,
83 8 0 SHAM HEARTS 83 81 0 SHAM HEARTS
3 E ®4-WK MIHEARTS @ E © 4-WK MI HEARTS
R 61 ° %E 6]
S g > S g %
s34 S534
e 22
2% 2 2E 2
B& P=0.038 5z °_ P=0.036
e 07 . . : x1000 F& Q x1000
8 9 10 11 2 4 6 8 10
dP/dt max (mmHg.s™) dP/dt min (mmHg.s")

Figure 4.7 Correlations with Runx gene expression and LV function (excluding the infarct

(A) Linear regression of the mean RQ valueRonxlexpression of all LV regions except the infardatige to their
respective RV region in individual Ml (4-wk=6; 8-wkn=1) and 4-wk sham hearts53) 4-wk post-MI plotted against
(i) dP/dfnay or (ii) dP/dty, (infarct size was not variable between hearts)r dP/dhy (y=-3.3 x 10°% + 4.4;R=-0.73;
P<0.05) and for dP/gf, (y=-2.6 x 10°x + 3.4;R=-0.71;P<0.05). (B) Linear regression of the mean RQ vatudiinx2
expression of all LV regions relative to their resfive RV region in individual 4-wk MInE4) and 4-wk sham hearts
(n=2) plotted against (i) dP/g, or (ii) dP/dt,, (infarct size was not variable between heart)r dP/d},., (y=-2.1 x 10
4 + 2.8;R=-0.31;P>0.05) and for dP/gf, (y=-4.9 x 10°x + 0.60;R=-0.29;P>0.05). (C) Linear regression of the mean
RQ value forRunx3expression of all LV regions relative to theirgestive RV region in individual 4-wk MinE4) and
4-wk sham hearts€2) plotted against (i) dP/gt, or (ii) dP/dt., (infarct size was not variable between heartgy. F
dP/dtay (Y=1.7 x 10°% + 17.8;R=-0.84;P>0.05) and for dP/g}, (y=-8.1 x 10°% + 7.7;R=-0.84;P>0.05). Each point in
the graph represents an individual heart.
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4.3.5.5 Infarct size measurements

To further assess whether the differences obsenagdom related to infarct size, hearts
were photographed with a digital camera and tha aefénfarction was estimated using
ImageJby drawing a line around the infarct (whitenedntied area) and expressing the
area of infarction as a percentage of the totafti{gavas not possible to delineate LV
from RV in these photographs and this was the reémoexpressing infarct size as a
percentage of the whole hearti.e. LV + RV). Iswmt possible to quantify infarct size
histologically as previously described in othertgets of this thesis for this part of the
study as the hearts were to be dissected and soagmf(and not be sent for histology).
Therefore this method was more limited and permittelgt approximation measurements.
Infarct size measurements by this method were poggible from 3 out of 6 hearts and the
infarct sizes were 31.9, 33.2 and 37.2% (as a #heofotal heart) for these hearts. The
results revealed that for these specific heartgancelation was found betwe&unxl1
expression and infarct sizg=0.03 + 2.9;R=0.06;P>0.05; Figure 4.8).
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Figure 4.8 Correlation between infarct size andRunx1 expression.

(A) Example of infarct sizes for individual heansed forRunx1 vsLV function study; y=-6.0 x18x + 7.5,R=-0.83;
P<0.05. Infarct size was estimated for hearts ubimageJand visual inspection. (B) Correlation betw&amx1
expression and infarct size in individual heartsdufor theRunxlvs.LV function study. Each point on the graph
represents individual hearts;0.04x + 1.9;R=0.14;P>0.05.
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4.3.6 IHC localisation of RUNX1 and quantification  of expression

IHC staining was used to visualise the locatioRBINX1 in cardiac tissue in shavs. Ml
(4-wk and 8-wk post-MI). Using two separate RUN3{decific antibodies, IHC confirmed
the presence of RUNX1 in cardiomyocytes (FigureC4l)d, with positive nuclear staining
consistent with the nuclear localisation of RUNXHC has confirmed that within the
infarct there are surviving cardiomyocytes expreg&UNX1 (Figure 4.11A). Other cell
types within the infarct region also showed positRUNX1 staining; these are believed to
be inflammatory cells (lymphocytes) and fibroblastich were confirmed by examination
from an expert pathologist although these typeswet labelled with specific markers.
RUNX1-positive staining was identified in the shagart (both 4-wk and 8-wk sham time
points) further confirming a basal expression ofNR{1 in the mouse heart before insult.
Positive RUNX1 staining was quantified in heartd-atk and 8-wk post-MI using a grid
counting method and the percentage positive nutkeach region was expressed relative
to the RV from the same heart using the followiatjor (region of interest/RV). Figure
4.9A shows where each region was chosen for asalysham hearts and Ml hearts. An
example of the grid system fitted over the imagehiewn in Figure 4.9B. Representative
images from each region are shown in Figure 4.9GHam (Figure 4.9C(a-c)), 4-wk Ml
(Figure 4.9C(d-f)) and 8-wk MI (Figure 4.9C(g-imcluding negative heart tissue control
(Figure 4.9C(j)) confirming no positive stainingdapositive thymus control tissue (Figure
4.9C(k)) showing largely positive staining. IHGudts revealed that RUNX1 expression
was not found to be different between regions efdham heart, both at 4-wk (Figure 4.9D
(1)) and at 8-wk (Figure 4.9D (ii)).

4.3.6.1 RUNX1-positive staining 4-wk post-Ml

The results for RUNX-1 positive staining at the 4-ivke point are shown in Figure
4.9D(i).

4-wk sham hearts4-wk sham hearts demonstrated no significafiéifices in the

proportion of RUNX1-positive cells across the diffiet regions (each region is expressed
relative to the RV of that heart). This was theectas the sham apex (0.86 = 0.45.1.00
ratio to respective RV region; 4-wk sham apex3) vs.4-wk sham RV 1§=3); P>0.05;
Figure 4.9D(i)), the sham ‘peri-infarct’ equivalgft85 + 0.02ss.1.00 ratio to respective
RV region; 4-wk sham ‘peri-infarctnE3) vs. 4-wk sham RV (=3); P>0.05; Figure
4.9D(i)) and the sham remote LV (0.83 = 0w341.00 ratio to respective RV region; 4-wk

sham remote LVn=3) vs.4-wk sham RV 1(=3); P>0.05; Figure 4.9D(i)).
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4-wk Ml hearts After 4-wk MI, IHC showed that the proportion R&UNX1-positive

nuclei was significantly higher in the infarct regiof the MI heart compared to its
respective RV region (1.81 + 0.8%. 1.0 ratio to respective RV region; 4-wk Ml infarct
(n=5) vs.4-wk MI RV (n=5); P<0.05; Figure 4.9D(i)). Similarly RUNX1-positivelts
were significantly higher in the peri-infarct regioompared to the respective RV (1.57
0.20vs. 1.0 ratio to respective RV region; 4-wk Ml perfanct (h=5) vs.4-wk MI RV

(n=5); P<0.05; Figure 4.9D(i)). There were no differenae®RIUNX1 positive nuclei
present in the remote LV compared to the respe&ig1.05 + 0.08/s.1.0 ratio to
respective RV region; 4-wk M| remote LW<5) vs.4-wk MI RV (n=5); P>0.05; Figure
4.9D(i)).

4-wk shanwvs.4-wk MI: Comparisons between 4-wk MI and 4-wk sham byoreg

demonstrated that there was a significantly grgaigportion of RUNX1-positive staining
in the infarct region compared to the correspondimgm apical region (1.81 = 0.84.

0.86 = 0.07 ratio to respective RV region; 4-wk ikfiarct (0=5) vs.4-wk sham apex

(n=3); P<0.05; Figure 4.9D(i)). This finding was also tfoe the peri-infarct region
compared to the corresponding sham ‘peri-infaegion (1.57 = 0.20s.0.85 £ 0.02 ratio
to respective RV region; 4-wk MI peri-infareiX5) vs.4-wk sham ‘peri-infarct’ 1t=3);
P<0.05; Figure 4.9D(i)). There were no statistidéfiedences between the 4-wk remote
LV between sham and MI (1.05 £ 0.08.0.83 £ 0.04 ratio to respective RV region; 4-wk
MI remote LV (=5) vs.4-wk sham remote LVnE3); P>0.05; Figure 4.9D(i)).

4.3.6.2 RUNX1-positive staining 8-wk post-Mi

8-wk sham heartAs was observed in the 4-wk sham, the 8-wk skhowed no

significant differences in the proportion of RUNXbsitive staining between the different
regions, with respect to the RV of the same heBinis was observed for the sham apex
region (1.05 £ 0.04s.1.00 ratio to respective RV region; 8-wk sham afmesb) vs. 8-wk
sham RV (=5); P>0.05; Figure 4.9D(ii)), was also observed for theri-infarct’ region
(0.99 + 0.03vs.1.00 ratio to respective RV region; 8-wk sham ifefarct’ (n=5) vs.8-wk
sham RV (=5); P>0.05; Figure 4.9D(ii)) and for the remote LV regi@91 + 0.10ss.

1.00 ratio to respective RV region; 8-wk sham reamdf (n=5) vs.8-wk RV (h=5);

P>0.05; Figure 4.9D(ii)).

8-wk Ml heart In the 8-wk MI heart, RUNX1-positive staining svaignificantly higher in
the infarct region compared to the RV of the saeert(1.93 + 0.34s.1.00 ratio to
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respective RV region; 8-wk Ml infarch€4) vs.8-wk MI RV (n=4); P<0.05; Figure
4.9D(ii)). The same was also true for the periicfaegion with significantly higher
positive staining for RUNX1 compared to the respecRV (1.63 + 0.30/s.1.00 ratio to
respective RV region; 8-wk MI peri-infarat£€4) vs.8-wk Ml RV (n=4); P<0.05; Figure
4.9D(ii)). There was no significant difference itWRX1 positive nuclei present in the 8-
wk remote LV post-MI compared to the respective @\27 = 0.40vs.1.0 ratio to
respective RV region; 8-wk MI remote LWi£4) vs.8-wk MI RV (n=4); P>0.05; Figure
4.9D(ii)).

8-wk shanvs.8-wk MI: Comparisons between 8-wk sham hearts and 8-whkddits

revealed that there was significantly greater RUND$%itive staining in the infarct region
of the 8-wk MI heart compared to the equivaleninstagical region (1.93 £ 0.34.1.05 £
0.04 ratio to respective RV region; 8-wk Ml infafot4) vs. 8-wk sham apexnEb);
P<0.05; Figure 4.9D(ii)). Furthermore, positive RKINstaining was also significantly
higher in the peri-infarct region of the 8-wk Mldrécompared to the corresponding
region of the 8-wk sham heart (1.63 £ 0\300.99 + 0.03 ratio to respective RV region; 8-
wk Ml peri-infarct =4) vs.8-wk sham ‘peri-infarct’1§=5); P<0.05; Figure 4.9D(ii)).
There were no differences between the 8-wk LV rerobtbe MI heart compared to the
LV remote of the 8-wk sham heart (1.27 + 0v400.91 + 0.10 ratio to respective RV
region; 8-wk Ml remote LV1{=4) vs.8-wk sham remote LVnES); P>0.05; Figure
4.9D(ii)).

4.3.6.3 Comparisons between RUNX1 positive staining between 4-wk and 8-
wk Ml

RUNX1 was increased in the infarct region to th@eaxtent at 4-wk and 8-wk post-Ml
(1.81 + 0.31vs.1.93 + 0.34 ratio to respective RV region; 4-wk iflarct (1=5) vs.8-wk
Ml infarct (n=4); P>0.05; Figure 4.9D(iii)). Similarly the levels ofuRX1 were
increased by the same degree in the peri-infare¢ between 4-wk and 8-wk MI (1.57 =
0.20vs.1.63 £ 0.30 ratio to respective RV region; 4-wk péri-infarct (=5) vs.8-wk Ml
peri-infarct =4); P>0.05; Figure 4.9D(iii)). There was no significaiffetence in the
level of RUNX1 positive staining in the 8-wk remdate¢ compared to 4-wk remote LV
post-MI (1.05 £ 0.0&s.1.27 + 0.40 ratio to respective RV region; 4-wk idinote LV
(n=5) vs.8-wk MI remote LV (=4); P>0.05; Figure 4.9D(iii)).
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Figure 4.9 IHC expression of RUNX1 at 4-wk and 8- post-MI.
(A) Diagram showing where the different regiongevanalysed for RUNX1 expression in the (i) sham @hdl heart

(the peri-infarct region was chosen as accuratelycssible with the aid of adjacent Sirius redieaest (iii) for each
respective heart as they clearly showed whereiltheus infarct (red colour) interfaced the normaforardium (yellow
colour)). (B) Example diagram showing how a grigisviixed over the image to facilitate counting o$ipively (brown)
versus negatively (blue) stained nuclei. (C) Typiggages showing expression within the differergioas for sham (a-
¢), 4-wk MI (d-f) and 8-wk MI hearts (g-i). Negedi control for heart tissue (antibody dilution kesffnstead of primary
antibody; j) and positive control tissue (thymugake also shown. Immunohistochemistry of a 4-wkhdart with a
RUNX1-specific antibody — positive nuclear stainingardiomyocytes indicated by arrows (I). (D @uantification
of RUNX1 expression in each region after 4-wk amd8dwk MI compared to sham and (iii) comparisordeivk Ml

with 8-wk MI. Each region is expressed relativefte respective RV region (dotted line).
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4.3.6.4 Cytoplasmic staining of RUNX1

RUNX1-postive staining was predominantly locatethw the nuclei of cardiomyocytes;
however upon closer inspection it could be seengbime cardiomyocytes showed
cytoplasmic staining as well as nuclear stainingyfe 4.10A). The same images for each
region (as used for the previous section 4.3.6ewa&amined and given a score of 0 or 1
(indicating absence (0) or presence (1) of cytopiastaining) which was then used to
calculate the percentage of hearts that showeglagmic staining per region for each of
the four groups (4-wk sham, 4-wk MI, 8-wk sham 8adk MI). The results from these

data are shown in Figure 4.10B.

4-wk: 4-wk sham hearts showed no cytoplasmic staimramny region of the heart (0% of
hearts showed cytoplasmic staining in the 4-wk shpex, ‘peri-infarct’, remote LV and
RV; n=3; Figure 4.10B). In 4-wk MI hearts, cytoplasmtaining was present in
cardiomyocytes of the infarct region (60% of 4-wk harts) and peri-infarct region (20%
of 4-wk MI hearts) only; this was not found in tleenote LV (0% of 4-wk MI hearts) or
RV regions (0% of 4-wk MI heartsi=5; Figure 4.10B.

8-wk: 8-wk sham hearts, like 4-wk sham hearts, shaveedytoplasmic staining of
RUNX1 in any region of the heart (0% of hearts sedwytoplasmic staining in the 8-wk
sham apex, ‘peri-infarct’, remote LV and RW55; Figure 4.10B). In 8-wk MI hearts
RUNX1-positive cytoplasmic staining was presenthia infarct region only (in 75% of 8-
wk MI hearts) but not in any other region (0% oétis for peri-infarct, remote LV or RV);
n=4; Figure 4.10B.

