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Abstract

Endoglin is an accessory receptor for the transfogrgrowth factor beta family.
Patients carrying mutations in the endoglin geneslidg the inherited vascular
dysplasia, Hereditary Haemorrhagic TelangiectdstdT(). However, it is becoming
apparent that endoglin may also be important inaed cardiovascular diseases such
as hypertension, atherosclerosis and heart failure.work in this thesis investigates
the role of endoglin in the structure and functidnhe adult cardiovascular system by
utilising a conditional endoglin knockout model andrine cardiac magnetic

resonance imaging (CMR).

| established and validated murine CMR at Newcastlversity allowing accurate
guantification ofin vivo cardiac structure and function in a number of necqusdels
of cardiac disease either at single time poinis éwngitudinal studies.
Immunohistochemical analysis confirmed that endogliexpressed in the
endocardium and vasculature of the adult mouse.Hezlowing myocardial
infarction there was increased endoglin expressioich co-localised with
endothelial cells and myofibroblasts. Cre-lox garsetvas then used to ubiquitously
knockdown endoglin in the adult mouse. This resliitesignificant ventricular
remodelling within three weeks, with ventriculalatdiation associated with
cardiomyocyte hypertrophy. These changes gradpatigressed over three months
following endoglin knockdown; however, overt hefaiture was not seen within this
time frame. Invasive measurement of ventriculacfiom suggested an impairment of
vasomotor control and reduced contractile resasiteviing endoglin knockdown.
Also, using an endothelial-specific endoglin knomkat mouse | demonstrated that
these novel cardiac changes were due to endogjietttn in endothelial cells.
Together these data suggests that the alteratiaregdiac structure and function are
secondary to alterations in the wider cardiovagcayatem. This is supported by

evidence of eNOS uncoupling following endoglin kkdown.

The results reported in this thesis describe al@venotype and highlight the
importance of endoglin in the maintenance of cardtaucture and function. Further

work will clarify the mechanism behind these altenas.
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Chapter 1 Introduction

In the UK approximately 146,000 people suffer antaenyocardial infarction (Ml)
each year (Allendest al, 2008). ST elevation myocardial infarction (STENd}sults
from thrombotic occlusion of an epicardial coronartery. The time from onset of
STEMI to reperfusion (total ischaemic time) is ar@mount importance as longer
times result in larger area of infarction and is®ed mortality (Reimer and Jennings,
1979; Gerstlet al, 2005). For this reason emergency restoratiomte#grade flow in
the infarct related artery, with either primary @ganeous coronary intervention
(PCI) or fibrinolysis, improves outcome followingwte MI (Fibrinolytic Therapy
Trialists' Collaborative Group, 1994; Keelelyal, 2003; Keeley and Hillis, 2007). In
the UK, 95% of patients with STEMI receive prim&€| as the initial reperfusion
therapy (Gavalova and Weston, 2012). However, ditiah to ischemic myocardial
injury a further insult to the myocardium occurgta time of reperfusion. There are a
number of pathological mechanisms that result prerision injury which include
oxygen free radical formation, resulting in myocsted endothelial injury, and
dysfunctional intracellular calcium homeostasisutgng in mitochondrial injury and
cell death (Sharmet al, 2012). Potential therapeutic options to amel@rat
reperfusion injury include ischemic preconditioniiMurry et al, 1986), ischemic
postconditioning (Tsangt al, 2005) and a number of pharmacological agents
(Sharmeet al, 2012). The consequence of ischemic and reperfusjory is myocyte
necrosis and myocardial dysfunction resulting inroBormonal activation and
adverse ventricular remodelling resulting in alertdecline in cardiac function
(McKay et al, 1986; J. M. Pfeffeet al, 1991; Cohret al, 2000). Pharmacological
therapy with inhibitors of the renin-angiotensinl@terone and sympathetic nervous
system, aimed at reducing adverse cardiac remngdehiave also lead to significant
improvements in morbidity and mortality followingINFlatheret al, 2000; Packeet
al., 2001; Pittet al, 2003). Despite these improvements, ischaemid desgase still
remains the leading cause of heart failure andsteategies are needed to further

improve long term prognosis following M.
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1.1Infarct Healing

Myocardial infarction usually results following riype of an unstable coronary
atherosclerotic plaque, subsequent thrombus foomatnd coronary occlusion. The
resultant myocardial ischaemia causes cardiomyowteosis and leads to a series of
events that culminates in a ‘wound’ healing process the formation of a mature
scar. This healing process has three overlappiaggsh the inflammatory phase, the
proliferative phase and the maturation phase (@dut). Infarct healing is closely
intertwined with the structural and functional cgas seen in the infarcted and non-
infarcted myocardium following Ml, a process calleshtricular remodelling
(Frangogiannis, 2008).

Following myocardial infarction there is a rapiddaiobust inflammatory response.
Cardiomyocyte ischaemia and cell death leads teain of the complement
cascade, free radical release and activation dfiLTia¢ receptors and Nuclear Factor
kB (NF xB) signalling pathways (Frangogiannis, 2008). Thelieacreased synthesis
of chemokines and cytokines with up regulationdiiesion molecule expression in
endothelial cells and leukocytes. The infarcted caydium is rapidly infiltrated by
neutrophils and macrophages, which are involvgzhegocytosis of dead cells and
extracellular matrix debris, synthesis of cytokiaesl growth factors and regulation

of matrix metalloproteinase activity (Dewadtlal, 2004).

The transition from the inflammatory phase to gesétive phase is marked by the
suppression of pro-inflammatory mediators by cyteki such as interleukin-10 and
transforming growth factop-(Dobaczewsket al, 2010). Granulation tissue
consisting of fibroblasts and endothelial cellslirdte and proliferate in the wound.
Within the healing infarct, fibroblasts undergotepotypic change to become
myofibroblasts, with features of smooth musclesceitluding expression of

smooth muscle actin (Willemet al, 1994; Gabbiani, 1998). Cardiac fibroblasts play
an important role in healing post Ml by regulatthg degradation and synthesis of
extracellular matrix proteins (Porter and Turn€0%2). Myofibroblasts orientate
themselves parallel to adjacent surviving cardiooyyes (Willemset al, 1994) and

the contractile properties of myofibroblasts cdnite to the tensile strength of the
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infarct (Blanjesteijret al, 2001). During this phase vascular cells alsoiferaite to

form an extensive microvascular network in therictied region.

During the maturation phase there is loss of calityl within the healing infarct with
apoptosis of cardiac fibroblasts and endotheliié c€he collagen secreted by the
myofibroblasts forms cross linked bundles resultmthe formation of a mature scar.
Myofibroblasts have been shown to have a persigt@sence within the infarct scar
(Willems et al, 1994).

1.2 Ventricular Remodelling

Following myocardial infarction there are changeséntricular architecture that
initially may be an adaptive response to the sudtkEnease in cardiac function but
may ultimately result in deterioration of cardiané€tion and is associated with an
adverse prognosis (M. A. Pfeffer and Braunwald, (199 M. Pfefferet al, 1991).

This process affects both the infarcted and noaratéd myocardium and is termed
ventricular remodelling (McKagt al, 1986; Whiteet al, 1987; M. A. Pfeffer and
Braunwald, 1990) and begins within the first fewatwpost Ml (Cohret al, 2000).
Ventricular remodelling can be divided into two pbsg; early (within 3 days) and late

(after 3 days) remodelling.

Following the breakdown of the extracellular mathwt before there is extensive
collagen deposition and an increase in tensil@gthe the infarct region can thin and
elongate, this is called infarct expansion (Hutshand Bulkley, 1978). It has been
shown to be the result of slippage between musahelles leading to a reduced
number of cardiomyocytes across the left ventric(ll&) wall in the infarct region
(Weismanret al, 1988) and is defined as ‘acute dilatation ofahea of infarction not
explained by additional myocardial necrosis’ (Hunshand Bulkley, 1978). This is
the predominant cause of early infarct remodelliffie extent of infarct expansion is
proportional to the size and transmurality of Mufehins and Bulkley, 1978; J. M.
Pfefferet al, 1991) and can range from clinically unapparemnteiotricular rupture.
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Figure 1.1 The phases of cardiac healing followingiyocardial infarction.

Adapted from Frangogiannis N.G. Pharmacologicak@esh, 2008;58(2):88-111 (Frangogiannis,
2008) and Dobaczewski et al Journal of Moleculat @ellular Cardiology (2010) (DobaczewskKial,
2010).

Ventricular remodelling also affects healthy, reenmtyocardium in a process that
begins immediately following MI and can last foweeal months. The increase in
volume load leads to volume overload hypertrophhwengthening and hypertrophy
of the non-infarcted cardiomyocytes (McKeatyal, 1986). This further increases left
ventricular dimensions, resulting in a more spladiieft ventricle (McKayet al,

1986; Mitchellet al, 1992).

Cardiac remodelling is influenced by haemodynamiéacing conditions and by
neurohormonal activation via the sympathetic nesv®stem and renin angiotensin
aldosterone system (Colenal, 2000). Activation of the sympathetic nervous syst
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initially results in increased myocardial contriigtiand heart rate, thereby increasing
cardiac output. Its activation also results in @ased sodium and water retention,
peripheral vasoconstriction, increased electrigsability and activation of the renin
angiotensin aldosterone system (RAAS). RAAS adbvattesults in augmented
production of angiotensin I, an important mediaibadverse ventricular
remodelling. Increased angiotensin Il levels leadsodium and water retention and
peripheral vasoconstriction. It also mediates my@&ypertrophy and interstitial
fibrosis. Its actions are mediated via angioteimgoe | (ATI) receptors. Initially these
alterations in the sympathetic and renal angiotealslosterone systems are adaptive
responses to maintain cardiac function post Mlaag be beneficial but have
deleterious long term haemodynamic consequenceas @Dpl, 2006). Inhibition of
both these systems has lead to an improvementitahiypin patients with heart
failure (Flatheret al, 2000; Packeet al, 2001, Pittet al, 2003).

1.3 Cardiac fibroblasts

The cardiac extracellular matrix is comprised aéistitial collagens (predominantly
type 1 and type 3), proteoglycans, glycoproteirgtrix metalloproteinases (MMPS)
and their inhibitors (tissue inhibitor of matrix talloproteinases, TIMPS) (Porter and
Turner, 2009). Cardiac fibroblasts play a key inléhe normal maintenance of the
cardiac extracellular matrix which in turn regutatardiac structure and hence
mechanical, chemical and electrical function. Tdelehuman heart comprises 30%
cardiomyocytes and 70% non-myocytes, the majofityloch are cardiac fibroblasts
(Jugdutt, 2003). They are arranged parallel to heutares and help to maintain
normal cardiac function by maintaining the contigpldetween cells and the structural
integrity in the myocardium (Weber, 2004; Broenal, 2005; Camellitiet al, 2005;
Kohl et al, 2005; Banerjeet al, 2006). During infarct healing cardiac fibroblasts
undergo phenotypic modulation to myofibroblasts Béfe 2004; Browret al, 2005;
Camellitiet al, 2005). This phenotypic change can be inducedfy{§ (Eghbaliet

al., 1991b). These differentiated myofibroblasts deccellagen and other
extracellular matrix proteins, activate and reguldtMPs and TIMPs (table 1.1), thus
playing a key role in ventricular remodelling (Browt al, 2005; Vanhouttet al,
2006; Porter and Turner, 2009). Cardiac fibroblaty an important role in infarct
healing and left ventricular remodelling and thregulation, particularly in response
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to TGH, may represent a potential therapeutic targgpfomoting efficient cardiac

repair.

Table 1.1 The temporal and spatial expression of MMs and TIMPs following myocardial

infarction.
Reproduced from Vanhoutte et al. CardiovasculaeRes 2006:69(3);604-613 (Vanhoudteal,
2006).
Class Temporal and spatial window
Early wound healing: Granulatory - early remodelling: Late remodelling phase:
0-7 days 7-21 days 8 weeks

Remote Border Infarct Remote Border Infarct Remote  Border Infarct
Collagenases
MMP1 T t* T ND ND ND = ) 1:UD
MMP8 = = = t* t* t* = 1 1
MMP13 t* t* t* t* t* t* = 1 1
Gelatinases
MMP2 1 1 1 1 1 1 = t 1
MMP9 t 1 t 1 t 1 t ) ub
Stromelysins
MMP3 ND ND t t t t = = i
MMP7 ND ND ND ND ND ND = ) [
MT1-MMP = = = = = = = 1 1
TIMPs
TIMP1 = = = t* t* t* = ! 1:UD
TIMP2 = = = t* t* t* i i 1:UD
TIMP3 ND ND ND ND ND ND ! ) 1:UD
TIMP4 = L* L* ND ND ND = ) 1:50%

MMP: matrix metalloproteinase; TIMP: tissue inhdiiof MMPs; UD: undetectable; ND: not determinedicrease;

1 : decreases: remains at basal level} activity levels were measured without distinctimtween indicated areas.

1.4 Transforming Growth Factor Beta

Transforming growth factddl (TGH31) regulates many of the cardiac repair
processes outlined above. It is the archetypicahbe of the TGE superfamily, a
group of evolutionarily conserved, pleiotropic dyittes that regulate many cellular
functions, including cell growth, adhesion, migoati cell fate determination and
differentiation, and apoptosis (Schmierer and RillQ7). Several human diseases,
such as cancer, organ fibrosis, atherosclerosisdhary haemorrhagic telangiectasia
and pulmonary artery hypertension, are associatéddisordered signalling of TGF
superfamily members (Bloket al, 2000; ten Dijke and Arthur, 2007).
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TGHB1 is synthesised as a dimeric pre-proprotein asddgeted in latent form being
non-covalently attached to the latent binding protd his latent complex is found
mainly as a component of the extracellular mattirequires further activation to
liberate active TGF1 ligand (Annest al, 2003; Gordon and Blobe, 2008).

TGHB1 ligand mediates its action by binding to highrafy homodimeric complexes
of type | and Il receptors (Shi and Massagué, 2008¢ constitutively active type Il
receptor then phosphorylates the type | recepaatihg to its activation. This allows
recruitment and subsequent phosphorylation of tecepgulated SMADs (R-
SMADSs), which then forms a complex with the comnmoadiator SMAD (co-
SMAD: SMAD 4). SMAD complexes are then shuttledhe nucleus where they
directly regulate gene transcription (Shi and Mgaga2003; Schmierer and Hill,
2007). There are also inhibitory SMADs (I-SMADs: 8M 6 and SMAD 7), that can
antagonise TGFsignalling by inhibiting the activation of R-SMABgure 1.2) (ten
Dijke and Arthur, 2007). TGFRL can also signal through non-canonical signalling
pathways. These include MAP kinase, JNK and phdsphiaositol-3-kinase
pathways (Derynck and Zhang, 2003).
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Figure 1.2 TGH family signalling pathways.

TGH31 normally signals via Tgfbr2/AIk5 receptor complekereby binding of TGFL results in
phosphorylation of Smad2/3, this then associatéls &inad 4 (the common Smad (Co-Smad)) and this
complex then translocates to the nucleus wheesiilts in transcription of effecter genes suchaislP

In endothelial cells (as depicted here) B&Ean also signal via the Tgfbr2/Alk1 receptor cterp

with the resulting transcription of genes suchdis Inhibitor Smads (Smad 7 is depicted here) ibhib
both Smad2/3 and Smad1/5/8 signalling in respam3e&s31. Adapted from ten Dijke et al
Angiogenesis 2008:11(1): 79-89 (ten Dijgeal, 2008).
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1.5Endoglin
Endoglin (CD105) is an 180kDa type | integral meanta glycoprotein expressed as a

homodimer with each subunit consisting of a 56 1nanaicid extracellular domain, a
hydrophobic transmembrane domain and a short @gapt tail (figure 1.3) (Gougos
and Letarte, 1990; Mahmowd al, 2011). The extra cellular domain of human
endoglin contains a tripeptide arginine-glycineasip acid (RGD) domain which is a
key recognition structure for cellular adhesion (Gos and Letarte, 1990). However,
murine endoglin lacks this structure (Deffal, 2003).There are two isoforms of
human endoglin which differ in the length of thé&racellular domain. L-endoglin has
a cytoplasmic tail of 47 amino acids and in S-etidagis 14 amino acids (figure

1.3) (Bellonet al, 1993). Endoglin is primarily expressed in vasceladothelial cells
(Gougos and Letarte, 1990) but is also expressédroblasts (Leaslet al, 2002; K.
Chenet al, 2004), myofibroblasts (Torsney al, 2002), vascular smooth muscle
cells (Adamet al, 1998), monocytes (Peded al, 1992) macrophages (Lastrgsal,
1992), and adult mesenchymal stem cells (Batrgi, 1999; Smithet al, 2007).