A

W

(i) (i) s e 100, C1SHAM
SHAM M == i
(2]
APEX INFARCT £ 80
N e =
| <8 601
Ly ATy
‘ \ “ + 53 Ay w.é 40_
Ae ‘ t .‘/' T ‘g%
. c - 4
O R |t N 3& 20
_ ! 4. A LY Ea (0}
4wk 8wk 4wk 8wk 4wk 8wk 4wk 8wk
INFARCT PERI- REMOTE RV
INFARCT LV

Figure 4.10 Cytoplasmic staining of RUNX1.
(A) Representative examples of IHC staining with RUNspecific antibody from (i) a control 4-wk shaneashowing

nuclear staining only and (ii) a 4-wk infarct shaginuclear and cytoplasmic staining. Arrows intiaaytoplasmic
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staining. (B) Quantification of hearts demonstrgttytoplasmic staining from each group; 4-wk st{an8), 4-wk
sham (=5), 8-wk shamr{=5) and 8-wk MI =4).

4.3.7 Verification of RUNX1 expression in cardiomyo  cytes
4.3.7.1 RUNX1-specific antibody staining

In order to verify that RUNX1 was present in cardimcytes prior to the arrival of the
infiltrating cells, IHC and cardiomyocyte purifigan with gRT-PCR approaches were
utilised. As previously shown, IHC showed positiveclear staining in cardiomyocytes
(Figure 4.9C(l)); this has been confirmed using t@mmercially available and tested
polyclonal RUNX1-specific antibodies (61753 and 88RAbcam, U.K. Figure 4.11A(i-

i)). Some cytoplasmic localisation of RUNX1 wdsaidentified in the surviving
cardiomyocytes of the infarct region as shown guFe 4.11B(i), an observation
commonly observed in this region as described cti®@®4.3.6.4 previously. Figure
4.11B(ii) shows the presence of viable cardiomyesyh the infarct region as identified by

the yellow colour in Sirius red staining.

4.3.7.2 Runx1-specific primers tested on purified cardiomyocytes

Runx1mRNA levels were measured in a purified populabbnardiomyocytes (>98%)
according to a published method (Kosloskal, 2009). Runxlwas found to be present
within this purified population with mean Ct valuaesfore purification 27.4 + 1.0£2)

and after purification 29.1 £+ 0.6<2) confirming levels oRunx1present in the purified
population (Cts <30; Figure 4.11C). These Ct vahressignificantly greater than those
obtained from whole heart (27.4 £ X6.20.6 + 0.7 rankRunx1Ct values; cell preparations
prior to filtration (=2) vs.whole heart homogenatas); P<0.05) or regional
homogenates (27.4 + 1\3.22.8 + 1.2 rawRunx1Ct values; cell preparations prior to
filtration (n=2) vs.regional heart homogenates-§); P>0.05) indicating lower gene
expression, which is expected given that the sigriiaterial is less (cells rather than intact
tissue). As described previously (Section 4.3t )values of less than 30 are generally
regarded to represent detectable gene expresslmse results revealed thainx1
expression decreased following purification, whigdis expected given the removal of
otherRunxZXcontaining cell types but expression in the renmmgrcardiomyocyte

population remained evident.
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4.3.7.3 Runx1 expression in LV areas which predominantly contain
cardiomyocytes (peri-infarct and remote only)

To assess the levels Riinxlgene expression without the contribution fromitifarct
region, expression levels were examined in the @oatbregions of the LV excluding the
infarct by taking the average RQ of the peri-infaned remote LV (calculated from the 2

ACt method relative to the respective RV) for eachrtheaalculation shown below.

RQualue= RQ peri mfarct; RQremotelV £q. 19

4-wk hearts These data revealed that the 4-wk sham heartgezhoo significant
difference in the combined ‘peri-infarct’ and remafV compared to the RV (1.1 + Ov%.
1.0 RQ to respective RV region; 4-wk sham combiped-infarct’ and remote L\Ws.4-
wk sham RV n=4; P>0.05; Figure 4.11C). However, the combined pefasct and
remote LV in the 4-wk MI heart showed significantigher expression ddunxlthan the
RV of the same heart (1.6 + 0v&.1.0 RQ to respective RV region; 4-wk MI peri-irdar
and remote LWs.4-wk MI RV; n=8; P<0.05; Figure 4.11D). In summary, the results
showed that there was 41.2% greater expressi®uoxlin the combined regions of the
4-wk MI heart.

8-wk hearts The combined expression in the 8-wk sham ‘pdert’ and LV remote
showed no significant differences when comparatiédRV of the same heart (1.1 £ 0.3
vs.1.0 RQ to respective RV region; 8-wk sham combiped-infarct’ and remote L\Ws.
8-wk sham RVn=4; P>0.05; Figure 4.11D). In the 8-wk MI heart, the doned peri-
infarct and remote LV regions showed significamgpigaterRunxlexpression compared to
the RV of the same heart (2.4 + @211.0 RQ to respective RV region; 8-wk Ml combined
peri-infarct and remote LVs.8-wk MI RV; n=6; P<0.05; Figure 4.11D) which represents
a 114.3% increase compared to sham (2.1-fold gré2¢6.05). Collectively these data
have confirmed tha&Runxlexpression remains higher in the MI hearts (bo#ak and 8-
wk) compared to sham even without the contributrom the infarct region (Figure
4.11D).
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Figure 4.11 Verification of RUNX1 expression in caliomyocytes.

(A) Examples of nucleic localisation of RUNX1 in dammyocytes (identified by striated structure alpnsing two
different commercially available RUNX1-specific dnddies ((i) ab61795bcam, U.K.and (ii) ab35962Abcam, U.K).
(B i) Positive RUNX1 staining in cardiomyocytes preseithin the infarct region (arrows indicate cangtiyoctes) and

(ii) Confirmation of presence of viable cardiomyaey{yellow) in the infarct region by Sirius redisiag (areas of
fibrosis stained red; arrows indicate viable camjocytes). (C) Results of qRT-PCR performed on ungarifblack

bar) and a purified population of cardiomyocyta®ygbar) isolated from a normal mouse heax] and expressed
relative to the housekeeping gene PPIA. (D) TheamiQ values foRunxlexpression of the LV regions excluding the
infarct (peri-infarct and remote LV) obtained by gRTR at 4-wk and 8-wk post- MI.P#0.05 between region and
respective RV (dotted line)P<0.05 between sham and MI.
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4.4 Discussion

Runxgenes encode RUNX proteins which are best knowraascriptional regulators of
gene expression in major developmental pathways putative roles in cancer
development (Coffman, 2003;Bly#t al, 2005). However more recently tReinxgenes
have been increasingly implicated in specific ctinds of tissue injury and/or metabolic
stress (Wangt al, 2005;Ghoslet al, 2010;Custodi@t al, 2012). RUNX1, a member of
the RUNXfamily and an important regulator of the haematepoisystem, has previously
been shown to be up-regulated in damaged musdleding post-ischaemic myocardium
of the human heart during ischaemic cardiomyopéBattenlohneet al, 2003). At
present, no quantitative data exists on the altexgdession oRunxlin the heart during
MI. This chapter provides quantification and dethicharacterisation of the expression of
RUNX genes/proteins in response to myocardial ynproviding a basis for further

investigation into the role the RUNX family playsthe heart under these conditions.

4.4.1 Runxl expression is increased post-Ml

Firstly, knowledge of RUNX in the heart even undermal conditions is very limited.
Runxlis known to be expressed in the mammalian hdasthias been demonstrated in
embryonic mouse tissue usifiggalactosidase-tagged staining (Levaeoal.,

2001a;Telfer & Rothenberg, 2001;Levaretral, 2003) and results from the present study
have confirmed a basal expressiorRohxlin the normal mouse heart. However the
major finding from this work is an increased exgres ofRunxlin the heart after Ml in a
mouse model. In whole ventricular myocardium 4-pkst-MI, RunxImRNA levels

were more than double that of sham hearts. Aregpiation ofRunx1following Ml

concurs with a previous publication which revedleat in hearts taken from human Mi
patients there was a significant increase in RUNXgression compared to normal human
heart tissue (Gattenlohnet al, 2003). These findings combined with those inraouse
model suggest that RUNX1 may be activated by mybabinjury which could indicate a
potential role for RUNXL1 in the heart following Mlt is possible that increased RUNX1
in the heart can be attributed in part from irdiling or deposited cells that arrive during
the Ml injury (e.g. lymphocytes and fibroblastsspectively) as RUNX1 is known to be
present in lymphocytes (Himes al, 2005) and in cardiac fibroblasts (Wotteinal, 2004)
which are present in the heart during remodellMigug et al, 2004;McCormicket al,

1994). By examination of the structure of thedetgpes using IHC and with

confirmation from a pathologist we believe thesbeédymphocytes (identified by their
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small round mononuclear shape) and fibroblast(ified by their spindled shape with
minimal cytoplasm and wavy nuclei). These celetypvere not labelled with specific
markers so it was not possible to positively canftheir presence. However, the work
from this study has shown that the RUNX1 expresdimes not come solely from the
invading cells as we have evidence that RUNX1 és@nt in cardiomyocytgsior to any
injury or infiltration: (i) firstly, using qRT-PCRind IHC we have shown thaunx1
(RUNX1) is present in the normal mouse sham hé&agu(e 4.3 & Figure 4.9) and (ii)
secondly, by gRT-PCRunxlhas been shown to be expressed in a purified pioqulaf
healthy mouse cardiomyocytes (Figure 4.11). Theeedgoroportion of the RUNX1
expression is attributable to invading cell typsswvell asexisting cardiomyocytes already
there. As Figure 4.11 shows, RUNX1 is expresseatearsurviving cardiomyocytes
present in the infarct which are visible as laymrsslets distributed throughout this region.
Cell purification studies in which gqRT-PCR was penfied on a purified cardiomyocytes
population demonstrated that cardiomyocytes coRamx1mRNA confirming that the
RUNX1 protein is expressed in cardiomyocytes ardaiaen up from surrounding cell

types which can occur for other proteins during(®My. S100A4) (Schneidet al, 2007).

4.4.2 Elevated Runxl1 expression is localised to areas within and
adjacent to the injury

At present, studies that have examifeah® levels in the heart have been from whole
heart homogenates only and no information is alvkdlan alteredRunxlexpression within
different regions of the heart post-MI. The hypasike¢hatRunxlexpression in the heart is
triggered by myocardial injury is further supportadthe observations that increased
Runxlexpression in the mouse heart post-MI was loadliseegions within or adjacent to
the area of injury (the infarct). As Figure 4.32w®is, higher levels dRunxlwere observed
in the infarct region and in the peri-infarct regicompared to areas remote after 4 weeks
(this was in contrast to sham hearts which shoveediffierences in expression in any
particular region of the heart). This observatibaltered regional distribution of gene
expression is a recurrent finding in hearts post-Mor instance, genes which are down-
regulated in the infarct are often increased inrémeote zone (e.g. inflammatory genes as
described previously) andce versgwhen compared to matching sham regions)
(LaFramboiseet al, 2005). The initial up-regulation of genes in the remotgioa is
important as these tend to be switched on as aeosapory response against the adjacent

tissue injury. Regional differences can resultrfreariations in the mechanical, electrical,
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remodelled and/or metabolic properties of eachore@Krameret al, 1993;McCormicket
al., 1994) as detailed below.

4.4.2.1 Potential triggers in the infarct region

The infarct region represented the region with tighést levels oRunx, Runx2and
Runx3in the heart post-MI compared to an area remot§ éRd compared to the
equivalent region of the sham heart. The infargriarily made up of a collagen-based
matrix and contains infiltrating macrophages, mgtes and neutrophils as part of the
inflammatory cascade during infarct repair (Frangogiset al, 2002b). These cells are
known to express RUNX1 and therefore a contributibthe RUNX1-positive signal in
the infarct may be coming from these invading tgles (Himest al, 2005;Wottoret al,
2004). The repair process and early infarct expan@haracterised by slippage and/or
loss of cardiomyocytes) can also trigger chang@gire expression within the surviving
cardiomyocytes of the infarct zone (Swynghedauw9)9 Due to loss of contractile mass
in the infarcted region, mechanical function irstreégion is markedly reduced (Fomovsky
& Holmes, 2010). Mechanical instability is knowmihduceRunx2expression in arthritic
cartilage (Kamekurat al, 2006); the same may be true for the infarct negiod may
contribute to the increase Runx2expression in the infarct regiolRunx2has also been
shown to be up-regulated in cardiomyocytes undeditions of myocardial fibrosis

during high phosphorous conditions or parathyradhone infusion (Custodiet al.,

2012) —this is relevant to the present work agnibdel in our study has been shown to
demonstrate myocardial fibrosis and therefore ftassible that the increaseRunx2may

also be attributed to conditions of myocardial diis in the infarct region in the same way.

4.4.2.2 Potential triggers in the peri-infarct myoc  ardium

The peri-infarct region also demonstrated a sigafidncrease iRunx. expression post-
MI compared to areas remote and when comparedtedtivalent region of the sham
heart. The possible triggers fRunxup-regulation in the peri-infarct during Ml are
unclear. Studies investigating the over-expressiddCAM (believed to be linked to
RUNX1) in MI have postulated that possible triggeray be related to (i) “communication
failures” from disrupted electrical activity in thefarct and peri-infarct, (ii) increased wall

stress, or (iii) loss of cell-cell interaction.

(i) Disruptions in electrical activity may be a key stimulus f&tunxlexpression. This
has been shown to be the case in injured skeletstlein which disruptions in electrical
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activity (via denervation) are responsible for an increasedesspn of RUNX1 (Wangt

al., 2005). It's possible that alterations in elexdtiactivity which are known to occur in
the infarct and peri-infarct (due to loss of camdymcytes and remodelling of gap junctions
as described previously) (Peters, 1995) may rétaitecreased RUNX1 expression in the

same way.

(i) Increased wall stress: Close contact between thin-walled infarct andlaa
myocardium results in an abnormally increased adficurvature of the myocardium at
the infarct margin, leading to elevated wall straisd associated energy demands in the
peri-infarct region (Budat al, 1986;Guccionet al, 2001;Walkeet al, 2005). Therefore
the peri-infarct is also exposed to high mecharstralss which could also be a trigger for
Runx2 This is because RUNX2 over-expression duringynjtor example in the
pathogenesis of osteoarthritis, has been linkedeochanical instability and tensile strain
factors (Kamekurat al, 2006). Interestingly, the over-expression of R{ZNunder these
conditions was limited to the affected areas wittelor no change in the unaffected
regions of the tissue at a distance from the injurigese findings further support the up-
regulation ofRunxgenes under conditions of insult and a similatgpatof expression
bordering areas of the injury.

(i) Persistent ischaemian infarct and peri-infarct and the infarct mag@abe an
important trigger for altereRunxlevels. At present little is known about how the
mechanisms by which ischaemic stimuli can regudatee expression but it may be related
to the activation of specific protein kinase casgsa(Shimiziet al, 1997). Hypoxia may

be an important stimulus but given that RUNX3 iewn to be down-regulated in

response to hypoxia this may not be the case éLag 2009).