Endoglin is a TGP accessory receptor which is structurally simitabétaglycan
(Lopez-Casillagt al, 1991; Cheifetzt al, 1992). Endoglin is not directly involved
in cell signalling but modulates the response t@®sd TG superfamily ligands
(Lastreset al, 1996). In endothelial cells T@Hs able to signal via two type |
receptor pathways, ALK1, which stimulates endo#ialell proliferation and
migration, and ALK5, which inhibits these respongesugh activation of different
R-SMADS (figure 1.2) (Goumaret al, 2002). Subsequent experiments
demonstrated that endoglin is responsible for matthg this response to TGF
Lebrin and colleagues demonstrated that endoghedgssary for TGFALK1
signalling and indirectly inhibits TGFALKS signalling (Lebrinet al, 2004). The
different isoforms of endoglin may also play a rimlehis differential regulation of
TGFB. For example, in endoglin deficiengly myoblasts ectopic expression of L-
endoglin results in enhanced signalling via the FBEK1 pathway whereas S-
endoglin promoted the TBFALKS pathway (Velascet al, 2008). These effects of
the different endoglin isoforms may be significamage related vascular disorders as
the expression of S-endoglin is associated witlo#radial senescence (Blanebal,
2008).
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The extracellular domain of endoglin can be cledvexh the surface of cells and
circulates in the blood as a 65kDa protein, tersedble endoglin. Soluble endoglin
is found at increased levels in patients with pie@psia (Venkateshet al, 2006),
atherosclerosis (Blanet al, 1996), familial hypercholesterolaemia (Bladteal,

2008) and heart failure (Kapet al, 2010; Kapueet al, 2012). It is cleaved from the
cell surface by MMP14 (Hawinkekt al, 2010) and its levels are increased by &NF
in vitro (Cudmoreet al, 2007; Ikemotcet al, 2012). Its exact function in the
cardiovascular system is unknown but it has beewsho bind to and inhibit TGQF
(Venkateshaet al, 2006; Walshet al, 2009). The role of soluble endoglin in the
cardiovascular system will be discussed in furttetrail below.

\
Orphan
Domain
EC
ZP-N
Key:
zp-Cc
.— Glycosylation site

MMP-14

cleavage site % :I ™

-

IC -l
PDZ-binding

motif L-Eng IC domain (residues 612-658):
YIYSHTRSPSKREPVVAVAAPASSESSSTNHSIGSTQSTPCSTSSMA

S-Eng IC domain (residues 612-625):
YIYSHTREYPRPPQ

Figure 1.3 Structure of Endoglin.
Endoglin is divided into 3 distinct regions: therexellular (EC) domain, important for ligand bindj
the transmembrane (TM) and intracellular (IC) damailternative splicing generates two different IC

domains for endoglin (L-Eng and S-Eng). Adaptedrfidlahmoudet al, 2011).

10
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1.6 Endoglin in cardiovascular disease

Haplo-insufficiency for endoglin has been showmé¢aesponsible for hereditary
haemorrhagic telangiectases (HHT) type 1, a rarglitd vascular disorder
characterised by cutaneous telangiectasia andowgeous malformations
(McAllister et al, 1994). The clinical phenotype of fragile vessklmorrhage and
vascular malformations in these patients pointhiéamportance of endoglin in the
development and maintenance of the vasculature eMeryongoing research

suggests that endoglin is also important in moraroon cardiovascular diseases.

1.6.1Endoglin in atherosclerosis

In addition to being expressed in vascular endatheéndoglin is also expressed in
smooth muscle cells and macrophages in human attierotic plagues (Adamt al,
1998; Conleyet al, 2000; Maet al, 2000; Piao and Tokunaga, 2006). It is
predominantly the L isoform of endoglin that is eegsed in atherosclerotic plaques
(Conleyet al, 2000). Increased endoglin expression is alsocaged with more
advanced lesions (Piao and Tokunaga, 20@6)itro vascular smooth muscle cells
express endoglin and its expression is increaséd31 and reduced by TNF
(Conleyet al, 2000). Endoglin has also been shown to be ugatsgufollowing
balloon injury to porcine coronary arteries (Miaal, 2000). Inhibition of endoglin
antagonised the TGE mediated inhibition of smooth muscle cell migrat(Maet
al., 2000). This may be of importance in arterial hgfollowing percutaneous
coronary intervention; particularly given that imnoguppressant drugs, similar to
those used to reduce neointimal hyperplasia folhgWRCI, have been shown to
enhance endoglin expression (Albinatal, 2011; Giordanet al, 2012).

In addition to endoglin expression in vascular sthaouscle cells and macrophages
of atherosclerotic plaques, its microvascular esgign also appears to be important
in the stability of the plaque. In a study examinthe expression of endoglin in
coronary atherosclerosis in autopsy specimensporascular endoglin was correlated
with plaque haemorrhage and deep seated inflammamth of which are features

associated with plague vulnerability (Xiaofeietial, 2012).

11
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One group in particular has examined the effectyysfipidaemia and its treatment on
endoglin expression using the ApoE/LDL receptorldelknockout mouse. They
demonstrated that the HMG-CoA-reductase inhibitonastatin, used in the
management of dyslipidaemia and secondary preveittiooronary artery disease,
enhanced the expression of endoglin and resultad increase in Smad2, pSmad2/3
and endothelial nitric oxide synthase (eNos) (Nigethet al, 2009). Subsequently
they have shown that a high cholesterol diet lea teduction in endoglin expression
in atherosclerotic plaques along with a reductioAlkl and pSmad2, with soluble
endoglin being increased in the serum of these (@traskyet al, 2011). In another
paper they then demonstrated that treatment oé these, fed a high cholesterol diet,
with atorvastatin led to a reduction in atherosatierlesion size and reduced levels of
soluble endoglin (Rathousla al, 2011). Finally they confirmed that treatment with
atorvastatin reduced cholesterol levels and platpresand this was associated with an
increase in plague endoglin, Alk1l, pSmadl, pSm¥egf and eNos expression
(Vecerovaet al, 2012). The effect of hypercholesterolaemia onldel endoglin was
also seen patients with Familial Hypercholesterolae Blaha and colleagues
demonstrate that soluble endoglin was elevateldaset patients and that cholesterol
reduction, using extracorporeal elimination therapgulted in a reduction of soluble
endoglin levels. They demonstrated that this effexg not due to the capture of
soluble endoglin in adsorption and filtration colhsrused in this therapy (Blaka

al., 2008). The authors suggest that this reducti@oiable endoglin may be due to
removal of atherogenic elements resulting in acédn in endothelial activation and

hence reduced release of soluble endoglin (Bédlzd, 2008).

In patients with stable coronary artery diseasleWhg percutaneous coronary
intervention, levels of circulating soluble endoglvas an independent risk factor for
the development of major adverse cardiac evengsr(thtoet al, 2012). In addition
increased circulating soluble endoglin is assodiatgh diabetes and hypertension,
both of which are risk factors for the developmeinatherosclerosis. The level of
soluble endoglin positively correlated with HbAEcreasure of glycaemic control,
with higher levels showing poor control) and syistblood pressure (Blazquez-
Medelaet al, 2010). Although not commented on in the studg,ahsolute levels of
soluble endoglin were higher in the healthy costreliggesting that there was a

modifying influence in the diabetic and hyperteesgroups. Statin therapy is widely

12
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used in both these groups and may have resultiesver soluble endoglin levels in

these patients.

1.6.2Endoglin in heart failure

Endoglin expression is increased in the left velds of patients with end-stage heart
failure referred for mechanical left ventriculasiss$ devices (LVAD) (Kapuet al,
2012). Off loading of the left ventricle with thedevices was associated with a
reduction in tissue endoglin expression back tdetiels in patients without heart
failure, suggesting an association of endoglinleaed pressure overload in the
failing heart (Kapuet al, 2012). A previous study has demonstrated thatilgting
soluble endoglin levels are also increased in ptiwith heart failure compared to
controls (Kapuet al, 2010). Serum levels of soluble endoglin were inghy
correlated with left ventricular ejection fractiand positively correlated with left
ventricular end diastolic pressure and cardiactfanal class (Kapuet al, 2010). In

a smaller group of patients (n=10) who were admhitte in-patient management of
their heart failure, a reduction in soluble endodgivels was seen following treatment
and was associated with a reduction in pulmonapyllaay wedge pressure (a
measurement of left ventricular filling pressur@&puret al, 2010). Furthermore,
circulating soluble endoglin levels are lower inak®rs with heart failure compared
to non-smokers with heart failure. There was alsaigr flow mediated dilatation (a
measure of endothelial function) in smokers witarh&ilure. However there was no
difference in soluble endoglin between smokersraordsmokers without heart
failure (Heffernaret al, 2011). This study suggests that reduced soluidegdin

levels are associated with improved endotheliattion in heart failure.

However, alterations in soluble endoglin appedreanore complex as demonstrated
by the effect of myocardial infarction on solubtedeglin levels. Levels of soluble
endoglin in patients presenting with MI were sigrahtly lower than in healthy
controls and these levels fell further in the fd¢8thours after admission (Cruz-
Gonzalezet al, 2008). There was no correlation between soluhdmglin level at
admission and clinical outcome but a greater redndh soluble endoglin over 48
hours was associated with increased mortalityath the percentage reduction in

soluble endoglin levels was an independent predaftpost MI mortality (Cruz-

13
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Gonzalezet al, 2008). This reduction in serum soluble endogdifofving a major
vascular event was also seen in patients presentthgubarachnoid haemorrhage
(SAH) (Dietmanret al, 2012). This study also demonstrated that botleteerum
levels of soluble endoglin and higher plasma lewé[EGH31 were associated with
complications following SAH and low mean solublaleglin levels over the study
period were associated with a poor, long term fionel outcome (Dietmanet al,
2012).

1.6.3 Endoglin in the regulation of vascular tone and oxlative stress

One of the pathological manifestations of HHT ar@aneous telangectases, which are
post capillary venule dilatations connecting diet dilated arterioles (Braverman
et al, 1990). This suggested that endoglin may be iredin regulation of vascular
homeostasis and led Jerkic and colleagues to iga¢stthe effect of endoglin on
vascular tone. They demonstrated that in endogtiarbzygous mice mean arterial
pressure was slightly (6mmHg) higher than in cdetrdhere was also an attenuated
hypotensive response to the endothelium dependsioiiiators bradykinin and
acetylcholine (Jerkiet al, 2004). In an isolated hind limb perfusion modheiyt
determined that this attenuated response was dogtired vasodilatation in
endoglin heterozygous mice. This was consisterit veitiuced levels of endothelial
nitric oxide synthase (eNOS) in endoglin heterongmice and the authors showed

that levels of eNOS were related to endoglin exgpoesn vitro (Jerkicet al, 2004).

This reduction in eNos levels in endoglin heteramygmice has been confirmed by
others (Toporsiaet al, 2005). They demonstrated that this reductiorN®8 was
due to a reduction in the stability of eNOS proteiendoglin deficient mice where it
has a significantly reduced half life. In additithey demonstrated that endoglin
resides in the caveolae where it is associatedeMdS suggesting a mechanism for
its stabilising function. However, in isolated, fr@nstricted mesenteric arterioles
from endoglin heterozygous mice Toporsian and aglies demonstrated an
enhanced vasodilator response to acetylcholine acedo controls. This was due to
eNOS uncoupling and increased production of reaaikygen species (ROS)
(Toporsianret al, 2005).
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The same group subsequently showed that, compauahtrol mice, endoglin
heterozygous mice have dilated pulmonary artenestlaere is an enhanced
vasorelaxant response to acetylcholine in pre-cictesti pulmonary artery ring
segment&x-vivo,a response that was inhibited by L-NAME (an NQGbitbr)
suggesting eNOS dependence (Belilal, 2009). They also demonstrated increased
ROS production and eNOS uncoupling in the lungsnafoglin heterozygous mice
compared to controls (Belit al, 2009). This suggests that the increased pulmonary
vasorelaxation seen in endoglin heterozygous rsiceie to increased eNOS
dependent ROS production (Bekkal, 2009).

1.6.4Transforming growth factor p and endoglin in cardiac repair

Following surgically induced myocardial infarctionanimal models TGF

expression is upregulated. However, the differéBEI isoforms display different
temporal and spatial expression patterns. fIz&nd TGB2 mRNA follow a similar
time course with their expression increasing 6 fqast infarction, reaching a peak
after 3 days (Deteat al, 2001; Dewalckt al, 2004). Thereafter, they decrease but
remained elevated 2 to 3 fold, with T@Fhaving a second peak after 21 days (Deten
et al, 2001). In the same study, TfEFexpression was much more pronounced in the
non-infarcted versus the infarcted LV in the fulsty following MI (Detenet al,

2001). TGB3 demonstrated quite a different time course. F&MRRNA levels were
not significantly increased until 6 days post Mdaching a peak on day 32 and
remaining elevated for the length of the study Wwhwas 82 days (Detest al, 2001).

In addition to increased TGE expression in the infarct scar, there is alsmarease
in Smad 2, 3 and 4 in both infarcted and non-inétenyocardium following
experimental Ml (Haet al, 1999). In a study by Bujak et al, levels of
phosphorylated Smad2 (pSmad2) were significandyatkd in infarcted mouse
hearts within the first 24 hours, suggesting atitiveof the Smad 2/3 pathway (Bujak
et al, 2007). This western blot data was supported byumohistochemical staining
for pPSmad2, which identified immunoreactive cefighe granulation tissue of the
infarct border zone (Buja&t al, 2007). The western blot analysis also showed an
increase in pSmad1 at 24 and 72 hours post Mlaaradresponding decrease in
inhibitory Smad 7 (Bujalet al, 2007). This study also showed the importance of
Smad3 in the cardiac fibrosis response. Smad3 kootkiice demonstrated a similar
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density of macrophages to controls but reducedroghil infiltration and reduced
chemokine and proinflammatory cytokine expressibwdk et al, 2007). There was
no difference in the time taken for the inflammgtmfiltrate to resolve. However,
there was an increase in myofibroblast densityaln@duction in collagen synthesis
and interstitial fibrosis, which resulted in an irmpement in diastolic function in
Smad 3 null mice (Bujakt al, 2007).

Due to its pleiotropic nature, TGE plays a complex role in infarct healing. It atfec
multiple cell types involved in the healing respeifgure 1.4). TGB1 is a potent
chemo-attractant of monocytes and it regulateskaytoand chemokine expression by
monocytes and macrophages. Its primary effect acropaages is the suppression of
chemokine and proinflammatory cytokine synthesigj@B and Frangogiannis, 2007).
TGHB1 appears to have a cardioprotective effect irettrey phase post Ml. Lefer and
colleagues demonstrated that administration of fIG&t the time of experimental Ml
reduced levels of TNk-and attenuated neutrophil adhesion to vasculastaetium
(Leferet al, 1990; Leferet al, 1993). Similarly inhibition of TGF1 at the time of

MI resulted in increased infiltration of neutroghihto infarcted tissue and an increase
in the synthesis of proinflammatory cytokines ahdrookines. This exacerbated LV
dilatation and increased mortality (Ikeudtial, 2004). Thus all three studies show
that the immunosuppressive action of P&Fround the time of Ml is cardio-

protective.

TGF stimulation also has a pro-fibrotic effect. It ums synthesis of the major
extracellular proteins, fibronectin and collagegn@tz and Massague, 1986). In
cardiac fibroblasts, TGFhas been shown to increase type | and Il collagettro
(Eghbaliet al, 1991a), and induce the transformation of carfilmoblasts to a
myofibroblast phenotype (Eghbait al, 1991b), suggesting that TGk important in
the development of cardiac fibrosis. In contraghtobition of TGF at the time of
MI, delayed inhibition of TGF resulted in reduced {zolumes and improved
function combined with reduced interstitial fibresihis suggests that TGF
inhibition post Ml exacerbates early cardiac dystion but prevents late adverse
remodelling (Ikeuchet al, 2004; Okadat al, 2005). Angiotensin Il, an important
mediator of adverse ventricular remodelling, indu€&H bothin vivo, following

experimental Ml, anth vitro, in cardiac fibroblasts, leading to increased gdta
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synthesis (Suet al, 1998; Gacet al, 2009). Angiotensin type 1 (AT1) receptor
antagonism resulted in an attenuation of both ff&#d collagen synthesis (Sanal,
1998; Yuet al, 2001).