Importance of altered Runx expression in the peri-infarct region: Altered levels of
Runxin the peri-infarct region is of particular signdnce because the peri-infarct region
has been the subject of intense investigation irail is believed to contribute to the
decompensatory process that eventually leads tQatksoret al, 2002;Jacksost al,
2003;Naruleet al, 2000). Importantly adverse peri-infarct remoidellis believed to be
responsible for almost 70% of HF cases (GheorghtaBenow, 1998) and is a major
determinant of poor patient outcome as it is veffycdlt to reverse once established
(Gavazziet al, 1993). Given the importance of the peri-infaegion in the progression
to HF, the increased levels of RUNX1 that were oleein this region support the need
for further investigation in the role RUNX1 playsthis region during M.
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4.4.2.3 Potential triggers in the remote region

Changes irRunxL were not evident in the remote region after 4M\kout were

significantly increased in this region by 8-wk. Tieenote region can be defined as the
area of non-infarcted myocardium found beyond #@ipfarct region at a distance from
the infarcted region. Remote myocardium is largeymal muscle but due to the
alterations in ventricular geometry and increasatl siress imposed by the loss of
myocardium in the infarcted region this can lead toypertrophic response in the remote
region which can be a trigger for altered mMRNA esgsion levels. Results from Chapter 3
in this thesis have shown that hearts post-MI shemtence of cardiomyocyte
hypertrophy, although it cannot be confirmed déifrely if these came from the remote
region. However, based on the findings that tretseshowed an overall increase in heart
weight despite loss of myocardium in the infarois twould strongly suggest that the
surviving myocardium had undergone hypertrophyweler despite thigunx

expression in the remote LV after 4-wk MI was conajpée to those seen in the equivalent
sham heart suggesting that hypertrophy observéehdt does not seem to have triggered
changes irRunxexpression. It may be that the hypertrophy sgynalld represRunx1
expression (as has been shown in a different ammodkl of hypertrophy in this thesis;
Chapter 5). HowevdRunxlwas found to be higher in the remote LV region-atk3 and
from the heart weight data the hearts showed greaiscle mass at 8-wk (compared to 4-
wk) therefore it is also possible there may be pelyophic threshold below whidRunx1

is not affected.

A further possible trigger fdRunxlover-expression may be linked to the reactivatibn
the foetal gene programme commonly observed imbiabolically stressed heart, which
has been found to be responsible for regional expression of other genes in the mouse
infarcted heart (e.g. NCAM) (lwamugd al, 1977).

4.4.3 RUNX1 may be mislocalised in injured cardiomy  ocytes

IHC has further confirmed that RUNX1 expressionasfined to areas within and around
the area of injury in the 4-wk infarcted heart. RIgGNX antibodies used in this study
have been previously published - ab617880am U.K.) was used to detect RUNXL1 in
the cells of the inferior vena cava in mouse embidagamachet al, 2010) and ab35962
(Abcam U.K.) was used to detect RUNX1 in haematopoigtagenitor cells in mouse
embryos (Tsunodat al, 2010). Immunohistochemical analysis has dematestrthat the
expression of RUNX1 is localised predominantlyhte huclei of cardiomyocytes, but
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upon closer inspection RUNX1 can also be foundiwithe cytoplasm of a proportion of
cardiomyocytes within and around the infarct - ffedénce observed only in the infarcted
heart and not present in sham hearts. This magsept a mislocalisation of RUNX1 as
RUNX proteins are normally expressed exclusivelghimithe nucleus only (Lat al,
1995). There are transcription factors which caet@essed both in the nucleus and
cytoplasm, for example RBCK1, a protein kinase te+iacting transcription factor located
in human embryonic kidney cells (HEK293) (Tatemadsal, 2005) and HOXA10, a
regulator of RUNX2 transcriptional activity locatedendometrial stromal cells (Ba¢

al., 2004). The FOXO transcription factors (FOX01 &@iX03) are present in both the
nucleus and cytoplasm of embryonic cardiomyocy&nfuptaet al, 2009). However,
RUNX transcription factors have a unique targesiggal in the C terminus called the
NLS which is responsible for directing RUNX to diste foci within the nucleus (Chet
al., 2001) and the sole presence of RUNX protein endytoplasm can render it inactive
(Choiet al, 2001). Mislocalisation of RUNX1 into the cytopha has been reported
previously under disease conditions e.g. transiocatf the CBIB partner can lead to a
CBH3-MYHL11 fusion gene (Litet al, 1995) which has the ability to sequester RUNX1 in
the cytoplasm increasing leukamogenic potentialygfet al, 1998;Lukasiket al, 2002).
RUNX3 mislocalisation to the cytoplasm is presen88% of gastric cancer tumour cells
and interestingly it has been shown that hypoxituce conditions can induce this
mislocalisation to the cytoplasm in gastric tumoelts, identified by IHC (Leet al,

2009). It may be therefore that the hypoxic candg within the infarcted region of the
heart could be responsible for RUNX1 expressiomiwithe cytoplasm; this is further
supported by the finding that this occurs in camdyocytes within the infarct and peri-
infarct region only and not in the areas remot@&other possibility is that RUNX1 can be
mislocalised to the cytoplasm bound to @BEhe precise mechanisms by which this
occurs remain to be fully elucidated but it is thbuto be related to a direct disruption of
the NLS (Michaucet al, 2002). CBB is normally cytoplasmic (Tanals al, 1997) and
its entry into the nucleus required interactionvtiie Runt domain (Let al, 1995) but

the regulatory mechanism involved in this is ne&c] it has been proposed that a portion
of CBH3 remains in the nucleus (lat al, 1995); Figure 4.12. Therefore it may be
complex underlying pathways initiated as a resithe injury to the heart that could be

responsible for causing this mislocalisation.
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Figure 4.12 Diagram showing possible mechanism févow the CBHB partner unit enters the nucleus to permit
formation of the heterodimer complex required for ranscription.
(A) CBFp resides in the cytoplasm but a portion is belieieeemain inside the nucleus to permit bindingh® Runt

domain which allows CB[F-to enter the nucleus and (B) form a heterdimerioplex to mediate transcription.

4.4.4 Localised regional expression of other genes in Ml

Expression in areas of close contact with the inhay been reported by others for
example the neural cellular adhesion molecule NGlslso up-regulated in human Ml
(Gattenlohneet al, 2003) and in a mouse model of MI (Nagd@l, 2010) and is
restricted only to the cardiomyocytes within th&ansted or peri-infarct regions. RUNX1
is believed to have a binding site within the proeen@f NCAM and may therefore be
involved in the control of its expression. Thisresevery likely given the strikingly
similar pattern in expression between the two. dVer-expression of nestin, an
intermediate filament protein, after Ml is predoamtly in the infarct and peri-infarct of
mouse infarcted hearts and human end-stage héaréfahis has been shown by
immunofluorescence confocal microscopy to be prteserardiomyocytes as well as
endothelial cells, smooth muscle cells, neuronkd emd fibroblasts (Scobioadt al,

2008). The multifunctional G&binding protein S100A4 as also been reported twvsh
increased expression in injured cardiomyocytesliE®a to the peri-infarct in rat Ml (twice
as high compared to the remote region within tmeesheart and nearly 5 times higher than
the matching sham regions) (Schneieleal, 2007). Although S100A4 is detectable by
immunofluorescence confocal microscopy in inflamomacells (macrophages and
leukocytes), fibroblasts and endothelial cells,gtaning within cardiomyoctes was
exclusively in the peri-infarct; interestingly SO mRNA was not detectable by gRT-
PCR in the cardiomyocytes therefore it is belieiebe uptaken by the cardiomyocytes
rather than expressed by them (Schnesded, 2007).
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4.4.5 Temporal alterations in  Runx1 expression post-Ml
4.45.1 How do Runx1l levels compare between 4-wk and 8-wk post-MI?

Runxllevels remained high in the infarct region by 8pdst-MI but were not
significantly different to those observed in the/k4infarct (as shown in Figure 4.4).
Similarly, levels ofRunxlalso remained high in the peri-infarct at 8-wk imgire not
significantly different to those observed at 4-wk Mt is possible however that the
regional distribution is changing by 8-wk as weibgg see higher levels of expression in
the remote LV at 8-wk. Interestingly, this is iontrast to normal levels in the remote
region at 4-wk signifying a possible temporal resgowhich may be linked to advanced
remodelling. In our mouse model, 8-wk MI heartsstilow a greater degree of
remodelling compared to the 4-wk hearts in termgreater muscle mass and a trend
towards higher cardiac fibrosis (Chapter 3) andettoge this could explain the altered
expression seen in the 8-wk remote. Up-regulaiidRunxlin the remote region at 8-wk
is important because it may indicate tRainx1up-regulation is not triggered as a result of
the initial ischaemic injury, as the remote LV m@grepresents an area which is not subject
to the ischaemia (still perfused). AlthoughnxImRNA was increased in the 8-wk
remote region, the level of RUNX1-positive stainlmgIHC was unchanged.
Unfortunately one of the limitations of IHC is thasimply indicates presence or absence
of the antigen of interest (in this case RUNX1) doés not provide indication of the
quantity of the protein present within each cdlherefore it is possible that IHC may be
underestimating the triebundancevhich could explain the discrepancy between high
MRNA but unchanged RUNX1-positive IHC in 8-wk pddtremote regions. Other
techniques that may have been utilised for thikigee Western Blotting, but for more
specific analysis of RUNX1 levels this could invelutilising techniques designed to
examine proteins expressed within the nucleus aadbolating nuclear extracts followed
by electrophoresis mobility shift assay. Othens@iption factors have shown delayed
expression post-MI similar to the RUNX1 8-wk remagsult in this study; these include
the Fox transcription factors for which the Fox®@8l &oxJ2 members only begin to show
elevated expression at 8-wk post-MlI in the nucfeaaydiomyocytes in the peri-infarct
region (Philip-Couderet al, 2008). Others take even longer; the FoxF2 doesppear
higher until 20-wk post-MI (Philip-Coudest al.,, 2008).
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4.4.5.2 High levels of Runx1l in 1-wk animals with severe MI phenotype

Interestingly, the greatest degreeRainx1lwas observed during early severe Ml at 1-wk
indicating there may be a potential link with onseHF. As Figure 4.4 showRunxlwas
over twice as high in the 1-wk infarct comparedak infarcts, and over three times
higher than 8-wk infarcts. 1-wk animals also showé.5-fold andx 5-fold higherRunx1
in the peri-infarct compared to the equivalent oegiin the 4-wk and 8-wk hearts,
respectively. Although it was not possible to fimeally confirm HF in the animals that
developed a severe phenotype at 1-m#3(in total including the animals for which the
hearts were taken for histological assessment ithestcin the previous Chapter 3, Section
3.4.3), previous measurements have revealed tlmy almarked increase in heart weight
with severe lung congestion consistent with congestiF (Chapter 3). These animals
also showed very advanced acute remodelling (sotestanfarct thinning; Chapter 3)
which may indicate a link with the high levelsRfinxlexpression observed in these
circumstances. Unfortunately it must be noted thigt to the small number of animals that
develop this severe phenotype, the animals aréegliho test this further. It is unclear
what may be responsible for these high leveRufix1lexpression whether it is related to
an inflammatory response which is known to peakiattime (1-wk) (Bonvinget al,
2005;Frangogiannist al, 2002) or whether it is related to a more sevenmeadelling of

this condition. Genes are known to show higheelleof mMRNA within the infarct and
peri-infarct at 1-wk and fall by later time poirfswk); this has been shown to be the case
for a number of genes involved in inflammation, iaggnesis and stem cell factors (as
measured by gRT-PCR) including IL-8, TGE; BFGF, MIP-Ix and IL-10 (Vandervelde
et al, 2007).

4.4.6 Other RUNX genes show similar altered expression but to
varying extents

Knowledge on the altered expression patterns obther members of the RUNX family
(RUNX2 and RUNX3) in the heart during Ml is alsammely limited. RUNX2 has been
found to be barely detectable in normal rat heagéative with IHC), however during
conditions of elevated phosphorous or parathyromnone (both features of chronic
kidney disease which can lead to cardiac diseB#)\NX2 is found to be up-regulated in
cardiomyocytes and coronary arteries (Custedlial, 2012). This finding is another
example linking tissue stress with RUNX expressidissue stress in this context refers to
damage, injury or overload of the specialised fiamihg of the tissue that disturbs normal
nutrient and/or energy supply. In our study, lmleeRunxgenes showed increased mRNA
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levels post-MI with a very similar regional distuiiion pattern. This is not surprising
given that all three RUNX proteins binth the same highly conserved DNA motif known
as theRuntdomain located at the N-terminus of the RUNX pmoigdagoshimaet al,
1993;Cruteet al, 1996) and all require the CBFor DNA binding (Ogawaet al, 1993).

As a result th&RUNXgenes employ very similar roles, albeit in diffgréneages.Runx2
showed increased expression within the infarctgtreof the heart post-Ml only. The
Notchlgene, a member of the Notch signalling family, basn reported to be up-
regulated ~3-fold in cardiomyocytes of the peraiat of mice 4-days post-MI (Gud

al., 2008); as Notch is known to inhilBRunx2(Zamurovicet al, 2004) this may explain
why Runx2showed no change in expression in this regionléithe otheRunxgenes

did). RunXl. andRunx3demonstrated expression within both the infarct the peri-

infarct with no change in remote LV expressionaftevk. RUNX3is also a known direct
target of the Notch signalling pathway but unlRENX2 is activatedy increased Notch
(Fuet al, 2011). This could explain the increased leveRufix3mRNA in the peri-
infarct region as Notch is activated in this regomst-MI in mice (Gudet al, 2008) as
described above which could be contributing toremeased expression Riinx3in this
region. The similarity in pattern betweRnnxlandRunx3is not unusual as the two have
been known to overlap or cross-regulate in othstesys e.g. both the haematopoietic
system and during thymopoiesis more than they dio Riinx2(Levanonet al,
2001a;Woolfet al, 2003). Furthermore, during murine embryogensisx3is only
detected in organs that also expriessx1(Levanonet al, 2001a) which also supports the
possibility of cross-regulation. In gastric candsth RUNX1 and RUNX3 are down-
regulated while no changes were observed in RUNSgk#ékuraet al, 2005). Although
there were similarities tRunxlin the expression patterRunx3showed a more
exaggerated response than the otherRwoxgenes within the infarct and peri-infarct
regions, the reasons for this however are not cl€agether these findings further support
the idea that thRUNXfamily are differentially altered in the heart cagiMI which
therefore warrants further investigation into tlusgible role RUNX may have in the heart

during ML.

4.4.7 Functional role of RUNX1 in cardiomyocytes

The functional role of RUNX in the heart remaind#ofully elucidated. FrorRunxt
knockout studies in skeletal muscle, a small groiup® genes were identified as
transcriptional targets for RUNX1, many of whicle aiso not only important for cardiac

myocardial structure, but demonstrate altered pegtef expression during cardiac disease.
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For example RUNX1 can activate the expression @fgéne for osteopontisbpl (Wang
et al, 2005), a matricellular protein which is expresaetbw levels in the healthy,
unstressed heart but increases in cardiomyocyt@sgdilne onset of cardiac hypertrophy
(Grafet al, 1997), Ml (Truebloockt al, 2001) and advanced heart failure (Stawetval,
2002). RUNXZis also known to regulate osteopontin by activatisgxpression (Ducy,
2000). This may be important as osteopontin ilell to be involved in the coordination
of intracellular signals required to integrate migadblast proliferation, migration, and
ECM deposition in the post-infarcted heart to enslieemechanical properties of the heart
are not compromised further (Singhal, 2010). There are also links to sodium channel
type V (Scn5a which is activated by RUNX1 (Wargg al, 2005) and mutations of the
Scn5agene have been associated with Long QT syndroméasadctardiac arrhythmias
(Zhanget al, 2007). Thrombospondin-1 and®sf) are secretory proteins which are also
induced by RUNX1 (Wangt al, 2005) and selectively over-expressed in the ipéaict
myocardium post-MI in cardiomyocytes as well asathédlial cells and macrophages
(Dewaldet al, 2005;Paoni & Lowe, 2001;Seza#ti al, 2005) and is believed to prevent
adverse remodelling by regulating the inflammat&sponse during Ml (Sezai al.,

2005).

4.4.7.1 Phospholamban a key target?

A particular key target for RUNX1 may be phosphdbam (PIn), an integral regulatory
protein which controls the rate of £anovement across the SR membrane through
association with SERCA. When PIn is unphosphorglatiee rate of Gd movement is
reduced through inhibition of SERCA, and upon phaesplation of Pln, C&” movement
increases. Failing heart muscle exhibits distitanges in intracellular &ahandling,
including impaired removal of cytosolic €areduced C# loading of the SR with down-
regulation of SERCAZ2; and defects in SR Qelease (Maret al, 2000;Morgan, 1991).
Thus contractility impairment in heart failure haseh linked to increased inhibition of
SERCA due to (i) increases in phospholamban/SERCAZsegion and (ii) decreases in
PIn phosphorylation (Chu & Kranias, 2006). Incesh®UNX1 levels could therefore be
affecting the expression of PIn which may be hawdatgimental consequences for the
heart during post-MI remodelling. In denervatedlstal muscle, knockout égtunxlled
to an 82% reduction iRIn gene expression compared to wild-type denervaigstia
(Wanget al, 2005). Therefore these data suggestRiragene expression is activated/
maintained byRunx1 It is not known whetheRunxlup-regulation in cardiac muscle

would affectPIn to the same extent; however it is known that gang mice with a 2-fold
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cardiac-specific over-expression in Pln proteird(@xtra copies dPln gene) demonstrate
reduced cardiomyocyte contractility with reduced'@eansient amplitude (to 83% of
wild-type) and significant prolongation of €alecay (to 131% of wild-type) (Kadamét
al., 1996). Therefore, an elevation in Renxlobserved in the heart post-MI could lead
to an increase iRIn expression and subsequently alter normafl Gandling and overall

functioning of the heart.

Preliminary data supporting a link with phospholamban: Further to potential links
between RUNX over-expression and cardiac dysfuncpeeliminary data from our
laboratory has shown that rabbit cardiomyocytes-expressing RUNX1 demonstrate
altered C&" handling with reduced peak systolic’Galower decay of the Eatransient

and reduced SR content all consistent with redgoattactile function (data not shown).
These data suggest elevated RUNX1 levels may hdeg&rianental effect in
cardiomyocytes. These data would support the hysatlof potential over-expression of
PIn and subsequent inhibition of SERCA which may beaasible for the altered

handling and reduced cardiomyocyte contractionemesl. These data have revealed that
RUNX1-overexpression shows adverse effects in aangiuscle which is in contrast to the
protective effects of RUNX1 observed in skeletalola during injury. In skeletal muscle
RUNX1 was necessary in the muscle after denervatigmotect against wasting,
myofibrillar disorganisation and autophagy; howeter data from our group suggests that
the situation is different in cardiac muscle anat thnlike skeletal muscle, RUNX1 shows
a detrimental effect rather than a positive proteabne.

4.4.7.2 Possible links with  Runx expression and degree of dysfunction.

The work in this thesis has shown that there am@fggnt correlations between mean
regionalRunxlandRunx3expression and cardiac function in the heart ptiste. higher
RunxlandRunx3expression in hearts with greatest dysfunctionh(\aid without shams
included in the analysis)Runx2shows no correlations with cardiac function. Hoamrv
the degree of LV dysfunction can be influencedhmsygize of the infarct which has been
shown to be the case in a separate small cohbeants (in which infarct size was
measured histologically) i.e. larger infarct sitoayer function. RunxmRNA levels are
highest in the infarct region - therefore it becerdéficult to ascertain whether it is the

larger infarct size or the increasRdnxexpression that leads to reduced cardiac function.
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1)

2)

One way to test this would be to assess the infzetof the hearts that have been
used forRunxexpression experiments. If the infarct size watsdifferent between
hearts, it would give more confidence that thetr@hship is not as a result of the
infarct size. However, due to the nature of thsue preparation for these experiments
(fresh hearts dissected and immediately snap-fjaz@ras not possible to accurately
assess infarct size histologically in these hedrifarct size therefore could only be
estimated from photographs of the heart under nfiagtion and estimated based on
the percentage of infarcted area by means of gamiound the surface of the infarct
using image analysis software — this was only fds$rom a very small number of
hearts §=3). Using these three hearts by this methodethere no significant
differences observed in infarct size and no cotigaobserved between infarct size
andRunxlexpression. This would suggest that the relakignsetweerRunx
expression and level of cardiac dysfunction wasmfitenced by infarct size.
However when infarct size was measured histololyitala separate group of hearts
the level of dysfunction was proportional to th&anet size. The reasons for the
discrepancy may be related to the method of maagurfarct size with the ‘tracing
round’ method being less accurate than the momatigh length-based quantification
from serial histology sections where the infaratlesarly delineated from Sirius red
staining. Furthermore the small sample size isdihg factor in the accuracy of the

results.

A similar approach would be to assess whether ¢lgeed oRunxexpression in the
infarct region itself changes with degree of dystion; although this region shows the
highest levels oRunxl Runx2andRunx3if no correlations with function andunx
gene expression were observed in this region ifdvimvalidate the original problem

of the infarct’s contribution t&Runxdysfunction. Following analysis however this was
found not to be the case - when assessing thectrdbome RunxlandRunx3correlate
significantly with dysfunction (with and without aims included) indicating hearts
with greatest dysfunction express m&enx1 and Runxi® the infarct alone. There
was no correlation witRunx2expression and function in the infarct region. In
attempts to eliminate the influence of the infametthe analysis, the contribution of
Runxexpression from the infarct was removed from thedyais and the relationship
betweerRunxexpression and dysfunction was still the same. iRdigates that there
was still a significant correlation betweBnnxexpression and level of dysfunction
even without the contribution from the infarct. €ré are however some points to
consider with this observation: (i) firstly the an€t size may have already affected the
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3)

function of the heart (larger infarcts do leadeduced function) but it is unclear if this
would play a part in the peri-infarct and remote RMnxexpression. It is possible that
with greater damage there was reduced functioraasubsequent increaseRuinxin

the surviving regions as well as the infarcteduss therefore this point may only
affect the functional side of the relationship) §econdly, the peri-infarct could be
contaminated with infarct expression (although eéfevere made to ensure careful
dissection of the infarct and peri-infarct from leather during tissue collection, it is
very difficult to be completely certain that no oag@ of scar tissue was present in the
peri-infarct). However, it was tested to see whethere was any correlation between
Runxexpression in the infarct and peri-infarct regiénh® same heart (i.e. did the
hearts with the highest level Blunxin the infarct also have the highest leveRainx

in the peri-infarct of the same heart?). The ressiibwed that there were no
significant correlations suggesting that the pefaict expression had not been
affected by the infarct of the same heart (andaoimation therefore was unlikely).
Furthermore, the remote region was tested as Wiewéd be no risk of contaminating
scar tissue in this region, but no correlationsenfeund between the expression of any
Runxgene and cardiac function in this region - it maeshoted that these were 4-wk
post-MI hearts an&unxllevels are not different from basal sham leveltharemote
LV at 4-wk.

In a separate animal model of cardiac disease iohathere is no infarct
(hypertension/LVH) the model showed the same pattéth significantly higher
Runxlexpression in hearts with greatest dysfunctionetioee owing more strength
that it may not be related to the infarct. Thisadatdiscussed in more detail in
Chapter 5. Although infarct size post-Ml is an omant determinant of the extent of
dysfunction in humans (Maset al, 2011) and mouse models (Gataal,

2000;Patten, 1998;Takagawhal, 2007), the degree of adverse remodelling is not
always solely related to the amount of damage suestd Ambleret al, 2008). Genes
can influence function independently of infarctesithis has been shown in transgenic
mouse studies: mice deficient in the gene for npy@ioxidase had improved function
compared to wild-type mice despite equivalent ictfaize (Vasilyewet al, 2005) and
over-expression of the gene for glutathione perasgdn mice reduces adverse LV
remodelling independently of infarct size (Shiaghal, 2004). Therefore it is
possible foRunxgenes to have a potential role in the dysfunctioseoved
independent of infarct size, however at preseistnbt clear whether infarct size is
contributing to the effects seen in this study.

231



Kirsty K. Foote, 2012 Chapter 4

4.4.8 Summary

Collectively, the findings described in this chagtave revealed in detail that during Ml
there are changes in the expression oRhexgenes in terms of abundance, regional
distribution, time course and (very preliminaryications of) association with onset of
severe M| and HF. Additionally there were simfili&s in the regional expression pattern
of the othelRunxgenes but differences in their extent of altengoression. One of the
first areas to investigate further would be to d@sie that RUNXL1 increases in

cardiomyocytesiuring MI. The work in this chapter has shown fRBINX1 is increased

in the heart post-MI and is present in cardiomyesyturing MI but it remains to be shown
that the levels of RUNX in the cardiomyocytes irmge. Further experiments for this work
would involve further over-expression of recombinBWNX protein within cultured
mouse cardiomyocytes to verify that the change@af handling could be repeated in the
mouse (rabbit cardiomyocytes survive better inurelthan mouse cardiomyocytes which
is the reason why the preliminary experiments vperdormed in rabbit). To evaluate
whether increased expressiorRafnxlis having an adverse effect on function post-Ml,
two approaches could be taken; (i) genetic overasgion olRunxlinto the heartviain

vivo adenoviral vector delivery prior to the inductioin\l (followed by functional
measurements vivo and at the cardiomyocyte level after MI) or (i@rgetic ablation of
RunxZlusing transgenic mice with cardiac-specific knagkaf Runx1(global knockout is
embryonically lethal) followed by functional measorents. Biochemical analyses of PIn
expression (both phosphorylated and unphosphodyfatens) in the mouse Ml cardiac
tissue would also be very informative to assesdhdndevels of the phosphorylated Pln
were reduced and unphosphorylated levels increesadmeans to explain a possible

mechanism by which RUNX1 may be adversely affectiagliomyocyte function.

Conclusion: In conclusion, the up-regulation of RUNX in the tigaost-MI may reflect
an important role in the regulation of post-infasntremodelling and warrants further

investigation.
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5.1 Introduction

5.1.1 Altered RUNX gene expression in cardiac disease

Experimental animal models of cardiac disease cavige valuable insight into the
underlying molecular mechanisms associated witldéwelopment of HF. This includes
the identification of causative genes related padicular disease or the alteration of
specific genes during the disease. The adverseetMdelling process that occurs in
response to cardiac disease can trigger changesdrac gene expression, for example
genes regulating calcium (€xhandling (Swynghedauw, 1991), contraction (¥tal,
1998), the ECM (Weber, 1997) and the RAA system 1dl998). More recently,
transcription factors have emerged as importagetarin elucidating the mechanisms of
altered gene expression as many genes affectetjdemodelling are under the control of
transcription factors (Kaaét al, 2004). As the previous chapter in this thessstown,
the gene encoding RUNX1, a transcriptional regulatdthe RUNX family is over-
expressed in the mouse heart during Ml, similavhat has been shown previously in
human Ml (Gattenlohnest al, 2003). However, although knowledge of cardiad\RXU
expression during Ml is emerging, very little isokvm about its altered expression in other
forms of cardiac disease. By examining how RUNXfpression is altered during different
forms of cardiac disease, this could provide imguarinsight into the regulatory stimuli of
the gene and allow for comparisons between diftadlesease models. Therefore, to
further characterise the altered expressioRwix1during cardiac disease and compare it
with the previous MI model, this involved utilisirrgrat model of hypertension (SHRSP)

and congenic rat models of altered LV mass.

5.1.2 LV mass and hypertension

LV hypertrophy (LVH) is an accepted independendpt®r of cardiovascular morbidity
and mortality (Devereugt al, 1994;deet al, 2002). LVH occurs in response to injury or
elevated load as part of LV remodelling, howeverlevmitially compensatory, LVH can
eventually lead to HF. The pathophysological madras underlying the progression of
LVH to HF remain poorly understood. Although theshcommon cause of LVH is an
elevated BP, the correlation between the two reswagny complex. The intensity of BP
load has been found not to always correspond tdehece of LVH observed in humans;
for example, it has been documented that indiveluaith comparable levels of high BP

demonstrate largely variable extents of LVH (Nueeal, 1996). Furthermore, one report
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revealed that there was no evidence of LVH in 50%ypertensive patients (Devereei
al., 1994).

5.1.2.1 Genetic basis for LV mass

These differences are believed to be as a restlieafomplex polygenic nature of LV
mass inheritance. Studies on twin children havealked that LV mass is genetically
determined in childhood (Verhaarenal, 1991). Body weight, BP, SV, sodium intake
and physical activity are all known to be a streogelate of LV mass in adults (Kupaii
al., 1994), with >90% of the correlation between LVasiand body weight as a result of
common genes (Verhaarehal, 1991). Therefore, within a normal adult populatid/
mass has a significant genetic determination (Sstah, 2003). One way to study
complex genetic factors such as LV mass which cbaldnportant for cardiac disease is

using inbred animal models.

5.1.3 Rat model of hypertension

Experimental models of hypertension have been dpedln the rat over the last forty
years including the spontaneously hypertensivéSiaR) (OKAMOTO & AOKI, 1963) ,
the stroke-prone SHR (SHRSP) (Okametal, 1974), Dahl salt-sensitive (DAHgt al,
1962) and Sabra rats (Lutskyal, 1984). These models demonstrate many of thecalini
features of human hypertension including LV hypmatry (Yamoriet al, 1979), impaired
myocardial function (Conraet al, 1991), increased susceptibility to stroke (Jeffal,
1997) and renal failure (Kawale¢ al, 1978). Inbred animal models offer the advantzfge
genetic homogeneity and complete control of enwitental factors but most importantly
they allow for specific inter-crosses to generaiie-strains which can provide insights into
genetic determinants of hypertension which are beyhe scope of human studies. These
sub-strains are useful for the study of specifieagie regions important for hypertension
such as altered LV mass. This approach involvegimification of quantitative trait loci
(QTL), which are regions of a chromosome contaimgages for a particular trait. This

then makes it possible to narrow down the genetoted within the QTL interval.

5.1.3.1 Congenic strains

In order to dissect out the QTL of interest, thésiaily involves the construction of a
congenic strain whereby a chromosomal segment icamgethe QTL from a donor strain

is introgressed into a recipient strain using &baassing breeding scheme. If the QTL of
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interest is successfully moved then the resultmggenic strain will be identical to the
recipient strain except for the QTL. The congemiais can then be used to assess the
QTL-related phenotype alterations. According tonklielian laws it can take up to 8-10
crosses to dilute the donor genome to >99% ofehipient. Brother-sister mating can
thenfix the congenic strain as homozygous. This is knaswhea traditional congenic
breeding method. However this method can take 4 years to produce the desired
congenic strain (Frangt al, 1998). A faster method has been developed whiaklves
selecting male offspring that contain the fewestatalleles and using these for the
breeding; this is called marker-assisted speedlbrg€Figure 5.1) and can reduce the time

taken to produce the congenic strain by approxipataf (~ 2 years) (Jeffst al, 2000).

5.1.3.2 QTL for LV mass

QTLs for LV mass have been identified using thiprapch. This is important for the
study of LVH because a detailed study by Tares® revealed from a study of 23 inbred
strains of normotensive and hypertensive ratsahastimated 65-75% of the difference in
cardiac mass between strains was genetically lifkadaseet al, 1982). Therefore,
through the use of genetic crosses between norsigeeand hypertensive strains
numerous linkage studies have revealed the exist@hQTL for LV mass, some BP-
dependent and others independent of BP in a nuailedromosomal regions. For
example, BP-independent QTL for LV mass have beapp®ed along several different
regions of chromosome 17 (Deagal, 1994;Praveneet al, 1995;Tsujiteet al, 2000).
QTL for LV mass which are found to be dependenBBrhave been identified on
chromosomes 2, 4, 19 (Praverm@l, 1995) and 7 (Tsujitat al, 2000;Garretet al,

1998).
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Figure 5.1 Traditional and speed congenic breeding.