MACROPHAGE

macrophage deactivation

ENDOTHELIAL suppression of cytokine synthesis FIBROBLAST

chemokine downregulation
m decreased reactive oxygen generation &>

context-dependent

angiostatic and angiogenic effects \T] myofibrob?ast differe'ntiation
suppression of chemokine synthesis ECM protein expression
suppression of E-selectin TIMP induction

PAI-1 lati
CARDIOMYOCYTE (—TGF-B upregulation

—3 LYMPHOCYTE

hypertrophy NEUTROPHIL -
MONOCYTE lymphocyte rentiation

’ lymphocyte proliferation
enhanced chemotg 0‘

decreased neutrophil adhesion
enhanced chemotaxis

increased cytokine synthesis

Figure 1.4 The diverse, multifunctional, and pleiotopic effects of TGF$ on cell types involved in
infarct healing.
From Bujak, M. et al. Cardiovasc Res 2007 74:188{Bjaket al, 2007).

Endoglin has an important role in blood cell meeliatascular repair (van Laaké
al., 2006). It is strongly expressed in the infaretaat week following MI and the
data from this study suggested that endoglin espyresvas confined to endothelial
cells (van Laaket al, 2006). However, the temporal and spatial expoessf
endoglin in the heart following MI has not beendsta in detail and will be
addressed in this thesis. Following surgical Mdaglin heterozygous mice have
significantly reduced cardiac function compareddatrol mice. They also exhibited
impaired angiogenesis in the infarct region sugggshat this may result in greater
adverse remodelling following myocardial infarctidntravenous injection of bone
marrow mononuclear cells from healthy human dosamsificantly improved cardiac

function but cells from donors with HHT1 (i.e. gatts who were heterozygous for
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endoglin mutations) did not (van Laa&keal, 2006). This impaired ability, of bone
marrow mononuclear cells from HHT1 patients, toraagt cardiac repair appears to
be due to impaired homing of these cells to tharotéd heart and a disruption of the
SDF1-CXCR4 axis (Pogt al, 2010). This clearly shows a role for endoglin in
infarct healing and cardiac repde novoas well as following adult stem cell
transplantation. One of the goals of this thesis teanvestigate the role of endoglin
in cardiac repair in more detail. Interestinglyridg the course of this study, endoglin
heterozygous mice were shown to have improvedwalrand cardiac function in a
pressure overload model of heart failure (Kagiual, 2012), and is discussed further

below.

1.6.5Endoglin in fibrogenesis

Studies have shown that endoglin is expressedrdiacafibroblasts either freshly
isolated or in culture (K. Chest al, 2004; Shywet al, 2010; Kapuet al, 2012).
Endoglin has also been shown to be expressed &n ol types involved in
extracellular matrix regulation in other organst Emample, cutaneous fibroblasts
(Leasket al, 2002), intestinal fibroblasts (Burlet al, 2010), hepatic stellate cells
and portal fibroblasts (Meuret al, 2010), mesangial cells (Diez-Marqustsal,
2002) and chondrocytes (Finnseinal, 2010).

Angiotensin Il stimulation of rat cardiac fibrobtasias been shown to result in
increase expression of endoglin which was mediatethe AT1 receptor and the
MAP kinase pathway (K. Chegt al, 2004). In this study the induction of collagen 1
and suppression of MMP1 by angiotensin Il was amagd by an endoglin specific
antibody (K. Cheret al, 2004). TGB1 stimulation of rat cardiac fibroblasts also
results in induction of endoglin and collagen 1wedwer, this induction was mediated
via the PI3 kinase, Akt and Smad3 pathways buth®MAP kinase pathway.
Inhibition of endoglin by siRNA resulted in a si§joant reduction in collagen 1
synthesis in response to T@&F suggesting that endoglin may play a role inois.
Interestingly, suppression of TEEinduced collagen 1 synthesis by atorvastatin
occurred independently of the presence or absedrmedoglin (Shywet al, 2010).

Both these studies confirm that the profibroticogymes angiotensin Il and TGE,
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induce endoglin expression in cardiac fibroblasis that endoglin is a positive

regulator of collagen production.

The effect of endoglin on models of fibrosis in@tlergan systems has also been
studied. Hepatic stellate cells are pericytes faarttie perisinusoidal space of the
liver and are an important cell type in hepatiecdiis. A study by Meurer and
colleagues demonstrated that endoglin expressimcrsased in rat models of
experimental liver fibrogenesis and confirmed #radoglin is expressed in rat hepatic
stellate cells. This expression of endoglin is egutated by TGFL (Meureret al,
2010). In these cells, TBE stimulation results in Alk5 dependent, phosphetigh

of Smadl/5, Smad2 and Smad3. Transient over esipresf endoglin enhanced
Smad1/5 phosphorylation and resulted in an increasgpression of alpha smooth
muscle actindSMA, also known as Actal) (Meuret al, 2010). These data also

suggest that endoglin is a positive regulator lmfogenesis.

Human mesangial cells, present in the kidney anmbrtant in glomerulosclerosis,
also express endoglin in culture. TEFstimulation of these cells results in increased
expression of endoglin, TGFBR2 and TgFalong with the extracellular matrix
proteins collagen I, collagen IV and fibronectindbMarquest al, 2002). This

study also demonstrated that the composition oé#teacellular matrix influences the
expression of endoglin, with increased expressianésangial cells cultured on
collagen coated plates (Diez-Marquetsal, 2002). Finally, they investigated the
effect of over expression of endoglin in a moubeoiblast cell line. In endoglin
transfected cells the levels of collagen | was loinéboth untreated and TGE

treated cells (Diez-Marquext al, 2002). From this they concluded that endoglia is
negative regulator of collagen synthesis. Thisifigds in contradiction to those
discussed above that indicated endoglin was aipeségulator of collagen synthesis.
However, a number of other studies, where endoglaver-expressed, also suggest
that over-expression of endoglin is a negative letguof the TGB1 induced fibrotic
response. For example in an intestinal fibrobla#itime over-expression of endoglin
resulted in an abrogation of the increased expyassi connective tissure growth
factor (CTGF) seen in control fibroblasts followili@GM31 stimulation (Burkest al,
2010). In the same study they also knocked dowogidin primary intestinal

fibroblasts with siRNA. This resulted in a smalhasignificant increase in CTGF
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protein expression following TG stimulation in endoglin depleted fibroblasts
compared to control. However, there was a sigmfitacrease in collagen gel
contraction (ann vitro model of connective tissue remodelling) by endodkpleted
fibroblast under basal conditions and following B&stimulation (Burkeet al,
2010).

Scleroderma (systemic sclerosis) is a chronic autaine disease characterised by
progressive fibrosis of the skin, blood vesselssetas and other internal organs. It
has been found that endoglin is over-expressednmal fibroblasts cultured from
patients with scleroderma and the expression obgimdincreases with progression
of the disease (Leask al, 2002). However, over expression of endoglin imuds
and NIH3T3 fibroblasts blocked the T@&Finduction of CTGF (Leaskt al, 2002).
Another study by the same group confirmed the oy@ession of endoglin in dermal
fibroblasts from patients with scleroderma and tettaglycan (another T@Rype Il
receptor) expression was also increased (Hokhes 2011). Similarly, basal
transcription of CTGF and collagen | was increasestlerodermal fibroblasts but
these cells showed a decreased responsivenessfi Then compared to control
fibroblasts. Once again, over-expression of endaghibited TGB1 induced CTGF
activity. However, over expression of betaglycahaced basal and TGFE induced
activity. The same response was seen when endaglifbetaglycan were co-
transfected (Holmest al, 2011). These data support endoglin as a negatudator
of the fibrotic response in scleroderma but sugtiedtthe different type Il receptors

may have antagonistic roles in this response.

However, a recent study by Morris et al. (Moeisal, 2011) casts doubt on endoglin
as negative regulator of the fibrotic responseclarederma. In this study they
knocked down endoglin, using siRNA, in dermal fitliessts from patients with
scleroderma and normal controls. They found nocetiéendoglin knock down on
CTGF or collagen | gene expression. However, irobltasts from patients with
scleroderma they found that endoglin knockdownltedun down regulation of both
CTGF and collagen I. These results suggest thaighinds a positive regulator of
extracellular matrix production in scleroderma (ki®et al, 2011).
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These studies all examine the effects of endaglintro and the precise culture and
experimental conditions may explain the contradictesults. It may therefore be
more informative to investigate the role of endogin the fibrotic response vivo.

In the heart the role of endoglin has been studi¢do in vivo models of heart
failure; myocardial infarction (van Laalet al, 2006) and pressure overload
following transverse aortic constriction (Kapetral, 2012). The study by van Laake
and colleagues has been discussed above and deateshshat cardiac function
following surgically induced myocardial infarctias significantly reduced in
endoglin heterozygous mice compared to controls [zakeet al, 2006). In a study
using pressure overload as a model of heart faiKewpur and colleagues
demonstrated that there is improved cardiac funaiad reduced fibrosis in endoglin
heterozygous mice compared to controls. They nibtgicthere was no difference in
the LV hypertrophy induced by aortic constricticgtween endoglin heterozygous
mice and controls. However, there was an incraasgybcardial capillarity in
endoglin heterozygous mice compared to controlsiridtudy suggested that reduced
endoglin limits fibrosis by limiting TGFL signalling via the SMAD2/3 and ERK1/2
pathways (Kapuet al, 2012). They also investigated the effects of glidmn
human cardiac fibroblasts vitro. They found that inhibiting endoglin resulted in
reduced type 1 collagen production. Interestintfigy found a paradoxical
attenuation of type 1 collage production when tbegr expressed endoglin in these
fibroblasts, similar to some of the sclerodermaahscussed above. Kapur et al
demonstrated that soluble endoglin antagonisedfLGkgnalling and confirmed that
there was increased soluble endoglin in the caktl media of cardiac fibroblasts
over expressing endoglin (Kapetral, 2012). This suggests that it is increased
soluble endoglin, not the over-expression of enidogthich is responsible for this
paradoxical response and potentially explains ifierohg result previously seen in

scleroderma fibroblasts.

In the kidney endoglin haploinsufficiency also ésin reduced fibrosis following
irradiation compared to controls (Scharpfeneakaal, 2009). Further research by the
same group demonstrated that this reduction ilwgisrwas associated with a reduced
macrophage infiltration and cytokine productiorténheukin 1 beta and interleukin 6)
in the endoglin heterozygous mice (Scharpfeneekat, 2012). This role of endoglin

in modulating the inflammatory response has beemodstrated by other groups. In a
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renal infarct reperfusion injury model, endoglirtdrezygosity is protective against
infarct reperfusion injury and is also associatdith weduced macrophage infiltration
(Dochertyet al, 2006). This may be due to the effect of endogtiieucocyte
adhesion and endothelial transmigration. Transématiat transmigration of
leucocytes during inflammation has been shown tioripaired in endoglin deficient
mice (Elisa Rosset al, 2013).In vitro studies suggest that the RGD motif of
endoglin is responsible for this adhesion and tragsation (Elisa Rosset al, 2013),
which is interesting as murine endoglin does natspss this motif (Du#t al, 2003).
Also soluble endoglin was demonstrated to abohshdéndoglin dependent leucocyte
adhesion (Elisa Rossi al, 2013).

Clearly endoglin plays an important role in regulatof fibrosis but it is unclear from
these studies if these effects are due to thetadfeandoglin directly regulating TGF
collagen production or indirectly by its effectsiaflammation or indeed both.
Therefore one of the goals of this thesis was vestigate the role of endoglin in
collagen production by cardiac fibroblasts.

1.7 Mouse models

Significant advances in mouse genetics have prdvyideverfulin vivo models with
which to study gene function. In the case of enidoglull embryos show embryonic
lethality due to defects in angiogenesis (Artatial, 2000). However, mice
heterozygous for the endoglin gene develop nornvally no effect on survival. They
show reduced levels of endoglin and serve as alnodtHHT type 1 in the 129/Ola
background (Arthuet al, 2000). In order to study the effects of this eis€gene in
adult life a different approach is needed, usingd@tional knockout mice. This allows
the tissue specific inactivation of a target geina specific point in time. Our group
has developed an inducible endoglin knockout moaliéihson et al, 2007). This is
achieved by flanking specific exons of the targateg(in this case, exons 5 and 6) by
loxP sites. In the presence of the enzyme Cre-rbotase, these exons are excised to
inactivate the gene. In the case of the inducihtioglin knockout mouse an inducible
version of Cre (C'&'™) is used and is activated by tamoxifen (figure.ABithin our
group we have two inducible Cre lin€gh5(PAC)-CrERX™ (an endothelial specific
Cre line) andRosa26-Cr&R?(in which Cre is ubiquitously expressed). Bottesin
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were used in the work described in this thesisitestigate the roles of endoglin in
cardiac function. The differeim vivo andin vitro experimental approaches that were

used are introduced in the relevant chapters.

1.8 Magnetic resonance imaging to assess cardiac struce and function in mice

In parallel with the increased use of geneticallydified mouse models in the study
of cardiovascular development and disease, imprta@thiques to analyse their
cardiac function have evolved. Magnetic resonanmaging (MRI) allows for an
accurate and reproducible, non-invasive assessmheatdiac structure and function
(Florentineet al, 1986; Shapiret al, 1989; Ruffet al, 1998). Although, given the
small size of the mouse heart and high physioldgieart rates, this assessment
remains technically challenging. Each aspect okttperimental process requires
careful consideration to optimise image quality &mdnsure accurate and
reproducible data collection (Johnson, 2008). Irgrdrfactors include choice of
hardware, anaesthetic agent and gating strategly bieee | will initially discuss the
physics of nuclear magnetic resonance to explamragnetic resonance images are
obtained. | will then discuss the experimentaldesthat influence image quality.
Finally, 1 will discuss the use of MRI for the assment of cardiac function in mice.

1.8.1Nuclear magnetic resonance

In order to understand how MRI images are geneiiaitedmportant to understand
the basic structure of atoms. An atom consistsagrdral nucleus, made up of
protons and neutrons, and orbiting electrons. Withe atom there are three kinds of
motion, electrons spinning on their own axis, et@ts$ orbiting the nucleus and the
nucleus spinning on its own axis. Nuclei with aml edass number (total number of
protons and neutrons) have net spin or angular mameand are MR active nuclei.
It is the spinning of specific nuclei present inlbgical tissue that underpins the
principles of MRI. The hydrogen nucleus consista gblitary proton which gives it a
relatively large magnetic moment. It is the mosiratant atom in biological tissue.
Both these facts make hydrogen the ideal MR activaei for magnetic resonance
imaging (Westbroolet al, 2005).
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The fundamental laws of electromagnetism stateaimaagnetic field is created when
a charged particle moves. Thus the spinning ofsitigely charged hydrogen nucleus
induces a magnetic field around it. It is easiestdnceptualise these protons as tiny
magnets or “spins”. Normally these protons are oamg orientated but the
application of a strong external magnetic field)(Bauses them to align with the
magnetic field. Some will align parallel (in thesadirection) and some will align
anti-parallel (in the opposite direction) to thegnatic field. There is a small excess
of protons aligned parallel to the magnetic fieddulting in a net magnetic moment
called the net magnetisation vector (NMV) and theggnetisation within a subject
allows the generation of the MR image (see beldggtbrooket al, 2005).

The influence of the strong magnetic field alsoduees an additional spin or wobble
of the magnetic moments of hydrogen nuclei aroufd'Bis is called precession. The
circular path they follow aroundyBs called the precessional path and the speed at
which they move around this path is called the ggsional frequency. The
precessional frequency is governed by the Larmoatgn. The Larmor equation
states that:

W =By xy

where:

o IS the precessional frequency (measured in metyafidHz))

Bo is the magnetic field strength of the magnet (mesbin tesla, T)

yis the gyromagnetic ratio (unit is megahertz pstat (MHz/T)). The gyromagnetic
ratio for hydrogen is 42.57 MHz/T (Westbroekal, 2005).

If a radiofrequency (RF) pulse is then appliechatdame frequency as the
precessional (Larmor) frequency for hydrogen thenhtydrogen nuclei gain energy
and resonate. The result is that the NMV rotategyawom the longitudinal plane
(which is in the same direction of the magnetitdfi@gowards the transverse plane,
which is at 90° to the longitudinal plane. Thisiprocess called “excitation.” The
magnitude of this rotation (terned the “flip angles’ dependent on the magnitude and
duration of the RF pulse. The other result of resme is that the magnetic moments
of the individual hydrogen nuclei move into phasthwach other (Westbroak al,
2005). When the RF pulse is switched off then Wy@rdgen nuclei lose the energy
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and the NMV realigns with the magnetic field. Aetbame time but independently
the magnetic moments of hydrogen nuclei lose caotogrdue to dephasing. Together,
these processes are called relaxation. Relaxasits in the decay of transverse
magnetisation, due to nuclei exchanging energy thighr neighbouring nuclei, called
T2 decay and the recovery of longitudinal magnatsadue to the nuclei giving up
energy to their surrounding environment, termedécbvery (Westbrookt al,

2005).