Construction of congenic strains showing the diffiess between traditional and marker-assisted dpeedling.
Arrows indicate the backcross at which the backgdoteterozygosity is theoretically the same. Desirgy shades of
grey represent dilution of the donor genome. D=datrain alleles, R=recipient strain alleles, B=lzacks, F1=first
filial generation. Taken from (Grahashal, 2005).

5.1.3.3 Chromosome 14 congenic strains

Through the use of genome-wide linkage analysisjggdere at the University of
Glasgow previously identified a QTL for LV mass dmomosome 14 of the stroke-prone
spontaneously hypertensive rat (SHRSP) (Céar&l, 1996). To explore this, two
congenic strains have been produced using SHRSRsamofrmotensive control strain,

Wistar Kyoto (WKY):

(1) WKY .SPgla14ain Which the QTL on chromosome 14 from SHRSP lesb
introgressed into WKY rats (denoted WKY-congenic);

(i) SP.WKYGgia14ain Which the QTL on chromosome 14 from WKY hasrbee
introgressed into SHRSP (denoted SHRSP-congenic).
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The nomenclature for these strains includes theiesdi strain (first abbreviation)
followed by the donor strain (second abbreviati@ig denotes that the strains originate
from Glasgow colonies and the number 14 refereeéachromosome number. For

simplicity, these strains will be referred throughthe rest of the thesis ¥KY-congenic

andSHRSP-congenic

5.1.4 Functional assessment of the models using PV
methodology

These congenic strains can be utilised for the ifiestion of genes within this QTL which
could be potential targets for hypertension ther&pyvever, this model also represents a
very effective model for the investigationRbinxexpression patterns during different
cardiac diseases which will be the main focuslics thesis. Previous phenotype
measurements (echocardiography and radiotelenwdttiiese congenic strains have
revealed that they each show alterations in LV masslittle change in their systolic BP.
Therefore it is likely that this QTL is being regigdd without influence by BP. However
the measurements that were performed to meassrevéine largely dependent on loading
conditions. One way to measure LV function withthe influence of BP load is using
pressure-volume analysis. This allows assessmént performancen vivo without the
influence of load. This method has been widely usddimans and large animals (Kass
al., 1988b;Little & Cheng, 1993), however the recemtelopment of miniature PV
catheters has made the technique applicable tdegraaimals such as rodents (Paagter
al., 2008).

5.1.5 Cardiac fibrosis can alter normal functioning in these
models

LV function in hypertensive heart disease modetstmlargely influenced by the level of
structural remodelling, for example the degreeHLas previously discussed but also
patterns of ECM remodelling which are also charastierof this model (Webesgt al,
1991a;Webeet al, 1991b). The accumulation of fibrillar collageapresenting
myocardial fibrosis is a major determinant of thé diastolic properties: during
hypertensive pressure-overload, the ventriclesrgalto accommodate the increased wall
stress and this is usually accompanied by disptmpate deposition of collagen around
the myocardial arteries and muscle fibres as a mehoonferring tensile strength to the
myocardium to further support the heart duringéased load (Kat al, 2005).

Myocardial fibrosis affects diastolic performanoehat it can limit normal diastolic
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‘suction’, impair myocardial compliance and comprsethe length-dependent muscle
fibre shortening during contraction (Burlew & Wep2002).

5.1.6 Aims

The aims of the work presented in this chapter wezeefore as follows:

(1) Characterise systolic and diastolic function aelias and at different preloads
in each strain using the PV catheter system inrdodassess load-independent
analysis of cardiac function. This would allow adtional characterisation of
the different strains to assess the differencghanotypes, and segregate the
strains into different functional models of carddisease for the investigation

of Runxexpression levels.

(i) MeasureRunxlexpression in these strains and identify whethedifferent

models show different patterns of expression.

(i)  Assess changes in structural cardiac fibrosis@htmart in these strains to
characterise differences between the strains, ifgigrassible links with

function and assess possible links wRilinxlexpression.

5.2 Methods

The congenic strains have been bred and maintatrtee &niversity of Glasgow since
1991. Genotyping and radiotelemetry probe impkravas performed by Dr. Delyth
Graham and arterial BP and LVMI measurements wereiqusly collected by Dr. Delyth
Graham and Dr. Kirsten Douglas as described irGiieeral Methods chapter.

5.2.1 Blood pressure determination

Radiotelemetry transmitter probd3ataquestV telemetry system, Data Sciences
Internationa) were surgically implanted into the abdominal aavhen the animals

reached 12 weeks of age for the measurement ailisyBP over the subsequent 4 weeks.
Measurements were taken for 10 s every 5 min aggktineasurements were averaged for

each hour.
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5.2.2 LV mass measurements

LV mass was measured using echocardiography wieeaniimals were 16 weeks of age.
Animals were anaesthetised (isofuorane) and slk@t2® M-mode images were taken
through the left parasternal window at the papiliauscle level using ACUSON Sequoia
C512 echocardiograph. Mean data from six consexgfirdiac cycles from each M-mode
image were used to calculate LV mass using the Agte formula with Devereux

correction factor as previously published (Devereual, 1986):

LV mass= 0.8 (LO4(EDD + PWT+ AWT)® — EDD?)) + 0.6 Eq. 20
Where EDD is the end-diastolic dimension (mm), PWihesposterior wall thickness
(mm), AWT is the anterior wall thickness (mm). L\ass was normalised to tibial length
(TL).

52.3 LV PV Measurements

16 week-old animals were induced and maintainel isdfluorane on a face-mask (1.5-
2%). Body temperature was maintained at 37°C #16iBg a rectal probe connected to a
homeothermic heat blanket systerdafvard Apparatus 50722)FA 1.9F pressure-
volume catheterSciSensewas inserted into the carotid artery and advaricexigh the
aortic valve into the left ventricle guided by clgas in pressure. Following a ten-minute
stabilisation period, pressure and volume measurtnweere recorded in steady state and
during reduced preloads by temporarily occludirgyitiferior vena cava. To offset parallel
volume (Vp) from surrounding conductive structuitbsee bolus injections (35 pl each) of
15% hypertonic saline was administered into thejlefular vein at the end of the

experiment to allow a mean value for Vp to be taken

5.2.4 Harvesting of hearts

Animals were sacrificed by cervical dislocation dhd heart was removed and washed in
ice-cold saline (0.9% sodium chloride w/v). Thetaavas cut transversely, mounted on to
a 19G cannula attached to a syringe and perfusexjradely with ice-cold saline to rinse
blood out of the coronary vessels. Hearts wertdadary on tissue paper and weighed
using a precision electronic balance. The LV fredl was then dissected free and also
weighed. The LV free wall was then cut into smaices approximately 5nfrand each
were snap-frozen in liquid nitrogen and storedBaf€ until needed for biochemical

experiments.
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5.2.5 Preparation of heart sections for Sirius red staining

Harvested hearts were fixed in 10% neutral bufféoechalin for a minimum of 24 h to
allow sufficient penetration of the tissue. Seting and staining of the sections was
performed by Mr Andy Carswell. Briefly, the heantsre paraffin-embedded and
sectioned using a microtome (3 um thick). Sectisese deparaffinised and hydrated
using a clearing agent{stoclear, Fisher Scientific, U.lKfor 2 x washes followed by
100% ethanol, 90% ethanol, 70% ethanol then didtiVater for 7 min in each solution.
Sections were then stained for 1 h with picrosirads which is a collagen-specific dye
that stains collagen red, followed by 2 x washesaudified water and 2 x washes of tap
water for 5 min each. Sections were then dehydridwe®ugh 70% ethanol, 90% ethanol,
100% ethanol anHistoclear(2 x washes) for 7 min each. The dehydrated sextiare

then coverslip-mounted with a mounting agétfisfomount, Invitrogen, U.K.

5.2.6 Measurement of cardiac fibrosis

Transverse sections of LV apex stained with Siridswere examined with a@lympus
BX41microscope (x20 magnification) and images werdwap with aQimaging Go-3
camera with the use @CaptureProsoftware. Collagen was quantified using
ImageProPlussoftware which counted the number of red pixela sét threshold of red
colour using a histogram scale within a fixed g&&0 x 300 pixels) for the blood vessels
(perivascular fibrosis) and the adjacent inteedtdreas (interstitial fibrosis). Perivascular
fibrosis was assessed in at least 5 randomly selesssels per heart. Blood vessels with
comparable lumen size were selected for as mupbssble and only vessels which could
fit into the box were used and any that were <50@tsize of the box were not included.
Interstitial fibrosis was measured in areas adjattethe blood vessels; three separate
adjacent areas to each blood vessel were uselligaarid a mean value taken. Interstitial
areas contained no obvious blood vessels or othatsres. All perivascular and
interstitial measurements were then averaged ® gimean value of perivascular and

interstitial fibrosis for each heart.

5.2.7 QRT-PCR

RNA extraction, cDNA synthesis and gRT-PCR werdqgrered as described in the
General Methods Section 2.12. RNA was extract@tjus phenol-chloroform extraction-
based method using the miRNeasy RNA Extraction ®iager according to the
supplier’'s protocol. Following DNase treatmentlué extracted RNA, first-strand cDNA
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was synthesised from 2 pg of RNA using the Omms$&ieverse-Transcription Kit
(Qiagen. Runxlgene expression in cDNA samples was measured ByR{ER with
RunxZlspecific primers in a SYBR green assay using entakecycler with accompanying
software (ABI 7500 sequence detection system). BAWas used to normalise cDNA

levels.

5.2.8 Data recording and statistical analysis

All PV data were recorded onlell laptop usind_abScribe2.Gsoftwareversion 2.24%kat a
sampling rate of 2000 sampleSand analysed offline usirgabScribe2.Goftware. All

data in the text and figures are expressed as m&&M. Statistical significance was
measured using student’s paired or unpaired taesomparisons between a maximum of
two groups, or ANOVA followed by the Bonferroni dukey post-hoc test where
appropriate for comparing more than two groups? value of <0.05 was considered

statistically significant.

5.3 Results

5.3.1 LV mass and systolic blood pressure

Age, BW, tibial length, LV mass index (LVMI) and $gbc blood pressure (SBP) for each
strain are shown in Table 5.1. The WKY-congenicRSIR and SHRSP-congenic were all
significantly smaller in BWR<0.05 for each strain) and had significantly shatiteal
lengths (TL) compared to WKYP&0.05 for each strain). LV mass was estimatedgusin
echocardiography and expressed relative to TL. l&gsrand SBP measurements were
performed by Dr Kirsten Douglas and Dr Delyth GrahaSHRSP demonstrated
significantly greater LVMI than WKY (increased b$.8% of WKY;P<0.05). The
WKY-congenic showed a significant increase in LV&timpared to WKY (by 17.3%;
P<0.05) and the SHRSP-congenic demonstrated a isigmifdecrease in LVMI compared
to SHRSP (by 16.4%2<0.05). SBP was unchanged between the SHRSP aR&BH
congenic; both of these strains had significantyaed SBP compared to WKY and were
considered hypertensive as defined by SBP>150 mnitig. WKY-congenic showed a
small but significant increase in SBP (by 6.1%) wkempared to WKY; however both of
these strains remained normotensive with SBP witiemormal range for rats (119-146
mmHg; (Pacheet al, 2008)).
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Table 5.1 LVMI and SBP in the congenic and backgrou strains.

Animals Age BW Tibial Length LV MI SBP
(weeks) (9) (mm) (g/mm) (mmHg)

WKY (n=10) 16 337.70 £ 9.51 47.70 +1.25 16.33 + 0.29 136.46382.
WKY-congenic 16

(n=13) 319.46 + 4.79* 44.31 + 0.40* 19.16 + 10.34* 144483 .45*
SHRSP (=6) 16 257.83 + 4.01t 40.00 + 1.00t 20.51 +1.03t 192.86661
SHRSP-congenic 16

(n=5) 247.40 + 9.45t 39.20 + 0.49t 17.14 + 0.42* 181.g716*t

BW = body weight; LVMI = left-ventricular mass indéV mass normalised to tibial length) measureagsi
echocardiography; SBP = systolic blood pressurgirda recordings using radiotelemetryP%0.05 between the

congenic and respective background straif?<@.05 when compared to WKY.

5.3.2 Haemodynamic LV function

LV PV measurements were used to assess chang&sfimttion in each of the four
strains. The results of these measurements arernpeesin Figure 5.2, Figure 5.3 and

summarised in Table 5.2.

5.3.2.1 Systolic functional parameters of the heart

Figure 5.2A shows typical pressure traces from @dthe four strains and typical PV
loops from each strain are shown in Figure 5.2Bufé 5.3 shows the results of systolic
parameters of cardiac function between the grotjeart rate was the same in all four
strains with no statistical differences observed(.05; Figure 5.3A (i)). Both the SHRSP
and SHRSP-congenic showed significantly elevated &®Bfpared to WKY (to 148% and
154% of WKY levels for SHRSP and SHRSP-congenipaesvely;P<0.05 for both;
Figure 5.2A-B & Figure 5.3A (ii)) and the WKY- coagic (to 133% and 138% of WKY-
congenic levels for SHRSP and SHRSP-congenic rasphg P<0.05 for both; Figure
5.2A & Figure 5.3A (ii)). SHRSP and SHRSP-congem&re both hypertensive with
ESP>150 mmHg (Figure 5.2A-B & Figure 5.3A (ii)). E®RBs not different between the
SHRSP and SHRSP-congeni>0.05). The WKY-congenic showed a small but
significant (to 111% of WKY levels) increase in EfBRhe WKY-congenic compared to
WKY (P<0.05; Figure 5.3A (ii)) but both WKY and WKY-congje were normotensive
ESP< 146mmHg). There were no differences in the maliate of rise in pressure
(dP/dtnay between the WKY-congenic and WKPX0.05), nor between the SHRSP-
congenic and SHRSIP¥$0.05; Figure 5.3A (iii)). Both the SHRSP and 8idRSP-
congenic showed higher dR{dtcompared to WKY (to 142% and 143% of WKY levels
for SHRSP and SHRSP-congenic respectiviel§).05 for both; Figure 5.3A (iii)) and
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WKY-congenic (to 138% and 139% of WKY-congenic 8RSP and SHRSP-congenic
respectivelyP<0.05 for both; Figure 5.3A (iii)). CO was sigmiintly reduced in the
WKY-congenic compared to WKY (to 71% of WK¥<0.05; Figure 5.3A (iv)) but
conserved between the SHRSP-congenic and SHR3POG; Figure 5.3A (iv)).

5.3.2.2 Diastolic functional parameters of the hear t

The WKY-congenic showed an increase in EDP to 146WkKY levels <0.05; Figure
5.3B (i)) and the SHRSP-congenic showed a dectiadSBP to 60.7% of SHRSP levels
(P<0.05; Figure 5.3B (i)). Compared to WKY, the nraxim rate of fall in pressure
(dP/dtnin) increased in the SHRSP to 140% of WKY lev&s{.05; Figure 5.3B (ii)) and
in the SHRSP-congenic to 140% greater of WH¥({.05; Figure 5.3B (ii)). Similarly,
when compared to the WKY-congenic, dR/¢ltvas increased in the SHRSP to 137% of
WKY-congenic P<0.05; Figure 5.3B (ii)) and in the SHRSP-congeai@37% of WKY-
congenic P<0.05; Figure 5.3B (ii)). However, there were nifedences in dP/df,
observed between each congenic and their respéxaokground strains (WKY-congenic
vs.WKY P>0.05; SHRSP-congenus. SHRSPP>0.05; Figure 5.3B (ii)). No differences
in the relaxation time constant Taw) (vere observed between the four stralPrs0(05;
Figure 5.3B (iii)). The EDPVR stiffness consta} (vas found to be significantly higher
in the WKY-congenic compared to WKY (3.0-fold highB<0.05) and significantly lower
in the SHRSP-congenic compared to SHRSP (3.5-tnie@t; P<0.05). SHRSP showed
significantly greater LV stiffness than WKY (3.0kiochigher;P<0.05; Figure 5.3).

5.3.2.3 Volume parameters

No differences were observed in ESV between thedtvams P>0.05; Figure 5.3C (i)).
EDV was significantly reduced in the WKY-congeniarmqmared to WKY (by 26.2% of
WKY; P<0.05 Figure 5.3C (ii)). No differences in EDV wergserved between the
SHRSP-congenic and SHRSP>0.05) nor between SHRSP and WKR>0.05; Figure
5.3C (ii)). SV was significantly reduced in the Wiongenic compared to WKY (to
68.8% of WKY levelsP<0.05), however SV was not different in the SHR®Rgenic
compared to SHRSHP$0.05) nor between SHRSP and WKR>(.05; Figure 5.3C (iii)).
EF was unchanged across all four stral0(05; Figure 5.3C (iv)).
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Figure 5.2 Representative LV pressures and PV loops

A (i-iv). LV intra-ventricular pressures from WKYVYKY-congenic (red), SHRSP and SHRSP-congenic (r&d)).
Typical PV loops from WKY (black) and WKY-conger(ied). B (ii) Typical PV loops from SHRSP (black)dan
SHRSP-congenic (red).

245



Kirsty K. Foote, 2012 Chapter 5

CJwky ] wKY-congenic Il sHRsP Il sSHRSP-congenic

A Systolic Parameters

(i) HR (ii) ESP (iii) dP/dt ., (iv) co

** x1000 x *

£ 500 250 — 1 x 60, —

_g' i’a * * xv’\ * * ?

® E 45 E 40

S 250 E125 z £10 E

€ a S E S 20

3 w O

T oo 0 5 0
B Diastolic Parameters

(i) EDP (ii) dP/dt (iii) Tau (1) (iv) EDPVR

x1000 — - 12 GXW =

EDP (mmHg)
dP/dt,,,
(mmHg.s”)
=
Tau (ms)

o
Stiffness
Constant (B)

C Volume Parameters

(i“)zooI . SV (V) 100 EF

()50, ESV (i)300, . EDV
5100 5 200 g 190 g
> > > 100 i 50
& 50 2 100 50

0 0 0 0

Figure 5.3 Haemodynamic PV indices of LV function.
Systolic functional parameters (A i-iv), diastdiimctional parameters (B i-iv) and volume paramet€rsiii) in WKY
(n=7; white bar), WKY-congenimES; light grey bar), SHRSI{7; black bar) and SHRSP-congenieT; dark grey

bar). Data shown are mean + SERKD.05.
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Table 5.2 Haemodynamic PV data from the congenic arbackground strains.

Chapter 5

WKY WKY- congenic SHRSP CSO':]F;SE&

(n=7) (n=5) (n=7) (n=7)
HR (bpm) 325.8+9.0 336.6+1.8 350.9+11.8 340.6+7.2
ESP (mmHg) 125.2 £3.1 139.9 + 1.5* 185.6 + 4.0 193.3+10.4
EDP (mmHg) 7.7+0.9 11.2 £1.1* 11.2+1.6 6.8 +1.1*
dP/dt max (MMHG.") 7796.4 £ 393.5 8042.9 £222.8 11092.7 +501.11 0812+ 477.3t
dP/dt min (MMHg.s") 8085.0 + 272.3 8243.0 +222.7 11309.4 +479.2 t 29817 +478.2t
Tau (ms) 104 +0.4 104 +0.4 9.7+0.3 9.8+0.3
EDPVR 0.011 + 0.004 0.034 + 0.006* 0.034 + 0.009t 0.81003*
ESV (W) 71.3+13.1 59.8 2.6 98.2 +15.2 78.8 £18.8
EDV (uh) 214.2+21.9 158.1 + 10.0* 221.7+26.2 188.8 915
SV (uh 142.9+16.8 98.3 £7.9* 123.5+18.8 122.3+6.7
CO (ml.min™) 46.5+3.7 33.1+2.8* 38.1+4.2 419+2.1
EF (%) 68.8 6.5 60.7 +3.7 552 +4.8 63.5+4.3

HR = heart rate; ESP = end-systolic pressure; EBRd=diastolic pressure; dP{gdt= maximal rate of rise of

pressure; -dP/dt, = maximal rate of fall in pressure; Tar) € relaxation time constant; EDPVR = end-diastolic

pressure-volume relationship stiffness constai8V E end-systolic volume; EDV = end-diastolic voleinsV =

stroke volume; EF = ejection fraction; CO = cardiatput. Values are expressed as mean + SHVk 0.05vs.

time-matched sham control. Pf< 0.05 compared to WKY.
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5.3.3 Collagen content

Collagen levels in the heart were assessed by megghe positive collagen area from
Sirius red histology sections of the heart. Whamgared to WKY, the WKY-congenic
showed significantly higher levels of perivascudallagen levels (13.9 + 2¥6.5.8 £ 0.4
%; WKY-congenic §=5) vs.WKY (n=3); P<0.05; Figure 5.4B) and interstitial collagen
levels (4.6 £ 0.&s.1.7 £ 0.2 %; WKY-congeninEb) vs. WKY (n=3); P<0.05; Figure
5.4C). Compared to SHRSP, the SHRSP-congenic danated significantly reduced
levels of interstitial fibrosis (1.9 £ 03&.3.3 £ 0.5 %; SHRSP-congenit<4) vs. SHRSP
(n=4); P<0.05; Figure 5.4B) but had significantly elevalexkels of perivascular fibrosis
(17.7 £ 2.8vs.8.0 £ 1.7 %; SHRSP-congenit+4) vs. SHRSP 1(=4); P<0.05; Figure
5.4C).
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Figure 5.4 Collagen levels in the congenic and baground strains.

A. Representative photographs of Sirius red secgbosving areas of collagen (red) in WKY, WKY-conggrsHRSP
and SHRSP-congenic. B. Interstitial fibrosis meaddrem Sirius red sections from WKY£3), WKY-congenic (=5),
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SHRSP (=4) and SHRSP-congenin<4). C. Perivascular fibrosis measured from Siradssections from WKYnE3),
WKY-congenic (=5), SHRSP1{=4) and SHRSP-congenin%4). Data shown are mean + SEMP<0.05.

5.3.4 Runxl gene expression

Runx1mRNA levels were measured using qRT-PCR on whbvldéree wall taken from
each of the four strains. The WKY-congenic shows@yaificant reduction ifRunx1
levels compared to WKY (0.11 £ 0.05.0.47 + 0.06 RQ; WKY-congeni®£5) vs. WKY
(n=5); P<0.05; Figure 5.5). There were no differenceRimxlexpression between the
SHRSP-congenic and SHRSP (0.19 £ 8.0.27 £ 0.05 RQ; SHRSP-congeniz=H) vs.
SHRSP (=5); P<0.05; Figure 5.5). WKY also showed higher levadI®unxlcompared
to the SHRSP-congenic (0.47 + 0\360.19 + 0.07 RQ; WKY r{=5) vs. SHRSP-congenic
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(n=5); P<0.05; Figure 5.5). Although there also appealtseta trend towards lower

expression in the SHRSP compared to WKY, this didreach statistical significance.

O
®
*

| | [1 wky
* D WKY-congenic
0.6 ' 1 [ sHRsSP

| SHRSP-congenic

o
N

RUNX1 Expression
(Z-ACt)
o
B

Figure 5.5 Runx1 expression in the congenic and background strains.

Runxlexpression as measured by gRT-PCR uBiagxtspecific primers for WKY i=5; white bar), WKY-congenic
(n=5; light gray bar), SHRSR¥5; black bar) and SHRSP-congenie%; dark gray bar)Runxllevels are expressed
using the 2 method. *P<0.05 using ANOVA with the Tukey-Kramer multipleroparison’s post-hoc test.

5.3.5 Links with Runx1 expression and LV function

Regression analysis was performed to assess wleetktionship existed betweBuninx1
expression and LV function. The functional paramesed was the relaxation time
constantx) as it was found to be the most sensitive to sofahges in the relationship
between function anRunxexpression. The value forwas paired with the®* for the
same heart across the different strains. THe 2alue was used as this was the method of
analysis for the congenic study as a single value&ch heart. Unfortunately there were
no samples available for the WKY-congenic for thést of the study. The results are
shown in Figure 5.6 which revealed that a signiftaarrelation betweeRunx1

expression and dysfunction in terms of impairedxation: i.e. as increasedRunxl1
expression increased (y=0xtB.03;R=0.82;P<0.05).
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Runx1 vs. Tau

1 ® WKY HEARTS
© SHRSP HEARTS
® SHRSP-congenic HEARTS

LV Runx1 (2
o o o O
o N B O

9 10 11 12

Tau (ms)

(@0)

Figure 5.6 Relationship between Taut) and Runx1 expression in the WKY, SHRSP and SHRSP-congenic
strains.

Linear regression analysis of the relationship ketwthe 2 value forRunxlexpression and the value fofor each
heart. Each point on the graph is an individualrheWKY heartsr{=2; black circles), SHRSP hearts=@; open circles)
and SHRSP-congenic heans38; red circles).

5.4 Discussion

QTLs that regulate LV mass are important for thelgtof LVH which is known to be an
independent predictor of adverse cardiovascularomue clinically (Devereugt al,
1994;Verdecchiat al, 1995). Previous work at the University of Glasduas identified

a QTL for LVMI on chromosome 14 of the SHRSP (Clatlal, 1996). This QTL is
localised between markers D14Mgh3 and R58 which-aPe3 cM apart (Clarkt al,
1996). This has been verified through the constroaif congenic strains: (i)
WKY.SPGlas, (denoted WKY congenic) in which the QTL on chromo® 14 of SHRSP
has been introgressed into WKY and (ii) SP.WKY{g&enoted SHRSP congenic) in
which the QTL from WKY has been introgressed intRSP. Both of these congenic
strains demonstrate alterations in LV mass; the \AlMgenic shows increased LV mass
and the SHRSP-congenic shows decreased LV masblXRUas been previously shown
to have altered expression in the heart duringi@amisease; for example in human Ml
cardiac tissue (Gattenlohnetral, 2003) and as the work in this thesis has reveaieal
mouse model of MI. The hypertensive rat model (SAR&Sd the associated congenic

strains described in this study represent two &rrémimal models of cardiac disease for
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which alteredRunxlevels have not been previously reported and giééential further

insight into altered patterns Biunxexpression in the heart during disease.

5.4.1 Congenic strains demonstrate a separation bet  ween LV
mass and BP

Changes in LVMI with little change in BP: The chromosome 14 congenic strains
demonstrate alterations in LVMI; however these dgesrnoccur with little (less than 12%)
or no change in SBP. This has been verified thrdaggh radio telemetry measurements
and LV PV measurements which have independentlystasmall but significant
increase in SBP in the WKY-congenic (compared to¥)Kalthough the extent of this
change does differ between the two methods. CQasorefor this discrepancy may be the
effects of anaesthesia as PV measurements arempedander anaesthesia while radio
telemetry measurements are recorded from consamusals. Isofluorane anaesthesia is
known to reduce blood pressure as a direct resutisndilation and depressed myocardial
contractility (Conzeret al, 1992). Indeed the ESPs observed from animalsticgegrwent
PV analysis under anaesthesia showed lower ESRatterral SBP from radio telemetry in
conscious animals. Despite this, both sets of oreasents have independently shown that
although the WKY-congenic showed a small increasarterial SBP and LVESP it
remained normotensive, despite an increased L\V&imilarly, the SHRSP-congenic
showed no differences in arterial SBP or LVESP caeghéo SHRSP despite having
significantly reduced LVMI. Changes in LV massréfere occurred with no change in

the normotensive or hypertensive status of the ahnim

Separation between LVMI and BP: QTLs for LV mass can either be BP-dependent or
BP-independent. BP-independent QTL for LV massicarease LVMI in nhormotensive
individuals or reduce LVMI in hypertension (LIlameisal, 2005). This is important for
the study of LVH in which there are discrepanciethie correlation between LVH and BP
(Nunezet al, 1996). Elevated BP in hypertension is the mostraon cause of LVH,;
however the intensity of BP load does not alwaysespond to the degree of LVH
observed in patients (Devereekal, 1994). In individuals with comparable high B th
level of LVH can be largely continuous (Cohn, 1998)milarly one report revealed no
evidence of LVH in 50% of hypertensive patients\({®euxet al, 1994). Several genetic
linkage studies have identified QTL for LV masspnsoof which are regulated by BP and
others which are regulated independently of BR ekample several groups have

identified various BP-independent QTL for LV masslifferent locations on chromosome
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17 (Denget al, 1994;Praveneet al, 1995;Tsujiteet al, 2000;Yagilet al, 1998). QTL
for LV mass which are dependent on BP have beertifidel on chromosomes 2, 4, 19
(Praveneet al, 1995) and 7 (Tsujitat al, 2000;Garretet al, 1998).

Model of segregated LVMI and BP: In this study, QTL on chromosome 14 for LVMI
causes changes in LVMI without alterations to tipdntensive (or normotensive) status of
the animal. This is similar to the findings of Peaecet al (1995)who reported that for

the LVMI QTL on chromosome 17, there was a sigaifficcorrelation with LV mass but

no correlations with systolic, diastolic or MAPurthermore, no correlation was found
between BP and LV mass. Furthermore in our stiychanges in LVMI are evident at 5
weeks of age (data not shown) before the onsegdrtension. This would suggest there
is a BP-independent element to the regulationisf@TL for LVMI. Therefore utilising
these congenic strains represents a model whickdgaegated LV mass from BP. This
could allow for the identification of novel candtdagenes for LVMI unaffected by BP in

hypertension.

5.4.2 Congenic strains with altered LV mass show BP -
iIndependent diastolic dysfunction

It is well-documented from clinical studies andad&bm animal models that alterations in
LV mass can affect the systolic and diastolic fiorehg of the heart (Lorell & Carabello,
2000a;Cingolanet al, 2003). Both systolic and diastolic function d¢eninfluenced by

the load on the heart. In order to measure changesdiac function independently of
load, the PV catheter system was utilised as aadeithich allows assessment of diastolic

LV performance independently from loading condison

5.4.2.1 Systolic function

SHRSP-congenic: These measurements confirmed enhanced systoliopenfice in the
hypertensive animals (SHRSP and SHRSP-congenichwiath demonstrated elevated
ESP of >150 mmHg confirming that they have high BRststent with hypertension.
These findings were in agreement with arterial SBRsarements which were generated
using a separate method, radiotelemetry. This wiser supported by elevated dR/gt

in these animals. Both SHRSP and SHRSP-congenie thherefore confirmed as
hypertensive with enhanced contractility; howeVverse strains showed no differences in

systolic parameters with each other and were hgpente to the same degree.
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WKY-congenic: Despite a small increase in ESP, the WKY-congenieveldl normal

ESP (119-146 mmHg; (Pachetral, 2008)) and was therefore considered normotensive
like WKY. Itis unclear the cause of this sligiéwation in BP however the WKY-
congenic had normal dP/gt not different to WKY. Despite having normotensive
properties of systolic function there was an oveatatline in CO in the WKY-congenic
strain which is likely because the EDV was smaltet despite equivalent EF this led to
diminished SV as well as CO (heart rate was unobdngReduced EDV indicates a
smaller luminal LV which may be due to increased teckness consistent with
concentric remodelling (Lorell & Carabello, 2000&lthough wall thickness data was not
available to confirm this, this finding is consistavith the increased LV mass observed in
these animals. As the WKY-congenic was the onbisto show any differences in EDV,
it would suggest that introducing the QTL on chremme 14 can alter LV mass through
what is potentially by concentric wall thickenindhewever, by removing the QTL on
chromosome 14 this does reverse the effect asangels in EDV were observed in the
SHRSP-congenic. The reasons for this would redquitber investigation. EF was
unchanged across all four strains which may beamsequence of compensatory
remodelling (increased LVH) which is known to preseEF (Aurigemmat al, 1995).
This finding is not unusual for hypertensive ratd@&twk as others have shown that EF
remains normal in the SHR until 72-wk of age whdnb¢gins to develop (Mirskst al,
1983). Similarly CO and SV also do not begin tuee until 90-wk in the SHR (Pfeffer
et al, 1979a), consistent with the finding in this prasgtudy for SHRSP (and SHRSP-

congenic).