If a radiofrequency receiver coil is placed in ttensverse plane then an electrical
current is produced when in-phase magnetisatianaeross it. This current
constitutes the MR signal. The time between theiegtpns of RF pulses, during
which relaxation occurs, is called the repetitiomet (TR). The time from the
application of the RF pulse to the peak signal agdlin the receiving coil is called

the echo time (TE). Both are measured in milliseson

Tissue contrast is produced due to the fact thag&ecnées in biological tissues relax at
different rates. The useful example is to compateihd water. Fat molecules contain
atoms of hydrogen, carbon and oxygen where theolggir atoms are closely packed
and relatively immobile relative to one another.té&vas comprised of two hydrogen
atoms with one oxygen atom and its molecules adelywispaced. These differences
in structure influence the time for which individymotons can interact with each
other and other atoms in their local environmemng2quently relaxation in fat is
quicker than in water. This results in fat havinghart T2 (fast signal decay) and
short T1 (fast recovery of longitudinal NMV). Thppmosite is true for water.
Selection of appropriate MRI scan parameters agd tssensitise the image to these
differences and create contrast between differesii¢s. For example, in T1 weighted
images, where fat appears bright and water dagkTEhand TE are both short.
Whereas, in T2 weighted images, where fat appeaksahd water appears bright, the
TR and TE are both long. The use of MR contrash&gean significantly alter the
local T1 and/or T2 resulting in an increased oréased signal intensity and hence
positive or negative tissue contrast. Examplesiohsgents include gadolinium,
manganese and iron (Westbrastkal, 2005).
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1.8.2Experimental Factors

1.8.2.1Hardware

Given the small size of the mouse’s heart an ogtchhardware setup is required
(Schneideet al, 2006). Cine MRI of mice hearts has been descniisaty magnetic
field strengths between 1.5T (Gilson and Kraitchn20907) and 11.4T (Schneidetr
al., 2003). However, increasing magnetic field strbadtenefits the signal to noise
ratio (SNR) allowing improved spatial resolutiordazan reduce time required to
collect MR images (Schneidet al, 2006). Most magnets used for murine CMR have
a horizontal bore. However, some older experimdnigdi field magnets>(11T) were
built with vertical bores (Wiesmaret al, 2001a; Schneidest al, 2003). This
potentially poses a problem as mice have to beeaahagth an upright body position
which is not physiological. Wiesmann et al. (Wiesmat al, 2001a) showed that
following a transient drop in left ventricular (L\8ystolic pressure on vertical tilting,
which returns to baseline by six minutes, a verticaly position did not affect
invasive hemodynamic parameters over a follow upgdeof 60 minutes. When
applied to a high field, vertical bore MR systenveatical body position did not
affect measured cardiac function parameters wherpaoed to a horizontal bore
system (Schneidest al, 2003). The pre-clinical magnet at Newcastle Ursitg and
used in the work described in this thesis has etwotal bore so the animals are

placed prone, which is a more physiological posifar mice.

1.8.2.2Gating

The imaged generated is built up using a numbsigofal excitations, with the
duration of the scan (from milliseconds to minutesing dependent on the type of
scan and the contrast required. The MRI processrassthat the object being imaged
is not moving and so any uncontrolled movementltesuimage blurring. As the
heart is constantly beating and moving with regra cardiac MR is severely
affected by both cardiac and respiratory motioefadts. This is exacerbated by the
high mouse heart rate (400-600 beats per minuta))opnd fast respiratory rates.
These are minimised by the use of physiologicahgab trigger the start of a scan
and synchronise the image sequence to the beatarg ICardiac gating is essential
and image quality is improved with respiratory ggtiwhich becomes more
important at higher field strengths (> 7T) (Scheeket al, 2003; Cassidgt al, 2004).
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The maintenance of a steady state level of magtietisduring respiration without
acquiring image data has also been shown to improage quality (Cassidgt al,
2004). Although initial experiments were performesng only cardiac gating the
majority of the work described in this thesis ubeth respiratory and cardiac gating.

1.8.2.3Anaesthetic

Mice need to be anaesthetised for the duratiomdfiRl scan. The choice of
anaesthetic influences the quality of data dependimthe duration of action and the
effects on cardiac function. An echocardiographiclg comparing inhaled halothane
to a ketamine and xylazine combination showedkbasmine/xylazine produced
significant reductions in heart rate, left venttasuractional shortening and cardiac
output (Chavest al, 2001). Anaesthesia was induced with the ketaxyteZine
combination (80/10 mg/kg i.p.) within 5 to 20 miestof injection with duration of
action between 30 and 60 minutes. Whereas, haletfta®5-0.75% in 95% 0O2)
induced anaesthesia in less than 5 minutes ofatibal maintained an adequate
depth throughout and mice recovered to ambulatctiyity within 2 minutes of
halothane withdrawal (Chaves al, 2001). Further studies have confirmed the
myocardial depressive nature of ketamine/xylazidetliet al, 2002; Koberet al,
2004). Roth et al. (Rotét al, 2002) compared a range of anaesthetic agentg. The
found that inhaled isoflurane produced higher ahitieart rates of about 550 beats per
minute but gradually declined over the 20 minutelgtperiod to about 400 beats per
minute. Isoflurane provided the most stable cartliaction over this time and was
the most reproducible in repeat studies. The cdraton of isoflurane (1.25% versus
2.00%) was found to affect respiration rate in acemtration dependent manner but
did not affect cardiac function (Kobet al, 2004). Mouse cardiac MR scans
normally take between 45 and 60 minutes and cafdrattion needs to remain stable
during this time. As a result of its ease of use eardiac stability, isoflurane is
commonly used in murine MRI experiments (Reiffal, 1998; Wiesmanet al,

2001a; Wiesmanast al, 2002; Schneidezt al, 2003; Cassidgt al, 2004).

1.8.3Assessment of cardiac function with MRI

Cardiac magnetic resonance imaging (CMR) provide=etdimensional images of
the heart with high spatial and temporal resolutlbhas been used to accurately and
reliably assess cardiac function in both humansh{&enet al, 1987; Crannewt al,
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1990) and large animal models (Florentetal, 1986; Shapiret al, 1989). The
small size of the mouse heart and its high phygiol heart rate provide additional
challenges for the study of murine cardiac functidawever, Ruff and colleagues
(Ruff et al, 1998) demonstrated that small volumes could barately measured
with high resolution magnetic resonance imagingyralso found that there was
precise agreement between left ventricular massileaed by MRI and at autopsy.
Finally, they were able to show that the assesswoiferdrdiac function by MRI was
highly reproducible with low inter-observer andrarbbserver variability.
Echocardiography is an alternate imaging modat&t has been validated for
assessing LV mass and function (Manng@l, 1994; Gardiret al, 1995). However,
echocardiography relies on geometric assumptionshahay limit its accuracy in
hearts with abnormally shaped left ventricles thay result from disease (Dule¢
al., 1993 125). The development of three dimensiodabeardiography, which does
not rely on geometric models, may reduce this &tron (Dawsoret al, 2004). The
complex geometry of the right ventricle (RV) malkssessment of its function more
difficult. Nevertheless, assessment of RV sizefandtion can be accurately made
using CMR in humans (Sechtezhal, 1987) and mice (Wiesmart al, 2002). MRI
allows accurate assessment of cardiac functionowitrelying on geometric models

and provides valuable three dimensional strucinfarmation.

Magnetic resonance imaging has been successfyiliedgo several mouse models
of cardiac disease. Siri et al (Setial, 1997) were able to show that MRI could be
used to assess changes in LV mass, geometry actibfum a mouse model of left
ventricular hypertrophy. Following myocardial infion (M) cardiomyocyte loss,
fibrosis and neurohormonal changes lead to LV tiatining, LV dilatation and
impaired regional function. These changes in stimecand function have been serially
assessed in a mouse model of reperfused myocarf#iettion using MRI (Rosst al,
2002). They demonstrated that at 1 day followingthd LV function had declined by
greater than 50% and remained depressed for tlagiauof the study. Over the
course of the next 4 weeks the left ventricle pesgively dilates. They also showed a
transient reduction in contractile function in i@y remote from the infarcted
myocardium. This resolved by 7 days post infarat,visas followed by a late phase of
myocardial dysfunction that became fully manifeg@B8 days. This reduction in

contractile function in non-infarcted regions wéalemonstrated by Yang et al.
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(Yanget al, 2004). However, their study only assessed LV tioncat a single time
point (24 hours post MI) and therefore did not destrate an early and late phase of
contractile dysfunction. Together these studiesalestrate that ventricular
remodelling is a dynamic process and highlightsvidae of MRI to serially evaluate
cardiac function in the same animal, at differ@metpoints post MI. In addition to
global myocardial function, regional function camdssessed by measuring
myocardial torsion with magnetic resonance tagg@ihensonet al, 2000) or
myocardial velocity mapping using phase contrast iIN&ahrendorfet al, 2006).

Magnetic resonance contrast agents can be useddssamyocardial perfusion,
infarct size and myocardial viability. In clinicsludies gadolinium based agents are
used as these increase the intensity of T1 weightades. The principles underlying
this technique are that the first pass of gadatintbrough the heart demonstrates
myocardial perfusion since the contrast agentssmslly only within the
vasculature at this time. The gadolinium then aadates in the abnormal
interstitium of the infarcted region. This resutisncreased T1 weighted image
intensity in the area of infarct after a delay ab20 minutes. This technique is called
late gadolinium enhancement. In a mouse infarctehdkere was good agreement
between infarct size as assessed by late gadolioauntnast enhancement and
histological staining with 2,3,5-triphenyl tetrazwh chloride (TCC) (Yangt al,
2004). Manganese is another MR contrast agentinga@clinical models and
Manganese-Enhanced Magnetic Resonance Imaging (MESAR indirectly assess
myocardial calcium influx (Het al, 2001). To image calcium influx MEMRI
exploits 2 properties of the manganese ion: otigaisthe ion is divalent and so enters
the cardiac myocyte through the L-type calcium cledugor potentially other routes of
abnormal calcium cell entry), and secondly, th& @ contrast agent on T1 weighted
images. These 2 properties allow us to non-invasivenitor myocyte calcium
uptake in-vivo. Hu et al, demonstrated that mangamsmhanced MRI (MEMRI) can
be used to assess calcium influx and inotropie siithe heart (Het al, 2001). The
same group showed that MEMRI was able to accurassgss infarct size in vivo as
measured by TCC staining post mortem. It also ahbtine simultaneous evaluation
of LV function and viability (Huet al, 2004).
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In conclusion magnetic resonance is a versatileftodhe accurate and reproducible
assessment of cardiac functiorvivo. It has been used in several models of
cardiovascular disease to assess the effects efrgatations, response to
pharmaceutical therapies and response to cellglesrgAkkiet al, 2013). However,
it is expensive and requires careful optimisatmadhieve these results. At the time
of starting my PhD studies, cardiac MRI of mousealeis had not yet been

established in Newcastle and this was thereforeobtiee first aims of my project.

1.9 Aims

1. To establish and validate murine cardiac MRI at bistle University using a
7T Varian magnet.
2. To evaluate applications of cardiac MRI in threeusemodels of cardiac
disease.
3. To investigate the role of endoglin in endogenarsliac repair.
a. To establish the temporal and spatial expressi@ndbglin in the
heart following myocardial infarction.
b. To establish a ubiquitous endoglin knockdown mouseel using

ER? mice.

tamoxifen treate@ngd”";Rosa26-Cr
c. To use this mouse model to investigate the effeicemndoglin
depletion on infarct size and myocardial functiovivo using cardiac
MRI.
4. To investigate the role of endoglin in primary gaadfibroblastsn vitro

during the pro-fibrotic response to T@Fstimulation.
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Chapter 2 Materials and methods.

2.1 Suppliers.

All chemicals and reagents were purchased from & national, Sigma-Aldrich,
Vector Laboratories, Thermo Scientific, GE Healtieg®ierce Biotechnology,

Qiagen, Roche or Invitrogen.

All plastic ware and apparatus for Western blotang general laboratory use was
purchased from BioRad Laboratories, Iwaki, Greifk, Lamb, or Scientific

Laboratory Supplies.

Oligonucleotides were purchased from Integrated Did&hnologies.

2.2 Mice strains and genotyping.

All animal experiments were performed under Homgc®fpersonal and project
licences in accordance with the Animals (Scientfrocedures) Act 1986 and had

local ethical approval.

2.2.1Mouse strains.

For the MRI validation experiments and the myocarutifarction model C57BI/6
mice were used. For the manganese enhanced MRiigmés delta-sarcoglycan
deficient Scgd-/-) micea model for limb girdle muscular dystrophy typ@\®naka,
1998), were used with age matched C57BI/10 micd aseontrols. ThEnd" mice
were developed in my host laboratory (Allinsetral, 2007) and were homozygous
for the floxed endoglin allele, with loxP sitesrflang exons 5 and 6 (figure 4.5). To
achieve ubiquitous or endothelial specific endogtinckdown theend”™ mice were

crossed with the tamoxifen inducitfRosa26-CreR™

(generated in Dr A. Joyner’s lab,
New York, and were obtained from Dr C Guo, Univigrsif Connecticut) or

Cdh5(PAC)-CrE*™mice (Dr Ralf Adams, CRUK, London).
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2.2.2DNA extraction.

The solutions needed were made up from stock solsitas follows:

Lysis buffer 1(25mM NaOH/0.2mM EDTA).

2.5ml of 0.5M NaOH + 0.02ml 0.5M EDTA in 50ml sterdouble distilled KO,
adjusted to pH12.

Lysis Buffer 2(40mM Tris-HCI).

4ml of 0.5M Tris-HCI in 50ml sterile double diséll HO adjusted to pH 5 with HCI.

Ear clips of adult mice were incubated with @DOf lysis buffer 1 in a thermomixer
at 95°C, 350 rpm for 60 minutes. Following a qucktex, 10Qu of lysis buffer 2
was then added. This solution was then quicklyes@tl and centrifuged for 5
minutes at 13,000g. The resultant supernatant cwttdhe DNA, 2l of which was
then used in the subsequent PCR reaction, witmt#gerity of undigested tissue and

impurities remaining at the bottom of the tube.

2.2.3Genotyping.

All genotyping was carried out using polymerasertheaction (PCR). To genotype
theEnd"":Rosa26-CrER"?andEng"":Cdh5(PAC)-Cr&X ™ mice a four primer mix
(table 2.1) was used to amplify part of #reloglingene and part of tHére gene.
Each PCR reaction was carried out in 0.2ml thinedaPCR tubes. Individual
reaction mixes consisted ofil2of extracted DNA, fl of 20uM primer mix, 2.5l of
25mM MgClb, 2.5l 10x Reaction Buffer IV, 042 Red HotTagDNA Polymerase
(all purchased from ABgene, Thermo Scientific), 0.& 10mM dNTPs (New
England Biolabs) and 16:8dH,O to make a reaction volume of25

Table 2.1 Primers used for genotypindgEng™"; Rosa26-Cre"R"? and Eng""; Cdh5(PAC)-CreFR™

mice.

Primer Sequence (5’-3) Product size
engF6 GACGCCATTCTCATCCTGC 500bp
engR7 CCACGCCTTTGTCCTTGC
CreSF TGCCACCAGCCAGCTATCAACT
Cre5R AGCCACCAGCTTGCATGATCTC 191bp
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PCR reactions were carried out using the GeneAmPR Bystem 2400 (Applied
Biosystems). The PCR cycle program used was asafsl|

Initial denaturing step: 95°C - 2 minutes

Denaturing step: 95°C - 15 seconds

Annealing step: 58°C - 30 seconds x35 cycles
Extension step: 74°C - 1 minute

Final extension step: 74°C - 7 minutes

PCR products were then resolved on 1.5% agarose atse were made by heating,
in a microwave, 1.5g DNA agar (SeakéirE Agarose for gel electrophoresis) in
100ml of 1XTAE buffer (40mM tris base-acetate antMLEDTA) to generate a clear
solution. This was allowed to partially cool befd@l of 10,000x GelRed (Biotum
Inc) was added. The gel was then poured in to botéa gel tray with combs. Once
cooled and fully set the gel was fully submerged gel electrophoresis tank
containing 1XTAE buffer and the comb carefully remd. Prior to loading the DNA
samples into the gel they were mixed with a DNAdiog dye (0.25% bromophenol
blue, 0.25% xylene cyanol FF and 40% sucrose yOJHllowing the DNA to sink to
the bottom of the wells and visualisation of DNAgnation during electrophoresis. A
1kb DNA ladder (Invitrogen) was loaded alongside shmples to enable accurate
sizing of the DNA product. Following electrophoietiie DNA bands were visualised
by exposure to UV light and the image capturedgisitGeneGnome System and

GeneSnap Software (Syngene Bio Imaging).

2.3 Magnetic resonance imaging.

Magnetic resonance images were acquired on a mbalzoore 7.0T Varian
microimaging system (Varian Inc, Paulo Alto, CA, A)Squipped with a 12-cm
microimaging gradient insert (40 gauss/cm). Aninvedse anaesthetised with
isoflurane (5% with 1I/min oxygen for induction f@lved by 1-2% with 1l/min
oxygen for maintenance) via a facemask and positi@m a custom built sled (Dazai
Research Instruments, Toronto, Canada), with iatedrelectrocardiographic (via
electrodes in contact with the shaved chest witldaotive hydro-gel), respiratory
(via a pneumatic pillow) and cutaneous temperatuvaitoring. An SA Instruments
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Inc. (Edison, NJ, USA) small animal system was udseghysiological monitoring
and gating. A 30mm or 39mm quadrature birdcage(&apid Biomedical, GmbH)
was used to transmit/receive the MR signal. Glahadliac function was measured
using an ECG triggered, respiratory gated gradkehd (FLASH) cine MR sequence.
The sequence was triggered by the R wave of the, B®{&h was end diastole. Scout
images were obtained and orientated to the sh@taanx 2 long axes (horizontal and
vertical) of the heart (see chapter 3 for furthetiads). T1 weighted scans from 8 to
10 contiguous short axis slices were obtained aogehe whole left ventricle. Single
horizontal and vertical long axis slices were albtained. The following imaging
parameters were used: TE 1.42ms, TR 5ms, flip atfsflematrix 128x128 (zero
filled to 256x256), field of view 25.6x25.6mm, sithickness 1mm, number of

averages 4.

2.3.1MRI based measurement of myocardial mass and cardiafunction.

Myocardial mass.

1. Using the Image J (NIH) software package, the betaeen the epicardial and
endocardial borders were measured in all slicepa@tdiastole and end systole
(figure 2.1).

2. Left ventricular (LV) myocardial area is the aresvieeen the epicardial (yellow)
and endocardial (red) borders and was calculatedafch slice using:

Myocardial area per slice = epicardial area — en@odial area

3. LV myocardial volume for each slice was calculatsthg:

Myocardial volume per slice = area x slice thickses

4. The total myocardial volume was calculated using:
Total myocardial volume { myocardial volume per slice

5. LV mass was calculated using:
LV mass (mg) = Total myocardial volume x myocardipécific gravity (1.05g/ct
6. The mean myocardial mass was calculated from thecardial mass at end
diastole and end systole.
7. To ensure accurate measurement of myocardial massnade, there should be
no more than a 5% difference in the myocardial ncaksulated at end diastole

and end systole.
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Global systolic function.

1.

The measurements from the endocardial border fdr slice (figure 2.1) at end

diastole and end systole were taken. The LV chamime is that within the
endocardial border.
The LV chamber volume for each slice at end diaséold end systole was
calculated using:

LV volume per slice = LV area x slice thickness

The LV end diastolic volume was calculated using:
LVEDV () = Z LV volume per slice at end diastole
The LV end systolic volume was calculated using:

LVESV () = Z LV volume per slice at end systole

Various function parameters were calculated froes¢hwvolumes as follows:

Stroke volume (SV)l) = LVEDV — LVESV

Ejection fraction (EF) (%) SV vEpy)* 100

Cardiac output (CO) (ml/min) £V x heart rate}; 5,
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Figure 2.1 Mid-ventricular short axis slice showingepicardial (yellow) and endocardial (red)
borders of the left ventricle.

Border lines were manually traced using ImageJrsot.

2.3.2Reproducibility of MRI measurements.

To assess reproducibility of MRI measurements igoered all measurements on two
separate occasions. Intra-observer variability ezdsulated for each subject as the
standard deviation of the measurements dividedéyrtean of the measurements
multiplied by 100. The mean value and standardadern for all subjects was used as

a summary measure for each variable.

2.3.3Measuring size of myocardial infarct.

The infarcted myocardium is characterised by thihéinetic area of myocardium.
The infarct size, as a percentage of the left variar myocardium can be calculated
by measuring the left ventricular epicardial (Tapyl endocardial (Ten)
circumference as well as the infarct length (leg@ Bam) at end-diastole (figure 2.2)
(Schneideeet al, 2006). The infarct size can then be calculated by

Infarct size=1/\s|CESD. 1/2(|ep/Tep+ len/1q).100%
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“Infarct

Tep (length of mfarcted epicardial circumference)
» Ly X Ien (length of infarcted endocardial circumference)

Ien Iep @ TEp (total epicardial circumnference)

. = Ten (total endocardial circumference)

Figure 2.2 Mid-ventricular short axis slice demongtating how infarct size is measured.

A. Traces of left ventricular endocardial (dark gragyl epicardial (light grey) circumferences. The
area of myocardial infarction is indicatdgl. Cartoon indicating the measurements needed tolasdc
infarct size. Taken from (Schneidetral, 2006)

2.4 Coronary artery ligation.

Myocardial infarction was induced by permanent cary artery ligation. Mice were
anaesthetised with isoflurane. They were then mttedband ventilated (Harvard
Minivent 230Vac) with anaesthesia maintained whh i2oflurane/98% oxygen.

Body temperature was maintained by means of a théddeket. A left thoracotomy
was performed, the heart exposed and the leftiantigscending artery identified.
This was then permanently ligated using 7-0 prokrtare 1 to 2 mm from the
inferior border of the left auricle. The area dhirction can be visualised as it quickly
blanches (figure 2.3). The wound was then closddyiars using 5-0 vicryl suture.

The mice were then allowed to recover in a tempeeatontrolled incubator at 33°C.
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Analgesia was provided by an intraoperative, suredus injection of
buprenorphine. A soaked diet was used post opehatiVhe operative mortality for

all surgery performed during these experiments 20846.

Occluded
LAD

Infarcted

Vyocardium

e

Figure 2.3 Macroscopic image of a mouse heart folking LAD ligation.
The suture can be seen with the faint outline efltAD below (indicated by the branched blue line in
upper inset). The infarcted myocardium can be yasin by the blanching of the myocardium

(indicated by the dotted blue line in lower insétage courtesy of Dr Rachael Redgrave.

2.5 Invasive measurement of cardiac function.

These experiments were performed under terminasthesia. Measurements were
made in closed chest, spontaneously breathing asi¢ellows. The mice were
anaesthetised using isoflurane as for the MRI exyaarts. Body temperature was
maintained by means of a homoeothermic blanketytdrApparatus). Following an
inverted T shaped, mid-neck incision the left inedjugular vein was isolated,
ligated cranially and, following venotomy, the vewas canulated with p10 plastic
tubing. Then the right common carotid artery wadaited, ligated cranially and,
following arteriotomy a 1.4F conductance cathelitlér) was introduced. Baseline
aortic pressure measurements were made. Thenttieterawas advanced
retrogradely, through the aortic valve into the \&ntricle. After stabilization,
measurements at steady-state, during transienionl of the inferior vena cava and
during infusion of dobutamine (5 and §/kg/min), were recorded using Poweilab

Chart 5 software (ADInstrumeriis Colorado Springs) and analysed using PVAN
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pressure—volume data analysis software packagéafivilouston, TX). Volume was
calculated using the Relative Volume Units/Cuvattthod and parallel conductance
was estimated by the hypersaline method (Paethal, 2008; Cingolani and Kass).
Measurements made are described in table 2.2.

Table 2.2 Haemodynamic indices obtained from cardimaconductance catheter experiments.

Parameter Definition
Aortic SBP (mmHg) Aortic systolic blood pressure
Aortic DBP (mmHg) Aortic diastolic blood pressure
MAP (mmHg) Mean arterial pressure
Heart rate (bpm) Heart rate
LV EDV (ul) Left ventricular end diastolic volume
LV ESV (ul) Left ventricular end systolic volume
LV SV (ul) Left ventricular stroke volume
CO (ml/min) Cardiac output
EF (%) Ejection fraction
LV EDP (mmHg) Left ventricular end diastolic pressure
LV ESP (mmHg) Left ventricular end systolic pressure
Stroke work (mmHgul) Work performed by left ventricle
Ea (mmHghl) Arterial elastance, a measure of ventricular biféer
dP/dta (MMHg/s) Peak rate of pressure rise
dP/dti, (mmHg/s) Peak rate of pressure decline
Tau (ms) Isovolumetric relaxation time constant
Total SVR (mmHg/ml/min) | Total systemic vascular resistance
Preload recruited stroke work, a measure of cardiac
PRSW (mmHg)
contractility
Ees(mmHghl) End-systolic elastance, an index of myocardial raatility
maximum rate of left ventricular pressure rise-enastolic
dP/dt;.-EDV (mmHg/sfl)
volume relation, a measure of cardiac contractility
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2.6 Primary cardiac fibroblast culture.

2.6.1Reagents.

Phosphate Buffered Saline (PB3) 7.4 stored at 4°C (GibCb#10010-023).
Dulbecco's Modified Eagle Medium (DMENStored at 4°C (Gibco #41965-039).
Foetal Calf Serum (FC¥%ibcdl #10106-169). This was heat inactivated by
incubating at 56°C for 1 hour and stored in 50ngadts at -20°C.
Penicillin-Streptomycin (P/)Gibcd] #15070-063). This was stored in 10ml

aliquots at-20°C

0.25% Trypsin/EDTA Gibcadl #25200-056). This was stored at -20°C in 5 m|
aliquots.

Type 2 Collagenas@Vorthington Biochemical #CLS-2). A fresh 1mg/rolion

was obtained by diluting 50mg type 2 collagenas&liml DMEM and was kept on
ice during the isolation procedure.

4-hydroxytamoxifen (4-OHTJSigma #H7904).

Recombinant Human T@E (PeproTech #100-21).
Methylthiazolyldiphenyl-tetrazolium bromide (MT Tpigma #M2128). A 5mg/ml
solution was obtained by dissolving 5mg MTT in 1ahfilter sterilised dHO.
Dimethylsulphoxide (DMSO3pectrophotometric grade (Sigma #154938)

2.6.21solation of primary cardiac fibroblasts.

Three mice were used for each isolation. Followinghane euthanasia by cervical
dislocation, hearts were rapidly dissected byngtat the apex and cutting across the
base of the heart thus removing atrial and gresdele and leaving left and right
ventricle only. The hearts were then washed inlstece cold PBS and transported to
a tissue culture hood in sterile PBS on ice. Heaere further washed in 5 changes of
ice cold sterile PBS. They then transferred to mi@5etri dish and 2mls of type 2
collagenase (1mg/ml) was added and the heartslgurchced into small pieces. A
further 4 ml of collagenase was added and the rdihearts in collagenase were
transferred to a 7ml bijous tube. This was thenliated in a shaking waterbath set at
37°C and 100rpm for 10 minutes. The supernatantrerasved and discarded. 5mis

of fresh collagenase was added and a further inicubat 37°C and 100rpm for 15
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minutes was performed. 2mls of supernatant wasrémmoved and placed in a 50m|
tube containing 5ml DMEM + 20% FCS. The remainioggension was gently
pipetted 5 to 6 times to release cells attachéldedissue fragments. The tissue
fragments were allowed to settle and the superhegamved and placed in the
DMEM + 20% FCS. This was then centrifuged at 1260fpr 8minutes. The media
was then removed and the cells resuspended in Hdr@mvarmed DMEM + 10%
FCS + 1% P/S and kept at 37°C, 5% CRKeanwhile, a further 5ml collagenase was
added to the tissue fragments and digestion refhedle above steps, pooling all the
cells together, were repeated until all the tidsae been digested (about 5 digestions
in total). The pooled cell suspension was centatligt 1200rpm for 10 minutes and
the cells were resuspended in DMEM + 10% FCS + 1SwaRd placed in a T75
tissue culture flask. The fibroblasts were allow@@dhere for 90minutes. After this
period the media was removed and cells washedgearity with warm, sterile PBS
and fresh culture media added (DMEM + 10% FCS +H4%). The cells were grown
for 4 days after which they were ready to passAti@xperiments were performed
after the second passage.

2.6.3CrefR"2 activation in vitro.

To activate the CFE™?and enable endoglin knockdown, 4-hydroxytamoxifers
added to the culture media at the first passagevaisdefreshed in subsequent media

changes.

2.6.4Transforming Growth Factor g1 stimulation.

Primary cardiac fibroblasts were plated in 2ml ¢iEM +10% FCS + 1% P/S onto 6
well tissue culture plates (100,000 cells per wdlhjey were allowed to adhere
overnight. The media was removed and the celldygermished in warm sterile PBS.
2mis fresh, warmed culture media was then addedhandells stimulated with 5-
10ng/ml of TGBPB1. They were incubated at 37°C, 5% 0r a variable period of
time depending on the experimental conditions. iAtfies the culture media was
removed, the cells washed in warm, sterile PBS patein analysis cells were
harvested by the addition of 1ml Trypsin/EDTA andubated for 3 minutes at 37°C,
5%CG. Once the fibroblasts had detached from the aultiish the trypsin/EDTA
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was neutralised with 1 ml of culture medium. The&adked cells were then transferred
to a 2ml microcentrifuge tube. They were then sgovyn in a microcentrifuge at
13,000rpm for 5 minutes at 4°C. The media was resd@nd the cell pellet was
gently rinsed in ice cold sterile PBS. They werentlkentrifuged for at further 5
minutes at the same speed settings before the RBSampletely removed and the
cell pellets were either used directly or frozed atored at -80°C until used for
protein analysis. For RNA analysis the cells wearvbsted by the addition of 350
RLT buffer (RNeasy Mini Kit, Qiagen) and then usbeectly or frozen and stored at
-80°C until used for RNA analysis.

2.6.5MTT assay.

Primary cardiac fibroblasts were seeded in 96 \ilalibottomed tissue culture plates
(5000 cells per well) at passage 1 and subjectedrious culture conditions as
described in chapter 4. Following treatmenfyllTT (5mg/ml) was added to each
well and incubated at 37°C, 5% gfor 5 hours. The media was then removed and
100ul DMSO was added to solubilise the formazan crgstBhe absorbance was

measured at 570nm on a spectrophotometric platieré&hermo Scientific).

2.7 Histological procedures.

2.7.1General solutions.
10 x Phosphate Buffered Saline (PBS).
80g NaCl, 2g KClI, 14.4g Na2HPO4 and 2.4g KH2PO4alied in 800ml of dH20.

pH adjusted to 7.4 with HCI then dH20 added to makame up to 1 litre. Sterilized
by autoclaving at 121°C for 30mins.

LacZ Detergent Rinse.

120ml of 0.5M Phosphate Buffer (pH7.2), 1.2ml of MgCI2, 6ml of 1%
NaDeoxycholate, 1.2ml of 10%NP40, made up to 600ithl dH20.

LacZ Staining Solution.

6ml of 0.5M K3 Ferricyanide, 6ml of 0.5M K4 Ferrayde, 120ml of 0.5M
Phosphate Buffer (pH7.2), 1.2ml of 1M MgCI2, 6mli8bNaDeoxycholate, 1.2ml of
10% NP40, made up to 600ml with dH20O. This stairsalyition should be stored in
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the dark at 4°C. 4Q0 of 25mg/ml XGAL solution was added to every 1Qvhpre-
warmed (370C) LacZ staining solution immediatelfobe use.

X-gal (25mg/ml).

0.25g of X-gal dissolved in 10ml of dimethylformatai Stored in the dark at -20°C.

2.7.2Tissue sampling, processing and sectioning.

Hearts were dissected from euthanised mice andeglashensure removal of excess
blood. For the LV mass experiments the atria agiat wentricle was dissected away
from the left ventricle. The hearts were brieflptbéd dry using filter paper and the
left ventricular mass was measured. Hearts to bd o8 immunofluorescence were
fixed overnight in 0.2% paraformaldehyde in phosphmuffered saline (PBS) at 4°C.
They were than washed twice in PBS at 4°C followea@ further overnight
incubation in 30% sucrose at 4°C. Following furtheshes in PBS hearts were
embedded in OCT (RA Lamb) and frozen in liquid oden. They were stored at -
80°C until needed for sectioning. il cryosections were taken onto Histobond
slides and allowed to air dry. These were therestat -80°C until needed for
histological staining. Prior to staining all tisssections were removed from -80°C
and allowed to reach room temperature inside gleie mailers to reduce
condensation. They were then allowed to air dmpain temperature before being

stained.