5.4.2.2 Diastolic function

SHRSP-congenic: Despite no change in systolic performance betwiee SHRSP-
congenic and SHRSP there were alterations in diastmction. The SHRSP-congenic
demonstrated reduced LV mass, despite equivaletdlsyinction to SHRSP showed
improvements in diastolic function (to control WKH&vels for EDP and EDPVR). This
was evident from a lower EDP consistent with impobfiting and load-independent
reduced end-diastolic stiffnesk vivo measurements of diastolic dysfunction for the
SHRSP in the literature are extremely limited, ¢hare however findings described by
others for this in the SHR model: for example 40aldk SHR function characterised by
Millar PV measurements showed increased myocasti&tess (derived from the
EDPVR) and impaired relaxation (Cingolatial, 2003). These findings were also
confirmed by other studies in the SHR (Nishimetal, 1985;Pfefferet al, 1979a). In an
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ex VivoSHRSP working heart of the same age as the animdiss study (16-wk) there
was a significant increase in EDP, consistent withfimdingsin vivo (Chenet al, 2001).
Interestingly, the relaxation time constant\Was unaltered between all four strains
suggesting the time to relax was not different leetvall strains despite altered filling
pressures and myocardial stiffness. This was asuatdinding ag usually increases in
hypertensive heart disease due to increased LVHilras$is (Leite-Moreiraet al, 1999).
This has been demonstrated in the SHR model witlopgation oft concurrent with
increased LVH and fibrosis (Nishimueaal, 1985;Cingolanet al, 2003). However, in
both of these studies the animals were at a grage(28-50 wk and 40-wk of age) than
the animals in our study (16-wk old). Thereformdy be that is only affected when the
animals are older and/or reached a critical threlsbibhypertensive heart disease. In dogs,
T is unchanged as hypertension is developing (2-¥and is only increased when the
animals reach a stable hypertensive state (>14(@&lpiet al, 1991). It is therefore
possible that it may take longer than 16-wk tod®nges it in the rat model. An
elevated EDP and raised EDPVR with a normialnot uncommon as it has been
described previously in humans (Maue¢ial, 2004). However with reduced rates of
relaxation (using dP/gi,) in the SHRSP in this study it does question #u& lof change in

thet — at present the reasons behind this discrepaeayc clear.

WKY-congenic: In contrast, the WKY-congenic which had an increlds¥ mass and
was normotensive like WKY demonstrated reducedtdiasperformance with raised EDP
and higher LV stiffness. These data show that tivere both load-dependent and load-
independent alterations in LV diastolic functiorbioth strains. Collectively, other than
the diastolic indices revealed diastolic dysfuntiio the WKY-congenic with no change
in systolic dysfunction. Diastolic dysfunction Wipreserved systolic function is being
increasingly recognised in humans (Redfieddl, 2003); a recent population-based
survey revealed that diastolic dysfunction was plek5 times more than systolic
dysfunction (Fischeet al, 2003). Diastolic dysfunction has become an eadyker of
cardiac damage in hypertension and is well knowpréaede HF during hypertensive
heart disease (Grossman, 2000;Zile & Brutsaert200

5.4.2.3 Volume data

LV volumes (both ESP and EDP) were not different leetvSHRSP-congenic and

SHRSP suggesting the two strains were operatieguivalent LV volumes. These were

also no different to WKY which suggests that, despicreased LV mass in SHRSP this is
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not affecting LV luminal volume. This is not uncommas LV mass can increase with no
change in the chamber radius (Lorell & Carabel@)(b). However in the WKY-
congenic reductions in EDV are present with incrddsé mass suggesting that in these
animals there is evidence of concentric hypertragptgompanied by reduced chamber
volume. This would suggest that the QTL segmentkvhias been introgressed into these
animals may have led to concentric hypertrophyetfoee this phenotype could be linked
to the specific QTL. When the QTL is removed (SHR®ngenic) the effect is lost as
EDV is found to be unchanged compared to SHRSP whither supports that there may
be genes on the QTL linked to this phenotype oleskrv

5.4.3 Altered diastolic dysfunction may be linkedt o altered
cardiac fibrosis

Possible triggers for cardiac fibrosis: Myocardial stiffness, although influenced by many
factors, is largely believed to be related to mydea structural components, particularly
myocardial fibrosis which is the accumulation ofi@gen within the myocardium (Brillat
al., 1991a). Increased myocardial fibrosis is commharng hypertension as a mechanism
to increase tensile strength and support hypertedptardiomyocytes to prevent LV
deformation during conditions of elevated load (\&tedi al, 1987). However, prolonged
overloading can lead to excessive and/or disprapwte myocardial fibrosis which can
reduce the compliance of the myocardium and beoressble for increased stiffening of

the ventricle that can lead to diastolic dysfunctiBrilla et al, 1991a). In early
hypertensive heart disease, fibrotic collagen seoled mainly in the perivascular space
surrounding the myocardial blood vessels (periviasdibrosis) usually as a result of
overload-induced vascular inflammation. Presswerioad occurs because the narrowed,
stiffened arteries in the vasculature have incidd4&P in hypertension (due to reduced
arterial diameter) which creates an elevated loathe ventricles of the heart which must
work harder to provide adequate circulation tolibdy’s tissues. The increase in arterial
pressure and elevated mechanical strain on th@aoroessels are believed to initiate a
series of inflammatory changes in the coronaryiaftevall including the activation of the
chemokine, monocyte chemoattractant protein-1 (ME®hich recruits macrophages to
the area which produce profibrotic cytokines thahslate fibrosis in the perivascular
space (Nicoletti & Michel, 1999). Perivascularrfibis can then subsequently spread into
the adjacent interstitium (interstitial fibrosis part of a “reactive fibrosis” (Brillat al,
1991a). Increased fibrosis during cardiac remougtian be classified as eitheactive

which relates to the progressive spread of collagehe interstitial space and adventitia of
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intramyocardial coronary arteries m@parativewhich occurs when areas of cardiomyocyte
loss are replaced by fibrosis (e.g. following negaon myocardial infarcts). Presence of
interstitial fibrosis is therefore usually secondtr perivascular fibrosis and therefore by
examining levels of both perivascular and inteedtitbrosis this allows for assessment of
the progression of fibrosis.

Differences in cardiac fibrosis in the congenic maels: Cardiac fibrosis was measured
in the four strains for this study by quantifying/lagen-positive areas in Sirius red
sections of the LV. Comparing the background sgabHRSP shows increased levels of
both perivascular and interstitial fibrosis comphite WKY consistent with a hypertensive
model - increased cardiac fibrosis (both perivaacahd interstitial) is a prominent feature
of hypertensive rat models of hypertension as leas lshown in SHR (Brillat al,
1991a;Nishimurat al, 1985) and SHRSP (Sawamuataal, 1990). Additionally, both
congenic strains demonstrated alterations in the laf fibrosis compared to their
respective background strains. The WKY-congeniavaubsignificantly higher levels of
both perivascular and interstitial fibrosis comphte WKY, indicating both an increase in
collagen deposition but also to a more advancegedtas evidenced by high interstitial in
addition to high perivascular fibrosis). Highevéés of interstitial fibrosis could be
contributing to the increased myocardial stiffnesserved in these animals as evidenced
by the EDPVR measurements. The SHRSP-congenic dgrated reduced levels of
interstitial fibrosis compared to its respectiveRSP which would also explain the
reduced myocardial stiffness in these animalseréstingly, while there was reduced
interstitial fibrosis in the SHRSP-congenic, theses an increase in the level of
perivascular fibrosis. Given that perivasculardiis can be associated with increased
inflammation, it’'s possible that the SHRSP-conggelike the WKY-congenic, is sensitive
to increased inflammation of the myocardial bloegsels. The cause of this however
remains unclear. This finding would support thedtiaesis that these animals have more
inflamed blood vessels which seems likely giver tiaen fed a salt diet they show a very
high incidence of stroke within 24 h compared tdRSP (personal communication with
Dr. Delyth Graham; data not shown). It may alsaHas the SHRSP-congenic is at an
earlier stage of the fibrosis process by the alssehany spread into the interstitial areas
or that the fibrosis is more concentrated arouedotrivascular space. Increased
perivascular fibrosis with reduced interstitiallagien has been previously reported in rats,
albeit in volume-overload hypertrophy (Hutchinsaral, 2010;Voloshenyuk & Gardner,
2010).

257



Kirsty K. Foote, 2012 Chapter 5

5.4.4 Runx1 expression is altered in the congenic strain of
increased LV mass

Genes may be regulated differently under differentardiac disease conditions:
Samples of LV from each of the four strains westde for the expression of tReinx1
gene which has been previously shown to have dlexpression in the heart during
cardiac disease; for example in human MI cardssu (Gattenlohnet al, 2003) and as
the work in this thesis has revealed, in a mouseainaf MI. It is possible for cardiac
genes to be regulated differently under differemtditions of disease. Some genes may be
altered as a result of specific stimuli only andymat show the same pattern in different
models of cardiac diseases. For example, the fgeMdCAM (CD56), a neural cellular
adhesion molecule, is over-expressed during chisoimemic HF which is found to be
specific for ischaemic damage compared to othetli@adiseases including congestive
cardiomyopathy, hypertrophic obstructive cardiomatbly, myocarditis and sarcoidosis
(Gattenloneet al, 2004). However, another study revealed that NC#&4 also up-
regulated during remodelling of hypertrophy to HFaiDahl salt-sensitive rat model

(Ventura-Clapieet al, 2004) suggesting that the stimulus may not beaismia-specific.

Differences inRunx1 expression between the congenic models and the Mioarel:
While there were no differences found in the exgitesofRunxlbetween the SHRSP-
congenic and SHRSP, there was a marked reductiexpression in the WKY-congenic
compared to WKY. The two congenic strains both swilewer levels oRunx1
compared to WKY.Runxlexpression was decreased within the rat modelaéased LV
mass and fibrosis compared to an up-regulationreedehe in the mouse MI model
suggesting there are different triggers in theeddht models contributing Runx1
expression levels. It is possible that like NCARUnx1could be sensitive to ischaemic
insult triggering greater expression levels, andenrtonditions of overload-induced
hypertrophy th&Runxlgene is repressed. The molecular mechanism byhvidsbaemic
stimuli are converted into intracellular signale aot clear, but one study has shown that
ischaemia may preferentially activate specific pirokinase cascades which may be
responsible for specific gene activation (Shimetal, 1997). Differences in the
expression pattern of the same gene have alsorbperted previously in a similar two
models: for example an increase in mMRNA for thgdetC&* channel occurs in post-Ml
remodelling rat myocardium (Qet al, 1995) but not in a rat model of overload

hypertrophy (Vassort & Alvarez, 1994).
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Reasons for the differences in expression pattermetween the models:

(i) One potential reason for the differences inggexpression between an Ml-induced
injury and a pressure-overload injury may be relatethe differences in the hypertrophy
response between the models. Hypertrophy is krioviae a major cause of altered gene
expression in the heart, particularly for transtoip factors which are induced by
hypertrophic stimuli to orchestrate the synthes$isew contractile sarcomeres for the
protection of the heart (Akazawa & Komuro, 2008)I results in aregionalhypertrophy,
mainly confined to the surviving myocardium whishargely eccentric due to volume
overload (Sadoshimet al, 1992). Pressure-overload (like in the case pengnsion)
results in aglobal hypertrophy which is largely a concentric hypertrggLorell &
Carabello, 2000a). Therefore one possibility is tha differences in mechanical stimuli
between the two models could explain the differennegene expression patterns — the
same may also be true fleunxl1

(i) Another major difference in the remodellingtiveen the two models which may
contribute to the opposing gene expression patteaysbe related to the ECM
remodelling pattern — namely cardiac fibrosis.tha Ml heart, cardiac fibrosis is primarily
reparativemeaning that the increased collagen levels aredei to replace the lost
cardiomyocytes (French & Kramer, 2007), while ie firessure-overload model the
fibrosis is predominantly eeactivefibrosis whereby collagen accumulates and spresds a
part of an inflammatory response (Bri#taal, 1991b). It is possible therefore that the
differences in fibrosis patterns could also contiédto the differences Runxlexpression
between these two models. RUNX1 is known to beesged in fibroblasts (Wottaet al,
2004); however given that these two models bothasoriibroblasts but show opposite
effects onRunxlexpression it would indicate that there are othecmanisms involved
than justRunxlbeing present in fibroblast cells.

5.4.5 Potential links with  Runx1 and degree of LV dysfunction

As was observed in the MI mod&unxllevels correlated significantly with degree of
cardiac dysfunction among the rat strains (in lsearth greatest diastolic dysfunction,
Runxllevels were highest). Utilising a different animabdel of cardiac disease (other
than MI) offered another approach to assessingalagonship betweeRunxlexpression
with cardiac dysfunction without the influence bétinfarct associated with MI. Although
a single gene may be altered differently in difféf®rms of cardiac disease which is an

important consideration, it may also reveal simgatterns between expression levels of
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the gene and its relationship with cardiac dysfiamct Unfortunatelyn numbers were low
(n=2 or 3) but from these small groups, similar tetmthe MI model were observed in
the WKY and SHRSP groups in regards to the relatignbetweemRunx1ImRNA levels
and degree of cardiac dysfunction — i.e. lower fimmc(prolonged), higherRunx1-
despite differences in the overall expression patbéRunxbetween the two models: a
lower expression in the diseased state in the oalehnwhich was the opposite to the MI
model (higher expression in the diseased statbg conclusion to make from the
comparison with the different models is that ther€lation betweeRunxlexpression and
degree of LV function is identical — reduced fuontihigherRunx1which further supports

a link betweerRunxlexpression and cardiac function without influentarinfarct size
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6.1 Rationale for the study

The main aim of this thesis was to examine theeadtexpression patterns of the RUNX
genes in different experimental models of heaake. The RUNX family of
transcription factors are essential regulatorsoofimal functioning during development but
have received increased interest as important mankdwuman disease. RUNX genes are
up-regulated in response to injury or insult whiels been observed in striated muscle
types. In skeletal muscle, levels of RUNX1 aratigkly low but during disrupted
electrical activity the expression increases nebd-fold and was shown to be a
protective mediator in the muscle preventing hatrattophy and further deterioration
(Wanget al, 2005). When the work by Gattenlohmeial in 2003 (Gattenlohnest al,
2003) identified an up-regulation of RUNX1 in thedt of patients with Ml this raised a
similar idea about the protective potential of RUNVer-expression in the heart. The
work from this thesis set out to characterise ttexred expression in two different
experimental models of cardiac disease; Ml as e lnbserved for the human patient
study, and a rat model of hypertension with furtipgemetically altered strains with more
specific altered LV mass. These different moddtsaad a more thorough dissection of
the expression patterns of tRenxgenes in heart disease arising from differentliasu
with differing patterns of remodelling and dysfuoat The study therefore aimed to
provide novel information on the levelsRtinxgene expression in heart disease and the
potential implications for its role during the dise. Knowledge of the expression of
RUNX in the heart even under healthy conditionatipresent very limited and the work
therefore aimed not only to improve knowledgdromxlevels in the normal heart and
during disease but inform potential relevance ofNXUn future therapeutic treatments of
CVD.