2.7.3Haematoxylin and Eosin histological staining.

Sections were post fixed in cold AnalaR acetonelfbminutes then allowed to air
dry for 20 minutes. Sections were then rinsed i2@Hnd incubated in Mayer’'s
haematoxylin (RA Lamb) for 2-3 minutes followed &yong rinse under running tap
water. Sections were quickly immersed in Eosin @dgeous, RA Lamb) for a few
seconds followed by a quick rinse in tap waterti8as were dehydrated in a graded
alcohol series of 50%, 70%, 100% ethanol by immeréor 1 minute in each,
followed by clearing in Histoclear (National Diagstizs, 2x5 minutes) and mounting

under cover slips with HistoMount (Vector Laborats).
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2.7.4lmmunohistochemistry using Vecastaifl ABC Kkit.

Anti-CD105 (Clone: MJ7/18, stock concentration:fAgml, eBiosciences #14-1051)
a rat anti-mouse monoclonal antibody was used tiectiendoglin. All incubations

were carried out in a humidified chamber.

Endogenous peroxidise activity was blocked by ity sections in 0.3% hydrogen
peroxide in dHO for 10 minutes. Cryosections were then washétB8 for 5

minutes then blocked with 5% rabbit serum (Vectabdratories) in PBS for 30
minutes. Endogenous biotin activity was then blolcksing an Avidin/Biotin

blocking kit (Vector Laboratories) according to méacturer’s instructions; sections
were incubated with Avidin D solution for 15 minstihen rinsed briefly in PBS
followed by 15 minutes incubation with the Biotiolgtion. This was followed by 2x5
minute washes with PBS. Sections were then incdbaiih anti-CD105 (1:200
dilution in serum blocking solution) overnight &C4 Following this the sections
were washed in PBS, 3x5 minutes. They were theubiied with biotinylated rabbit
anti-rat secondary antibody (Vector Laboratorie&;4001) at 1:200 dilution in
serum blocking solution for 30 minutes. The Veaast ABC reagent (Vector
Laboratories) was prepared as per manufacturestsuictions 30 minutes prior to use.
Following 3 further 5 minute washes in PBS, tisseetions were incubated in the
Vectastaifnl ABC reagent for 30 minutes. After 3x5 minute wastantibody binding
was visualised using the liquid DAB substrate Bibgenex). Sections were counter
stained with Mayer’s haematoxylin (RA Lamb) follogvby rinsing in water. Finally
the sections were dehydrated in a graded alcohielssef 50%, 70%, 100% ethanol
by immersing for 1 minute in each, followed by cleg in Histoclear (National
Diagnostics, 2x5 minutes) and mounting under cslips with HistoMount (Vector

Laboratories).

2.7.5Immunofluorescence.

All incubations were performed in a humidified chanwhich was protected from
light. For double staining antibody combinationgeviemited due to the species in
which the primary antibody was raised, and the-andgioglin primary antibody was

always used first (table 2.3). Cryosections wershed for 5 minutes in PBS
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followed by incubation in the appropriate blockswjution for 2 hours (table 2.4).
They were then incubated with the first primaryilaody diluted in appropriate
blocking solution overnight at 4°C (table 2.3). IBaling incubation, sections were
washed for 3x5 minutes in PBS. They were then iatewin the appropriate
secondary antibody (table 2.4), 1:200 dilutionbliocking solution. Following 3
further 5 minute washes in PBS sections were bldbekgin in the blocking solution
appropriate for the second primary antibody foofrs (table 2.4). They were then
incubated with the second primary antibody dilutedppropriate blocking solution
overnight at 4°C (table 2.3). Sections were theshed 3x5 minutes in PBS. They
were then incubated in the appropriate secondaityaaty for 2 hours (table 2.4).
Finally, after 3x5 minute washes in PBS the sestaware mounted under cover slips
in hard set Vectashield with DAPI. Slides were left to dry at 4°C in thar#.

Table 2.3 Order and combinations of primary antibodes used in double immunofluorescent

staining.

Antibody 1 Antibody 2
Polyclonal goat anti-mouse CD105 Monoclonal rat-amduse CD31
Polyclonal goat anti-mouse CD105 Monoclonal rat-amduse CD11b
Monoclonal rat anti-mouse CD105 Polyclonal rabhii-anouse Fspl
Monoclonal rat anti-mouse CD105 Monoclonal moude 8MA-Cy3
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Table 2.4 Antibodies and conditions used in immunddorescent staining of cryosections.

Primary antibody Primary antibody Working dilution Blocking solution Secondary antibady
supplier

Polyclonal goat anti- R&D Systems 1:25 5% donkey serum, Donkey anti-goat I1gG-
mouse CD105 #AF1320 1% BSA, 0.1% Tween alexa 595 conjugate
Monoclonal rat anti-mouseeBioscience 1:100 5% goat serum, Goat anti-rat IgG-alexa
CD105 #14-1051 1% BSA, 0.1% Tween 594 conjugate
Monoclonal rat anti-mouseBD Biosciences 1:100 5% goat serum, Goat anti-rat IgG-alexa
CD31 Pharmingen #550274 1% BSA, 0.1% Tween 488 conjugate
Monoclonal rat anti-mouseBD Biosciences 1:100 5% goat serum, Goat anti-rat IgG-alexa
CD11b Pharmingen #550282 1% BSA, 0.1% Tween 488 conjugate
Polyclonal rabbit anti- Millipore 1:100 5% donkey serum, Donkey anti-rabbit 1gG-
mouse Fspl #07-2274 1% BSA, 0.1% Tween alexa 488 conjugate
Monoclonal mouse anti- | Sigma 1:100 5% donkey serum,
SMA-Cy3 conjugate #6198 1% BSA, 0.1% Tween
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2.7.6Measurement of cardiomyocyte cross sectional area.

Cryosections of the mouse heart were washed infBBSSminutes. They were then
incubated with Fluorescein conjugated Wheat Germgl#min (2Qug/ml in PBS,
Vector Laboratories, #FL-1021) for 1 hour at ro@mperature. Sections were then
washed 3x5 minutes in PBS and mounted under cdipsris hard set Vectashidld
with DAPI. Slides were left to dry at 4°C in therklaDigital images were captured
using epifluorescent microscopy (see below) andioaryocyte area was measured
using ImageJ (NIH) by tracing around cardiomyocyteshort axis. Approximately
70 to 100 cardiomyocytes were traced for each \@@tand the average

cardiomyocyte area calculated.

2.7.7Immunocytochemistry.

Cells (e.g. fibroblasts) were seeded into wellaroB-well slide (Lab Tek II, Nunc)
and cultured for 48 hours at 37°C and 5%,QCklls were gently washed in PBS
followed by fixing in ice cold acetone for 5 minatélhey were then washed in twice
in PBS. They were then blocked in serum-free pndddock (Dako) for 20 minutes.
Following this the cells were incubated with appraie primary antibody (table 2.5),
diluted in blocking solution, overnight at 4°C. &ls were washed 3x5 minutes in
PBS. They were then incubated with the appropgat®ndary antibody (table 2.5),
1:200 dilution, in blocking solution for 1 hourf@ther 5 minute washes in PBS were
performed prior to mounting the slides under caligas with hard set Vectashield
with DAPI. Slides were allowed to dry at 4°C in itherk.

2.7.8LacZ staining.

Tissue sections were post fixed in 0.2% paraforetalde for 30 minutes at room
temperature followed by a 10 minute wash in PBSaiommg 2mM MgC}. They

were then placed in lacZ detergent rinse on icd @ominutes. Sections were
immersed in pre-warmed (37°C) LacZ staining solujpand incubated at 37°C for 3
hours. Following this sections were washed in PB8 @mM MgCl for 2x5 minutes.
They were then rinsed in d8 prior to counterstaining with Eosin (1% aquedrig,

Lamb). 3 further 5 minute washes in fiHwere performed prior to dehydration in a
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graded alcohol series of 50%, 70%, 100% ethanahinyersing for 1 minute in each,
followed by clearing in Histoclear (National Diagstizs, 2x5 minutes) and mounting

under cover slips with HistoMount (Vector Laborags).

Table 2.5 Primary and secondary antibodies used fammunofluorescent staining.

Primary antibody | Primary antibody Dilution Secondary
supplier antibody
Monoclonal rat eBioscience 1:100 Goat anti-rat IgG-
anti-mouse CD105| #14-1051 alexa 594
conjugate
Monoclonal rat BD Biosciences 1:100 Goat anti-rat IgG-
anti-mouse CD31 | Pharmingen alexa 594
#550274 conjugate
Polyclonal goat Millpore 1:100 Donkey anti-goat
anti-human #AT1620 IgG-alexa 595
vimentin conjugate
Monoclonal mouse| Sigma 1:100
anti-SMA-Cy3 #6198
conjugate

2.7.9Microscopy.

For light microscopy, sections were viewed usirfjess Axioplan microscope For
fluorescent microscopy tissue sections were imagaty either a Zeiss Axioimager
or a Nikon A1Rconfocal microscope. Digital imagesra/captured using an Axiocam

camera and analysed using Axiovision or Image Wwsoé.

2.8 Protein analysis.

2.8.1General solutions.

Lysis Buffer.
10mM Tris-HCI pH7.4, 1% Triton X-100, 1/100 dilutief protease inhibitors

(Sigma), 1/20 dilution of 10x phosphatase inhib{#hosSTOP tablets, Roche).
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2x Protein Gel Loading Buffer.
12.5ml 0.5M Tris (pH6.8), 10ml glycerol, 20ml 1099S, 7ml dBO, 0.5%f-

mercaptoethanol, 20mg bromophenol blue.

10x Gel Running Buffer.

30g Tris base, 144g Glycine, 10g Sodium Dodecyplate (SDS), made up to 1L
with dH,O.

10x Western Transfer Buffer.

144g glycine, 30g Tris base.

10 x Tris Buffered Saline (TBS).

24.2g Trizma® base (C4H11NO3) and 80g NacCl dissbimel litre of dH20. Adjust
pH to 7.6 with concentrated HCI.

TBST Wash Buffer.

1x TBS/0.1% Tween-20. To prepare add 100ml of 10&T@900mI of dH20 then
add 1ml Tween-20 and mix.

Strip Buffer.
0.1M glycine in H20, pH<2, adjusted with HCI.

2.8.2Sample preparation.

For primary cardiac fibroblasts plOof lysis buffer was added to the cell pellets
(prepared as described in section 2.6.4). For prat@alysis of whole hearts, the
hearts were rapidly dissected and rinsed in stBB& to remove blood following
humane euthanasia. They were then homogenisedigldyffer with QIAGEN
Tissue Ruptor with disposable probes. Following bgemisation, the samples were
briefly vortexed, total protein estimated usingrBéeBCA protein assay (Thermo
Scientific #23227) and stored at -80°Cpg®f total protein was added to each well
for SDS-PAGE.

2.8.3SDS-PAGE.

A volume of 2xGel loading buffer was added to thet@in sample to achieve a 1:1
2xGel loading buffer to sample volume ratio. Thenpkes were then heated at 95°C
for 10 minutes in a thermomixer. This denaturespitigeins, facilitates loading of

samples onto the gels and allows tracking of tinepéas during gel electrophoresis.
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The samples were allowed to reach room temper#tarespun down briefly in a
centrifuge for 10-15 seconds before loading onpoegast 10% polyacrylamide gel
(Mini-PROTEAN® TGX™ precast gels, BioRad # 456-1Dpa8ng with a prestained
protein marker (Precision Plus Protein Dual Coldug¢andards, BioRad # 161-0374).

Gels were run in running buffer for 1 hour at 150ts.

For the identification of eNOS dimmer and mononeetsold” SDS-PAGE was
performed by modifying the above protocol as fokofs*mercaptoethanol was
omitted from 2xGel loading buffer and samples westheated to 95°C. After
loading the samples and protein marker the gelraas ice cold running buffer for
1 hour at 150 volts. To maintain the temperaturthefrunning buffer a frozen ice
pack was placed in the gel tank and the whole pdaded in ice

2.8.4Western Blotting.

Following protein separation by SDS-PAGE, the prtevere transferred to a
Hybond ECL (GE Healthcare) membrane at 4°C in teartsuffer for 1 hour at 100
volts. Membranes were then blocked in appropriaieking solution (table 2.6) for 1
hour at room temperature. They were then incubatédappropriate primary
antibody (table 2.6) in blocking solution overnigiit4°C with gentle rocking.
Following this the membranes were washed in TBSTQ3ninutes. They were then
incubated in HRP conjugated secondary antibodtdiceagainst the species of
origin of the primary antibody for 1 hour at rooemtperature. Secondary antibodies
were also diluted in blocking solution. Membranesevthen washed in TBST, 3x10
minutes. The protein-antibody complex was visudligg chemiluminescence using
the SuperSignal West Pico Chemiluminescent SubsfiPaérce Biotechnology). Band
signals were detected after exposure of the Webtetrmembranes to X-ray film
(GE Healthcare) and processing in a Xograph Comyécetutomatic X-ray film
processor (Xograph Imaging Systems Ltd.).

To strip the membrane of the bound antibodiesptbmbrane was incubated with

strip buffer for 15 minutes at room temperaturdofeked by 3 x 5 minute washes in

TBST before the membrane was used again for andilestern blot.
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2.8.5Band Intensity Quantitation.

Western blot band intensity measurements were fadeanning the x-ray film
using an ImageScanner lll scanner (GE Healthc@ife.images were saved as tiff
files and opened in ImageJ (NIH), where band intgngas measured using the gel

analysis tool.
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Table 2.6 Antibodies and conditions used for Westarblotting.

BSA=bovine serum albumin.

Primary antibody

Primary antibody . Concentration Blocking solution Secondary antibody
supplier

Smad 1 Cell Signalling 1:1000 5% BSA/TBST Anti-rabbit IgG, HRP-linked
Polyclonal rabbit IgG Technology #9743 antibody (Dako, #P0399)
Phospho-Smad 1,5,8 Cell Signalling 1:1000 5% BSA/TBST Anti-rabbit IgG, HRP-linked
Polyclonal rabbit IgG Technology #9511 antibody (Dako, #P0399)
Smad 2 (L16D3) Cell Signalling 1:1000 5% Marvel/TBST Anti-mouse IgG, HRP-linked
Mouse monoclonal IgG | Technology #3103 antibody (Dako, #P0447)
Phospho-Smad 2 Cell Signalling 1:1000 5% Marvel/TBST Anti-rabbit IgG, HRP-linked
Polyclonal rabbit IgG Technology #3101 antibody (Dako, #P0399)
eNOS BD Transduction 1:1000 5% Marvel/TBST Anti-mouse 1gG, HRP-linked

Mouse monoclonal IgG

Laboratories #610296

antibody (Dako, #P0447)

Type 1 collagen
Polyclonal goat IgG

Santa Cruz Biotechnology
#sc-8784

1:100

5% Marvel/TBST

Anti-goat 1gG, HRP-linked
antibody (Dako, #P0449)
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2.9 Quantative RT-PCR.

2.9.1RNA extraction.

Primary cardiac fibroblasts were dissociated fromtissue culture plates by the
addition of 35@l of RLT buffer (RNeasy Mini kit, Qiagen) and stdrat -80°C until
the sample was processed. For RNA analysis of hisane the experimental animals
were euthanised and the hearts rapidly dissecteersterile conditions to reduce the
risk of contamination. The hearts were rinsed énilet PBS for tissue culture and the
left ventricular apex was stored in RNAlater (Qiapat -80°C until the sample was
processed. Following thawing the cardiac tissue lveesogenised in 6Q0 RLT

buffer (RNeasy Mini Kit, Qiagen) with a TissueRupifowith disposable probes
(Qiagen). The RNeasy Mini kit (Qiagen) with on-aol DNase digestion was used
as per manufacturer’s instructions to generate Rid# both primary cardiac
fibroblasts and cardiac tissue. The concentratmhcuality of RNA was measured

using a NanoDrop spectrophotometer (Thermo Scientif

2.9.2Generation of cDNA by reverse transcription.

RNA (0.5ug of RNA from primary cardiac fibroblasts ond of RNA from cardiac
tissue) was converted to cDNA using a high capaiftiMA reverse transcription kit
(Applied Biosystems) as per manufacturer’s instaing. .Quantative RT-PCR was
performed immediately after cONA generation or ¢BNA was stored at -20°C until
needed for quantative PCR.
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2.9.3Quantative PCR (gPCR).

The relative gene expression of experimental sessnpés measured using quantative
PCR with the DNA binding, fluorescence dye SYBRreen. In these experiments all
primers, except TGH, were already in use in our laboratory and anersarised in
table 2.7. The primers for amplifying TEE cDNA were previously published
(Davidsonet al, 2006). In order to measure the relative concéotra of each gene

of interest, three internal reference genes (Gaddbt,andp Actin) were used.
SYBRL Green JumpStdnt Taqg ReadyMix] (Sigma #S4438) was used in all

experiments and reagents were mixed in the follgwamounts:

SYBRU Green ol

Forward Primer od
Reverse Primer O
Reference dye Ol
Sterile dHO 2.9l

The Ql reaction mix was then dispensed into one wel 884 well plate. @l cDNA
was then added each well. Each gene for every cB&Aple was run in triplicate.
No template controls were included by the subsbitubf cDNA with 1ul for sterile
water. The plate was then covered with an optidhkaive cover and placed in an
Applied Biosystems 7900HT Fast Real-Time PCR sysfeuantative PCR was then

performed using the following thermal cycling proo

Initial denaturing step 95°C 10 minutes

Denaturing step 95°C 15 seconds

Annealing step 60°C 1 minute 40 cycles
Extension step 70°C 30 second

For all reactions a thermal dissociation curve geserated at the end of the qPCR

reaction to ensure that a single PCR product wegymed, see chapter 4.
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Table 2.7 Primer pairs used for quantative RT-PCR gperiments.

# calculated by LinReg.

Gene Accession No | Forward primer (5’-3’) Exon | Revese Primer (5'-3") Exon A.mplicon PCR
size (bp) efficiency#
Gapdh NM_008084 AACTTTGGCATTGTGGAAGG 4 GGATGCAGGGGATGTTCT 5 132 1.8
Hprt NM_013556 TCAGTCAACGGGGGACATAAA 4 GGGGCTGTACTG TAACCAG 6 124 1.8
B Actin NM_007393 GGCTGTATTCCCCTCCATCG 2 CCAGTTGGTERAATGCCATGT 3 154 1.8
Alkl NM_009612 GGGCCTTTTGATGCTGTCG 3 TGGCAGAATGGTCTTGCAG 4 114 1.9
Alk5 NM_009370 TCCCAACTACAGACCTTTTTCA 2/3 GCAGTGGTAACCTGATCCAGA 3/4 266 1.7
Tgfbr2 NM_029575 CCGCTGCATATCGTCCTGTG 1 AGTGGATGGAGTCCTATTACA 2 131 1.9
Endoglin NM_007932 CTGCCAATGCTGTGCGTGAA 3 GCTGGAGBTAGGCCAAGT 4/5 191 1.8
TGR1 NM_011577 GCAGTGGCTGAACCAAGGA 3 AAGAGCAGTGAGCGCHKATC 4 59 1.8
d1 NM_010495 CCTAGCTGTTCGCTGAAGGC 1 CTTTGCTCCGACAGCAAGTACCAC 2 65 1.9
Id2 NM_010496 ACTCGCATCCCACTATCGTCAG 1 TGCTATCATTR&ATAAGCTCAGA 2 150 1.9
Pai-1 NM_008871 AGTCTTTCCGACCAAGAGCA 6/7 ATCACTTGETATGAAGAG 9 209 19
Col1A1 NM_007742 GCTCCTCTTAGGGGCCACT 1 CCACGTCTCALRTTGGGG 2 103 1.9
Col3A1 NM_009930 ACGTAGATGAATTGGGATGCAG 1/2 GGGTTGH5CAGTCTAGTG 2 154 1.8
Ctgf NM_010217 CCGCCAACCGCAAGATC 2 ACCGACCCACCGAAG@A 3 67 1.8
aSMA NM_007392 GTCCCAGACATCAGGGAGTAA 2/3 TCGGATACTTAGCGTCAGGA 3 102 1.9
Mmp2 NM_008610 CAAGTTCCCCGGCGATGTC 1 TTCTGGTCAAGGACCTGTC 2 171 1.8
Mmp9 NM_013599 TGCCCATTTCGACGACGAC 4 GTGCAGGCCGAAGSKSAGC 5 132 1.9
Timpl NM_011593 TACACCCCAGTCATGGAAAGC 4 CGGCCCGTGARAGAAACT 4/5 74 1.9
Timp2 NM_011594 TCAGAGCCAAAGCAGTGAGC 2 GCCGTGTAGAPMCTCGATGTC 3 114 1.8

55




The Importance of Endoglin for Cardiac Structureldrunction

2.9.4Data analysis.

Raw data generated from the gPCR reaction was doatie LinReg (Ramakerst al,
2003) and the cycle threshold (Ct) was calculatesctich gene of interest. As
samples were run in triplicate the mean Ct for esarhple was used. Mean PCR
efficiency of each primer pair was determined frin@ slopes of the gPCR
amplification curve using the LinReg method (Ranmale¢ al, 2003; Karleret al,
2007).

To calculate the relative gene expression the coatipa Ct method was used
(Schmittgen and Livak, 2008). Briefly the mean Cthe three internal reference
genes was calculated. The difference between tloé @Ge gene of interest and the

reference gene was calculated by:

ACt = Clgene of interesty Mean Cfeference genes)

In experiments were there was a direct biologicahgarator, for example in the
TGHB1 stimulated primary cardiac fibroblasts wheregame cells acted as controls,
then the relative gene expression between thealand treated sample was
calculated by:

Relative gene expression 2%

whereAACt = ACt(treated sample)™ ACt(control sample)

In experiments where there was an indirect biollgitomparator, for example the
vivo endoglin knockdown experiments then the gene ssjoe relative to the
internal reference genes was calculated by:

Relative gene expression £%

2.10 Statistical analysis.

Statistical analysis was performed using Minitalstistical software. All graphs
were drawn either in Minitab or using Microsoft Ekc~or direct comparison
between two experimental conditions an unpairedesttis t-test was performed. For
comparison of three or more groups, analysis aanae (ANOVA) was performed.
For multiple comparisons over time, repeat mea8IN®VA was used and post hoc
comparisons were made using Tukey-Kramer methodeékgent between methods
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of measuring left ventricular mass was assessed asBland Altman analysis (Bland
and Altman, 1999).
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Chapter 3 Establishing mouse cardiac magnetic resonance imag

3.1 Introduction

Advances in transgenic techniques have led tontreased use of genetically
modified mouse models in the study of cardiovasatisease. Integral to this study is
the assessment of myocardial structure and fundtiorivo cardiac magnetic
resonance imaging (MRI) is ideal for this assesgrasrit is non-invasive, has good
spatial and temporal resolution and allows for lardjnal study. This spatial and
temporal resolution allows for accurate assesswiecdrdiac function (Rufét al,
1998) and means that, compared to other methods$mssing cardiac function,
fewer animals are required to provide adequatesstati power (Stuckewt al, 2008;
Winter et al, 2008). This is in keeping with the need to redilneenumbers of
animals used in research. Additionally, by altetisgue characteristics with contrast
agents or using different pulse sequences furttffermation about cardiac
physiology and function can be gained. For exartiel 1 contrast agent gadolinium
can be used to assess myocardial perfusion andtisiae (Chapoet al, 2008;

Protti et al, 2010). Manganese enhanced MRI (MEMRI) can be tsé@u/estigate
alterations in calcium homeostasisvivo (Hu et al, 2001; Waghorret al, 2008;

Blain et al, 2013; Greallyet al, 2013). The application of myocardial tag linesiag
cardiac MRI can reveal information about regioraldéac function and myocardial
strain (Epsteiret al, 2002; Liuet al, 2006; Alistair A. Younget al, 2006; Zhonget

al., 2008).

The acquisition of a 7T horizontal bore magnetgorence system gave the ideal
opportunity to introduce and develop preclinical RM he aims of these experiments
were to set up preclinical mouse cardiac MRI at beestle University, to demonstrate
that we could reliably obtain images with good sdatnd temporal resolution, to
demonstrate that we could use these images toaetuand reproducibly measure
cardiac mass and function and finally to use ththhique to investigate changes in
cardiac function in mouse models of heart dise8ises. work was done in
collaboration with Miss Elizabeth Greally, a res#atechnician within the Institute of

Genetic Medicine, and also involved a series oftskisits to the laboratory of Dr
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Jurgen Schneider at the University of Oxford, whs bonsiderable expertise in this

technique.

In this chapter | will discuss the rationale of Hygroach we took to optimise the
acquisition of cine cardiac images. Secondly, | priésent the experimental
validation of cardiac MRI. Finally, | will demonstie the use of cardiac MRI to
measure cardiac function in three different expental models of heart disease. The
work done in developing mouse CMR has led to a rarmobpublications using this
technique (Jorgenseat al, 2011; Blainet al, 2013; Greallyet al, 2013).

3.2 Methods and Results

3.2.10ptimising mouse cardiac MRI

The aim of optimising mouse cardiac MRI was to pic@reproducible, good quality
images that could be manually segmented to pracdearate measurements of
cardiac mass and function in mouse models of caadmular disease. So when
establishing this technique there were severabfaate needed to take into

consideration to achieve this.

3.2.1.1Anaesthetic

Mice were to be anaesthetised for the duratiom@MRI scan using isoflurane (the
choice of anaesthetic agent is discussed in sett®f.3) using a facemask (as
described in section 2.3). During MRI experimeniBich took approximately 45
minutes, | observed no significant variability iednt rate over the course of the scans
(ANOVA p=0.98), figure 3.1.
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Figure 3.1 Heart rate variability during cardiac MR I.

The heart rate for each mouse (n=10) under isofRienaesthesia was recorded at the start of
acquisition of each short axis image taken. Typicglshort axis images were obtained to cover the
whole left ventricle. Each short axis image tookmximately 2 minutes to aquire and so the data
represents the heart rate stability over 18 mindthere was no significant difference in mean heart
rate over the duration of the scan (ANOVA p=0.93ta expressed as individual value plots with

mean valueq).
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3.2.1.2Image planning

To be able to accurately assess cardiac functimig 08RI the imaging planes need to
correspond to the axes of the heart. These axeshareaxis (figure 3.2D), horizontal
long axis (also known as 4 chamber view, figurde3.2nd vertical long axis (also
known as 2 chamber view, figure 3.2F). Howevers¢hglanes lie at a double oblique
angle to the normal scanner coordinate systeml(adaeonal and sagittal). In order to
correctly plan these planes we followed the metthestribed by Schneider et al.
(Schneideeet al, 2006) as shown in figure 3.2. An axial scout seamaken (figure
3.2A) followed by a single, longitudinal slice (Sigure 3.2B) orientated through both
ventricles as shown in figure 3.2A. A second, srglice scan (s2, figure 3.2C),
perpendicular to s1 and orientated through the apéxe left ventricle (figure 3.2B),

is obtained. By orientating a slice (s3) perpenidicto both s1 and s2 a true short axis
image can be obtained (figure 3.2D). The horizolotad) axis (s4, figure 3.2D) is
planned by orientating a slice through the left aght ventricle, as shown in figure
3.2D, and orthogonal to s3 (figure 3.2C). Findlhg vertical long axis (s5, figure
3.2F) is planned by an image plane which is orthagjto both the short and
horizontal long axes (figure 3.2D and E). Figur@ shows these image planes in both
diastole (A-C) and systole (D-F). To calculate edhtricular mass and function a
series of multi frame (cine) images are obtainecedag the whole of the left

ventricle from base to apex (figure 3.4).
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Figure 3.2 Planning the cardiac planes.

As described in Schneider at al | took an axiabsomage(A). Then a single, longitudinal slice (s1)
orthogonal to the axial image and orientated thindgth ventricles was obtain€#). A second
longitudinal slice (s2) orthogonal to s1 and oréed through the apex of the left ventricle was
acquired(C). Finally, the cardiac short axis (s3, D), horizddng axis (s4, E) and vertical long axis

(s5, F) were generated (Schneideal, 2006).
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Figure 3.3 The cardiac axes.

Representative cardiac MRI images of the mouse lreahort axis (A, D), horizontal long axis (B, E)
and vertical long axis (C, F) in both diastole (Ad®d systole (D-F).
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Figure 3.4 Cardiac MRI of the mouse heart from baséo apex.

A contiguous stack of 1mm short axis slices in diagtole from the base (A) to apex (I) of the mouse

heart.
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3.2.1.3Image parameters

When performing mouse cine cardiac MRI using a FHAfbIIse sequence it is
recommended that the echo time is short, approrimat2ms and the repetition time
is 5ms or less (Schneidet al, 2006), as this allows good temporal resolutiothef
moving myocardium. We chose the minimum echo tiogsfble, which was 1.43ms,
and a repetition time of 5ms. However, there arsuath recommendations for other
imaging parameters such as the field of view, the sf the data matrix or the use of
signal averaging. When deciding on these parametisrBnportant to balance the
guality of the image against the time taken to aeqihe image. For example,
increasing the data matrix from 128x128 to 256x248bincrease the resolution of

the image but it will reduce the signal to noisgoray a factor of 4 and take twice as
long to acquire. To improve the image signal avieigagan also be used but again this
increases the acquisition time and the signal i iocreased by the square root of the
number of averages. So four signal averages vatesse the scan time four fold but
will only improve the signal to noise ratio two dolSo the decision as to which image
parameters to use is a compromise between imagkities, signal to noise ratio and

total scan time.

| took a heuristic approach to investigate whas¢hgarameters should be. As the
accuracy of LV measurements was dependent on thgemesolution, the criteria |
chose were that the images should demonstrateisuaffiendocardial and epicardial
definition to enable manual segmentation of theMehtricular myocardium. The
same short axis slice, at the level of the midvefitricle, was obtained with varying
parameters as shown in figure 3.5. There is imgt@esolution in the images using
the 256x256 matrix but there is also the expeatddation in signal to noise ratio
(figure 3.5B&D). The use of four signal averagepiaves the image quality (figure
3.5 C, D) with both these images having good endlalsand epicardial definition,
equally enabling left ventricular segmentation. lé@er, the times taken to obtain
these images were approximately 1minute (figuré 3.2 minutes (figure 3.1B & C)
and 4 minutes (figure 3.1D). So, using a 128x1&@ dnatrix and 4 signal averages
(figure 3.5C), the time taken to acquire a stackhadrt axis slices would be about 20
minutes. Whereas, using a 256x256 data matrix amdsignal averages (figure 3.5D),
would double the total scan time. Therefore, | eh@slata matrix of 128x128 with
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four signal averages (figure 3.5C) as the best comize between image resolution,
signal to noise and total imaging time. To enhaheeease of manual segmentation of
the left ventricle the data was zero filled by etéa of 2 to give a final matrix size of
256 x 256 and an in plane reconstructed pixel tt®ol of 100 x 10Qu?.

matrix = 128x128 matrix = 256x256

§, ¥
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Figure 3.5 The effect of data matrix size and sighaveraging on image quality.

Increasing the matrix size (B and D) increasegsé¢elution of the image but at the expense of $igna
to noise ratio and increased scan time. Increabimguumber of signal averages (C and D) improves
the signal to noise ratio but at the expense akemed scan time. | chose a data matrix of 128x128
with four signal averages (C) as the best comprefneween image resolution, signal to noise and

total imaging time. FOV=2525.6 mm.
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3.2.1.4Physiological gating

Cardiac MR is severely affected by cardiac andiragpy motion artefacts. | used
prospective cardiac gating which is needed to symibe the pulse sequence to the
cardiac cycle and at 7T respiratory gating impraweage quality. The maintenance
of a steady state level of magnetisation duringiragon without acquiring image
data has also been shown to improve image quédggidyet al, 2004).

With our hardware set up we had the following opsio

1. No gating.

2. Cardiac gating alone.

3. Cardiac and conventional respiratory gating whetébypulse sequence is not
triggered during respiration. The result of thisistop/start acquisition and
can lead to modulation of signal strength affectingtrast and image clarity
(Cassidyet al, 2004). The cause of this modulation is T1 recpwér
magnetisation during respiration and can be imptdyethe maintenance of a
steady state of magnetisation (Casstigl, 2004).

4. Cardiac and respiratory gating with maintenanca steady state level of
magnetisation, whereby the pulse sequence is tegdey every heart beat but

the data is not collected during respiration.