6.2 Major aims and findings

6.2.1 Suitability of animal models

One of the important aspects that the work intthesis has demonstrated is the value of
utilising experimental animal models in resear&lach of the animal models used for this
study conformed to the main set of criteria congdenecessary for their use as disease
models in that they mimicked the human phenotypset}, produced symptoms which
were predictable and controllable, permitted stundy stable, chronic condition and
allowed for relevant cardiac, haemodynamic andh®adical parameters to be measured

(Doggrell & Brown, 1998;Houseat al, 2012). In particular the mouse MI model was not
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previously available in the laboratory and haseineen developed with great success
which has been made possible by a capacity builditegyrative Mammalian Biology
(IMB) award from the BBSRC designed to build andsalidate best practiée vivo
research. It was therefore mandatory that a sagmt component of this thesis involvied

vivo studies.

6.2.2 Development and characterisation of a mouse m  odel of Ml

Animal models of disease are highly valuable ayg #llew study of the disease in a
controlled manner. In characterising gene expoessihanges in animal models for the
future of human medicine it is imperative that @memal model mimics the human
condition as closely as possible and represeniniaatly relevant disease model for these
experiments. Therefore one of the initial aimshef thesis was to develop and characterise
a model of Ml in the mouse which would allow fort@otial genetic manipulations at a
later stage of the project for the extended stddyuwnxgenes in Ml through knockout
transgenic models. Animal models of MI have bealely investigated however it was
important to ensure the model developed a suffidearel of dysfunction and structural
remodelling associated with this disease for suleseiggene expression studies using the
model. It was hypothesised that the model woubda@ucibly present the clinical features
of Ml and therefore be a suitable platform for sitedy of alteredRunxexpression under
the conditions of this disease. The mouse modkllafas successfully established in the
laboratory using the CAL method producing a modéhweproducible infarct sizes and
low mortality that demonstrated not only featuressistent with other published murine
models but most importantly with human Ml includibyg systolic and diastolic
dysfunction, altered electrical activity with inased frequency of VPC arrhythmias,
cardiac structural remodelling including hypertrgptwall thinning, chamber dilation and
collagen deposition. The model was therefore camsatisuitable for subsequent RUNX
studies in the context of MI.

6.2.3 Characterisation of congenic rat strains of a  Itered LV mass

The rat hypertensive model (SHRSP) developed enbasystolic performance with
diastolic dysfunction and increased cardiac fitwa@sinsistent with other published SHRSP
models and with human hypertension. The genetizadlyced chromosome 14 congenic
strains showed a BP-independent diastolic dysfanair improvement in diastolic

function with links with myocardial stiffness belied to be due to the patterns of cardiac
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fibrosis observed. These models therefore repredatitferent models for furthé&unx

expression studies.

6.2.4 Runx and Ml

This is the first study to examine change®imxexpression in the heart using an animal
model of MI. Present data &tunxin the heart was limited, even in the healthy non-
diseased hearlRUNXexpression in the diseased heart was also rdhativénown with
studies that had investigated this unable to peinfdbrmation on quantitative changes,
disease progression alterations and in some caseisgcellular locations of the changes
in expression in the heart was not available. Wusk has provided novel information on
many of these areas in which previously knowledgs lacking. One of the first key
findings was thaRunxis present in control sham hearts therefore initigaa basal level

of Runxin the healthy adult mouse heart. Furthermore RUNas been immunolocalised
to cardiomyocytes as well as other cell types sscimflammatory cells and fibroblasts
based on structural identification and observatfoms a qualified pathologist. To our
knowledge this is the first study to show the pnegeof RUNX1 in adult cardiomyocytes.

Key findings: The study findings have revealed that in hearts fnuoe post-MI there is
a significant increase in the expression of aké&fRunxgenes which was consistent with
the finding from the human patient study, howeverkirom the mouse model revealed
that these changes were confined to the areaswétid around the injury i.e. the infarct
(all threeRunxgenes) and peri-infarct regioRinxlandRunx3d with no change in
expression within regions remote from the infanariely the remote LV and RV). This
was true at 4-wk after the initial insult. At 8-ypkst-insult, expression levels Rtinx1
were not different to the observations at 4-wk wiitpher levels oRunxlin the infarct and
peri-infarct; however with up-regulation in the ret@ LV region in addition which was
not observed at 4-wk. Increased expressidrwfxgenes in the heart post-MI does not
solely arise from cardiomyocytes, it is accepteat there are other cell types (such as
fibroblasts and inflammatory cells as mentionedvahat are also contributing to the
increased expression. It would be an importamt stdurther dissect out the relative
contributions from the cell types, which would Heparticular relevance to potential
altered functioning in cardiomyocytes. This couéddmne by a means of cell separation
utilising filtration techniques or FACS methodstbe digested infarcted heart.

Collectively however the results have identifieadtsd and temporal alterations Rfinx
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expression in the infarcted heart post-MI in a memmodel warranting further

investigation into the potential functional relegarof this.

Possible implications: These findings indicate thRunxexpression is altered as a result
of Ml however the functional significance of thisthe heart remains unclear. Data from
this thesis have shown there are significant caticals between the level Biunxincrease
with extent of dysfunction in that hearts with tiighest level oRunxshow the greatest
dysfunction (forRunxlandRunx3. However the main problem with interpreting this
finding is that there may be potential influenaanfrthe infarct size; there is a positive
correlation with degree of dysfunction and incregsnfarct size and the levels Rfinx

are known to be highest in the infarct region +¢f@e it became difficult to ascertain
whether the degree of dysfunction in the heart agaa result of infarct size or increased
Runxexpression. One thing that became evident waswuihan the influence from the
infarct was removed the trends were the same. Wassperformed firstly by removing the
contribution ofRunxexpression from the infarct from the analysis trarelationships
were as before with the infarct included and selyomad a separate disease model without
an infarct the trend also remained further givirgjght to a direct link witiRunxand
function. A direct link would be an exciting presg in the field of cardiac medicine as it
may indicate thaRunxmay be an important candidate for potential futicanarkers or a
therapeutic target of heart disease. Howeverimportant to emphasise that this area
requires a greater deal of further investigatiomentifying the precise links but may

represent a crucial component for further work.

Further direction: In terms of the functional role ¢tunxin cardiomyocytes this remains
at present relatively unknown. Studies have inditgéhatRunx2may contribute to

fibrosis and calcification through Notch signallimgatherosclerotic hearts. It was
originally hypothesised that RUNX may exhibit a 8anrole in cardiac muscle as had
been shown in skeletal muscle on the basis thatiascle groups share similarities in
structure and function and the triggering insultesy similar in the disturbances of
electrical activity. Preliminary data from our tahtory has shown that over-expression of
RUNX1 in rabbit cardiomyocytes led to significantgduced CZ transient amplitudes
and prolonged decay of Earansients versus control cardiomyocytes. Basethese
observations it would suggest that the increaspdession of RUNXL1 led to poorer
contraction and impaired relaxation in the cardioowes, which would indicate a
detrimental rather than protective effect by RUNX&aning that the original point on
similar protective features in cardiac muscle wiaprved. Given the knowledge that
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RUNXZ1 is an activator of the phospholamban genajured skeletal muscle, it is feasible
that RUNX1 may regulate PIn in cardiac muscle. iPla key player in G4 handling

during EC coupling and an increased PIn would leati¢ changes observed above which
has been showed in PIn over-expressing mice. hibwgever not clear from the data alone
that this is the case and this would require tleeaigransgenic mice and measurements of
PIn expression in the RUNX-overexpressing cellpanantly phosphorylated and
unphosphorylated states which is essential for ngptie link with the CH alterations

observed.

6.2.5 Runx and hypertension/altered LV mass

RUNX1 levels were also assessed in a separateiemqeal animal model of cardiac
disease, in rat strains of genetic hypertensionimstrains of altered LV mass. In contrast
to the results observed in MRunxlwas down-regulated in the diseased animals imahe
models. Normotensive control WKY rats showed tighést levels oRunxlexpression

in the whole LV where the WKY-congenic and SHRSRgmnic showed significantly
reduced levels dRunx1LV expression. The functional significance of thas also yet to
be investigated. As with the Ml model, a significaorrelation was observed in with
abundance drRunxland level of dysfunction (high&unx1lin heart with greatest
dysfunction) in this model.

6.2.6 Differences in Runx expression between the different
models

By assessing how the behaviour of a single genegasa(in terms of its expression) in
different cardiac diseases can provide a greatdratenformation regarding the triggers
for the gene of interest in CVD. The assessmeRupixexpression in not just a different
animal model of CVD i.e. hypertensive rat (SHRS&)dlso in specific congenic sub-
strains of this model to further dissect out tlgmBicance ofRunxexpression in CVD (in
terms of a different phenotype) is highly advantageand offers more insight into the
behaviour oRunxin cardiac disease. Neither of tRanxgenes are located on
chromosome 14 therefore the effectdRamxexpression are likely to be related to the

resulting phenotype rather than the manipulationshtomosome 14.
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6.3 Future directions

There are several directions for future work thateharisen from this work. (i) The first
would be to further explore the functional relevain alteredRunxin the heart. This is of
crucial importance to achieve a more complete wtdeding of the potential clinical
relevance oRunxin the context of heart disease. The functioakd of Runxin the heart
could be addressed by further experimentation oNROver-expression in
cardiomyocytes or by direct cardiac injection itlte hearin vivo. It would be important
to induce over-expression to similar levels obsgihat endogenous RUNX was up-

regulated to within the disease model to allowdocurate comparisons.

(i) Another route to further explore RUNX funation the heart would be through the use
of aRunxknockout model. Transgenic animals with a cardjecific knockout (global
knockouts oRunxwould be embryonically fatal) could be assesseay functional
alterations in response to MI. This would involaducing Ml in these transgenic animals
and assessing the effects on cardiac functiorresudt of this. Based on the observations
from this thesis the hypothesis is tRatnxablation would lead to a reduced extent of
dysfunction post-MI given the preliminary data icating that RUNX1 over-expression in
cardiomyocytes led to greater dysfunction. The stage from the functional
investigation would be to investigate the mechara$functional improvement. The links
with phospholamban have been proposed but a geea¢of work would be needed to
fully elucidate this. This could be investigateddsgessing expression levels of
phospholamban protein in its unphosphorylated drus$phorylated forms using specific
antibodies sensitive to the two states in Westtsb Based on the possible link with
increasedRunxlleading to increasedln gene expression and subsequent contractility
impairment, it is hypothesised that an increadelimprotein expression and a reduction in
phosphorylated PIn would be observed in RUNX-ovpressing hearts which could
contribute to the impairment in systolic functiowith knowledge on altered expression,
functional role and mechanistic actions this waaffgér a more completed picture of the

clinical relevance oRunxin cardiac disease.

(ii) The 1-wk animals which developed a severepiiénotype and were possibly
showing early signs of CHF have shown interestesylits in the level of remodelling but
also in the levels dRunxexpression. It is possible tHatinxlevels are greater in HF
however this remains to be investigated fullyit ifere possible to produce more animals
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with this phenotype or extend the MI period to apwhere animals entered into CHF it

could further assist in the links witkunxup-regulation.

(iv) The problem with contaminating cells in théaircted heart (such as fibroblasts and
inflammatory infiltrate) poses problems in idenitify the relative contribution from the
cardiomyocytes which is relevant for functional irogtions in these cells. This could also
be further assessed using rigorous separationitpesion the infarcted heart cells such as
filtration or plating methods to allow gene expieasmeasurements to be performed on

pure populations of cardiomyocytes from the infedcbeart.

(v) There could also be future potential to asgessxexpression in more disease models
such as alternative models of pressure-overloadXample (e.g. transverse aortic
constriction (TAC) models) and observe the compassaith the pressure-overload
models in this study. Disease models of myocarditid further work on valvular disease
could also be investigated, all giving a fullertpre for triggers oRunxexpression during

heart disease.

(vi) Another avenue to take with this work would to try and identify the specific stimuli
which trigger RUNX over-expression using experinsasgsigned to provide specific
conditions that may be possible triggers for examt vivopreparations (to assess
changes independent of neurohormonal influenceeptasvivo) for example use of a
Langendorff-perfused heart subjected to variousltmms present in Ml including:
hypoxia (95% N5% CQ incubation + sodium cyanide (NaCN)), oxygen raldica
production (hydrogen peroxidep8,), deprivation of energy sources (ATP, glucose),
acidosis and osmotic stressors. Furthermore aredltpapillary muscle preparation would
allow insight into whether electrical stimulatiohtbe heart influences RUNX1 expression
as we can expose the muscle to pacing and nongpeeirditions. Furthermore, we can
use cultured papillary muscles to examine the &ffetcell necrosis on RUNX1

expression through a cryoinjury approach.

6.4 Final conclusion

Overall the work from this thesis has shown theigalf using animal models in the ability
to reproduce human heart disease and its mangalliynrelevant features for cardiac
research, and has for the first time shown thevaglee of thdRunxgenes in heart disease

through use of such animal models. The experimelatial shows that in response to Ml in
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a mouse model there is an up-regulatioRohxgenes in the heart located predominantly
within and around the areas of injury that can mot@to remote regions as the Mi
progresses. In contrast to Ml, in response to tigpsion in rats and in genetically-altered
sub-strains with altered LV mass there is a downHegmpn ofRunx1 In both models the
same observation was evident tRainxexpression correlated positively with deterionatio
of function. However, future work should aim t9:dstablish whether a direct link exists
betweerRunxexpression and level of dysfunction, and (ii) exelthe functional and
mechanistic roles dRunxin the heart. Such work would enable us to detesrthe

potential therapeutic value of tRainxfamily in heart disease.
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Appendix

Derivation of the 722! formula:

The derivation for this equation has been publishdéde Applied Biosystems User
Bulletin No. 2 (P/N 4303859Applied Biosytems, 1997) and can be describefolasvs:

1. The exponential amplification of a PCR reaction bardescribed as:

X, = Xox(L+E,)"

Xn Number of target molecules at cycle number n
Xo Initial number of target molecules

Ex Efficiency of the amplification

n Number of cycles

2. The Ct describes the cycle number at which the éisence reaches a fixed threshold,

therefore (for target gene X and housekeeping gBne

XT = XO X(1+ EX)CTYX = Kx

Xt Threshold number of target molecules
Cr.x Threshold cycle for target amplification
Kx Constant

Hy =H, x(1+ = )CT'H =Ky

Xn Threshold number of housekeeping molecules
Xo Initial number of housekeeping molecules

Ex Efficiency of housekeeping reaction

n Threshold cycle for housekeeping amplification
Ky Constant

3. To normalise to the housekeeping gene, the target &) is divided by the
housekeeping gene {H
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XN Xo/Ro normalised amount of target
ACt Cr.x — Grrdifference in threshold cycles for target and

As the 2*2“ method assumes the same efficiency of the reabtbmeen the target gene

and the housekeeping gene, i.e=HEy = E, thus:

X . )
H—°x(1+E)CTvX TUZKor X Xx@A+E) =K or X, =Kx(+E)

0

| AACr | ACrx—ACrr |

The last step is to divide the XN for any samplbyvthe calibrator CL (sample to which

other samples are to be expressed relative to), i.e

Xy =Kx(@L+E)™”
Xy o = KX @1+ E) e

= @+ E)™@

N.CL

Since the efficiency is assumed to be close thelfinal equation becomed%,
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