In order to determine the preferred gating stratdggt acquired a single frame short
axis image, using each of the 4 strategies in fDorensure that the effects of image
quality were only due to the gating strategy, thages were acquired without any
signal averaging. The imaging parameters used \iiete:of view 25.6 x 25.6mm,
data matrix 128 x 128, echo time = 1.43ms, rejetitime = R-R interval
(approximately 140ms), flip angle 60° and numbeawdrages = 1. Then to
demonstrate the effects on the cine images | aadjunulti frame, short axis images
using my standard cine imaging parameters: fieldek 25.6 x 25.6mm, data matrix
128 x 128, echo time = 1.43ms, repetition time s5fiip angle = 15° and number of
averages = 4. Figure 3.6 confirms that cardiamgdgption 2) is essential to generate
quality images and demonstrates that, at 7T, ratspyr gating (option 3) improves
the image quality with further improvements follegimaintenance of a steady state

of magnetisation (option 4). This improvement appéa be less obvious in cine
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images most likely due to the use of signal aveiagi the acquisition of these

images.

In summary, the experiments described in this seaemonstrated that | was able to
orientate the imaging plane to the correct axdb®heart and obtain cine images of
the heart. For all experiments described in thesith| used cardiac and respiratory
gating and the following parameters: echo time mg3epetition time 5ms, flip angle
15°, number of signal averages 4, field of view62625.6mm, data matrix 128 x 128
(zerofilled to 256 x 256, giving an in plane resin of 100 x 10Qm?), slice

thickness 1mm. Once | had established this sepnpdeeded to validate the data

obtained from cardiac MRI.
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Figure 3.6 The effect of physiological gating on iage quality.

A-D. A single frame short axis image was acquired @tekel of the papillary muscles with no gating,(éardiac gating only (B), cardiac and conventiageapiratory
gating (C) and cardiac and respiratory gating widady state (D). The imaging parameters were TE3ms, TR = one heart beat (approx 140ms), flglean 60° and
number of averages = E-F. Multi frame (cine) short axis images were obtaiaéthe level of the papillary muscle. End diastfdames are shown with no gating (E),
cardiac gating only (F), cardiac and conventiomapiratory gating (G) and cardiac and respiratating with steady state (H Imaging parameters: RAB\6x2 5.6mm,
matrix 128x128 (zerofilled to 256x256), TE = 1.43mMR = 5ms, flip angle 15°, NA= 4.
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3.2.2Validation of MRI for the measurement of cardiac mas and function.

To validate cardiac MRI it was necessary to shaat titould accurately and
reproducibly measure left ventricular mass andtionc To achieve this | repeated an
experiment performed by Ruff et al. (Reffal, 1998). Cine cardiac MRI was
performed on nin€57BL/6(7 male, 2 female) mice between 8 and 12 weeksAold
stack of short axis cine images covering the whedteventricle was obtained.
Following acquisition of the images the mice wenthanized, the hearts were
dissected and the left ventricle isolated, washdeBS to remove excess blood and
blotted dry. The autopsy left ventricular mass e recorded. Analysis of the MRI
images was performed using ImageJ software. Thanpeters measured were left
ventricular myocardial volumes in diastole and slgstend diastolic volume (EDV)
and end systolic volume (ESV). From these measureneft ventricular mass,
stroke volume (SV), ejection fraction (EF) and eacdbutput (CO) were calculated.
To compare the agreement between the LV mass neghatiautopsy and by MRI, a
Bland Altman analysis was performed (Bland and Altm1986). Intra-observer

variability was assessed by analysing the MRI irsagetwo separate occasions.

The autopsy and MRI results are shown in tableThgy reveal no significant
differences between autopsy mass (90.4 + 5.7mgedher MRI mass calculated at
end diastole (88.7 + 5.0mg, p=0.50) or MRI massudated at end systole (89.3 £
7.1mg, p=0.73). There was significant correlatieteen autopsy mass and MRI
mass calculated at end diastole (r=0.92 p<0.00d ead systole (r=0.91, p=0.001).
Bland Altman analysis demonstrated good agreensmtden autopsy and MRI
myocardial mass with a mean difference (autopsyumMRI) of 1.4 + 2.6mg with
limits of agreement -3.7mg to 6.5mg (figure 3. MeTeft ventricular functional
parameters (mean + SD) were heart rate 504 + 55 peaminute, end diastolic
volume 48.3 + 4.8, end systolic volume 12.5 + 416 stroke volume 35.8 + 5.0,
ejection fraction 74 + 8%, and cardiac output 1B8ml/min. The results
demonstrated low intra-observer variability withiatra-observer variability for LV
mass of 2.5 £ 1.8% at end diastole and 2.9 + 1.08hc systole. Intra-observer
variability for functional parameters were: endstiidic volume 2.5 + 1.0%, end
systolic volume 6.4 * 3.5%, stroke volume 3.8 92, @jection fraction was 2.2 +
1.7% and cardiac output 3.8 + 2.0% (table 3.2).
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These results demonstrate that | was able to aetyirmeasure left ventricular mass
and function using cardiac MRI. This provides a pdw, in vivotool to accurately
phenotype heart structure and function in cardiseate models.
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Table 3.1 Autopsy and MRI analysis of left ventriclar mass, volumes and function in normalC57BI/6 mice.

(LV=left ventricle, bpm=beats per minute, EDV=eridsolic volume, ESV=end systolic volume, SV=strekéume, EF=ejection fraction and CO=cardiac oytput

Mouse Age LV mass (autopsy) | LV mass (diastole) | LV mass (systole) | Heartrate | EDV | ESV | SV | EF (6{0)
(gender) | (weeks) (mg) (mg) (mg) (bpm) (ul) | (u) | (u) | (%) | (ml/min)
1 (M) 10 100 97.5 98.9 590 447 | 10.5| 34.2| 76 20.2
2 (M) 10 92.3 86.7 86.6 550 47 | 149 32.1| 68 17.6
3 (M) 10 95.5 93.7 97.6 470 46.2 | 15.2 | 31.0| 67 14.6
4 (F) 86.3 83.9 84.4 490 528 | 21.2 | 31.7| 60 155
5(F) 9 83.0 84.1 78 560 41.2 | 8.0 | 33.2| 80 18.6
6 (M) 10 86.7 85.4 88.6 515 453 | 6.3 | 39.0| 86 20.1
7 (M) 10 94.0 93.6 96.7 490 57.0| 10.1 | 46.9 | 82 23.0
8 (M) 11 92.0 88.1 89.1 420 50.1| 14.1| 36.0| 71 15.1
9 (M) 13 84.0 85.2 84.2 450 50.5| 12.1 | 38.4| 76 17.3
Mean 10 90.4 88.7 89.3 504 48.3 | 125| 35.8| 74 18.0
+ SD +1.2 +5.7 +5.0 7.1 +55 +48|+45|+£50| +8 +2.8
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Figure 3.7 Bland-Altman plot (difference versus men) of left ventricular mass at autopsy
compared to MRI (n=9).
The mean difference between these two methods wasyland the limits of agreement -3.7 to 6.5mg,

demonstrating good agreement between these methods.

Table 3.2 Intra-observer variability in measuremens of left ventricular volumes and mass.

| analysed the raw MRI data from 9 hearts on 2 yetelent occasions to determine the reproducibility

of the calculated measurements. Data expressegasinSD.

Measurement Intra-observer variability (%)
Diastolic mass 25+1.8
Systolic mass 3.0£1.9
End diastolic volume 2510
End systolic volume 6.3+3.5
Stroke volume 3.8+20
Ejection fraction 22+1.7
Cardiac output 3.8+20
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3.2.3Cardiac MRI in mouse models of cardiac disease

To test whether we could use MRI to investigatéed&#nces in cardiac structure and
function in models of cardiac disease | performadliac MRI in three mouse
models:

1. Myocardial infarction model.

2. Adult stem cell mediated cardiac repair post MI mlod

3. Muscular dystrophy related cardiomyopathy in thikadgarcoglycan deficient

mouse (a model of limb girdle muscular dystrophyet2F).

3.2.3.1Mouse myocardial infarction model

To evaluate the use of MRI as a means of trackeagtHunction following
myocardial infarction, | performed cardiac MRI 4eks following permanent LAD
ligation (as described in chapter 2). Controls waree that had undergone a sham
operation (a thoracotomy without LAD ligation). Thergical operations for this

experiment were performed by Dr Rachael Redgrave.

The MRI images in figure 3.8 clearly demonstratéased sphericity of the left
ventricle with myocardial wall thinning and akingsn the anterolateral and apical
walls of the infarcted left ventricle. Comparisdicardiac function can be seen in
table 3.3. These data reveal that compared to sip@nated mice there are significant
increases in myocardial mass (122.29 £ 9.18mgd¥s.9B + 4.87mg, p =0.01), end
diastolic volume (116.65 + 36.g4vs. 66.35 + 5.5{l, p=0.001) and end systolic
volume (85.08 + 39.64 vs. 21.79 + 2.4ill, p<0.001) in the mice that had undergone
LAD ligation. In addition, there are also signifitaeductions in stroke volume
(30.39 + 4.1l vs. 44.55 £+ 4,121, p<0.001), ejection fraction (26.63 = 8.84% vs.
67.14 = 2.59%, p<0.001) and cardiac output (12.22¥ml/min vs. 18.22 £
2.25ml/min, p<0.001) following LAD ligation. Themere no significant differences
in mean heart rate (416 £+ 38bpm vs. 409 + 27bprQ,§)=

There is a significant difference in pre surgeryghies between the groups (25.46 +
2.73 in the infarct group vs. 29.01 + 3.56 in thara group, p=0.03). This is most
likely due to the different numbers of each sethis experiment. There were 5 males
and 3 females in the sham group and 3 males aanhdlés in the infarct group. To
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account for this difference | indexed the measurgmmade to the body weight of
the animal (table 3.3). | chose the pre-operatieghit of the animal to index the
measurement to in order to eliminate any effe¢hefoperative procedure or
subsequent heart failure on body weight. In agre¢nvéh the non-indexed
measurement there was a significant increase ircamgaal mass index (4.95 +
0.65mg/g vs. 3.89 + 0.51mg/g, p=0.002), end diast@lume index (4.79 + 1.75l/g
vs. 2.32 + 0.43l/g, p=0.001) and end systolic volume index (3.52.80ul/g vs. 0.76
+ 0.15ul/g, p< 0.001) in the mice with LAD ligation compalto sham controls.
There was also a significant reduction in strokkeine index (1.27 + 0.16/g vs.
1.56 £ 0.3@l/g, p=0.02) and a trend towards a reduction inliearindex (0.53 +
0.08ml/min/g vs. 0.64 £ 0.15ml/min/g, p=0.06) i thAD ligation group.

The mean infarct size in the LAD ligation group v8#s29 + 7.94%. There was an
inverse linear relationship (slope = -1.296) amdrsj inverse correlation between
infarct size and ejection fraction (figure 3.9,0:896, p<0.001). This confirms that the
larger myocardial infarction the greater reduciioteft ventricular systolic function.

These data confirm left ventricular hypertrophyhdilatation and a reduction in
systolic function occurred in mice by 4 weeks faliog permanent LAD ligation, and
agrees with expected outcomes (Wiesmeinal, 2001b; Roset al, 2002; Yanget

al., 2004).
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Table 3.3 Cardiac function post Ml.

Cardiac functional parameters in mice 4 weeks falg coronary artery ligation (n=10) or sham

operation (n=8). Data expressed as mean * stam@aidtion, statistical comparisons made using

unpaired Student’s ttest.

Sham Infarct p value
Sex 5M 3F 3M 7F n/a
Body weight — pre surgery (g) 29.20 £ 4.07 2496 +2.83 |0.02
Body weight — pre MRI (g) 29.01+£3.6 25.03+291 |0.02
Age at infarct (wks) 12.38 £+ 1.33 12.00 £ 1.27 0.55
Time to MRI (days) 26 +2.45 27.70 £ 3.89 0.3
Mean heart rate (bpm) 409 + 27 416 + 38 0.6
Mean myocardial mass (mg) 111.93 +4.87 122.29 £9.18 | 0.01
Myocardial mass index (mg/g) |3.89 £0.51 495+ 0.65 0.002
End diastolic volume @l) 66.35+5.51 116.65 + 36.24 0.001
End diastolic volume index ful/g) | 2.32 £ 0.43 4.79+1.75 0.001
End systolic volume ful) 21.79+241 85.08 + 39.62 | <0.001
End systolic volume index gl/g) | 0.76 £0.15 3.52+1.80 <0.001
Stroke volume ul) 4455 +4.12 30.39+4.12 |<0.001
Stroke volume index ful/g) 1.56 £ 0.30 1.27£0.16 0.02
Ejection fraction (%) 67.14 + 2.59 26.63 £8.84 | <0.001
Cardiac output (ml/min) 18.22 £ 2.25 12.57 £2.27 | <0.001
Cardiac index (ml/min/g) 0.64 £0.15 0.53+0.08 0.06
Infarct size (%LV) n/a 34.29 +7.94 n/a
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Figure 3.8 MRI images of a representative mouse hea 4 weeks following sham operation (A-F) or LADigation (G-L).
The arrows identify the thinned, akinetic areahaf myocardial infarctimaging parameters: FOV 25.6x2 5.6mm, matrix 128x{2rofilled to 256x256), TE = 1.43ms, TR
= 5ms, flip angle 15°, NA= 4.
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Figure 3.9 Relationship between infarct size and egtion fraction.

There is an inverse linear relationship betweearatfsize and ejection fraction (slope = -1.296) an
strong inverse correlation (r=-0.96, p<0.001).
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3.2.3.2Adult stem cell mediated cardiac repair model

The aim of this project was to investigate thecftd endoglin depletion on the
ability of an adult stem cell to mediate cardigeaie following myocardial infarction.
Cardiosphere derived cells (CDCs) are grown fronocaydial tissue and have been
shown to have stem cell properties, are able taateedardiac repair following
myocardial infarction and express endoglin (Messinal, 2004; Smithet al, 2007).
CDCs were isolated and expanded from murine he@réslox technology (see
chapter 4 for further information) was used to kamvn endoglin in these cells.
Following permanent LAD ligation, CDCs (with or Wwaut endoglin knockdown) or
sterile PBS was injected in the peri-infarct myaloam. They were then imaged by
cardiac MRI at 1 and 4 weeks following LAD ligatiohhe CDC culture and surgical
procedures were performed by Dr Rachael Redgrareyihost laboratory. |

performed and analysed the cardiac MRI.

Representative short and long axis cardiac MR imé&gesham operated, infarct
alone group, infarct with CDCs group and infarcthaendoglin knockdownEng
iKO") CDCs 4 weeks following surgery are shown in fagBr10 A to D respectively.
These images clearly demonstrate that there iséeftricular enlargement following
myocardial infarction but that this is attenuatecchll transplantation. The results of
analysis of the cardiac MRI data are shown in t8Meand figure 3.11. These
demonstrate a difference between the sham opeaatedll infarct groups and that
the mean left ventricular volumes were smallehm €DC treated groups compared
to the infarct only group but this difference id statistically significant. The main
effect of cell transplantation is the significatteauation adverse remodelling
compared to the infarct alone group table 3.5 (AM£0.05). These results
demonstrate that CDC transplantation have a beakdiffect on cardiac function.
However, both CDCs with and without endoglin apdedre equally beneficial in

reducing the adverse remodelling seen following caydial infarction.

This study demonstrates that cardiac MRI is ablerigitudinally measure

ventricular function and assess the effects okdiffit therapies on cardiac function.
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Figure 3.10 Cardiac MRI of representative mice 4 weks following coronary artery ligation and cell theapy.
A. sham operated contrd. Coronary artery ligation alon€. Coronary artery ligation with endoglin positive CB.D. Coronary artery ligation with endoglin knockdown
CDCs. Imaging parameters: FOV 25.6x2 5.6mm, mad®ix128 (zerofilled to 256x256), TE = 1.43ms, TRms, flip angle 15°, NA= 4.
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Table 3.4 Cardiac function 1 and 4 weeks followingoronary artery ligation with or without cell thera py.

Left ventricular volumes were smaller and ejecfi@ttion greater in the infarct with CDC transpktidan groups compared to the infarct and PBS tdegiteup but these

differences were not significant using parametid¢QVA. Data expressed as mean + SE.

1 week 4 weeks
Sham operation Ml + PBS MI + CDCs (n=6) MI + Eng iKO" Sham operation | Ml + saline (n=3) | MI+ CDCs (n=6) | MI + Eng iKO"
(n=4) (n=3) CDCs (n=4) (n=4) CDCs (n=4)
W‘(aé?ht 238+23 232+15 255+ 0.9 255 +3.2 2684 25.5+2.0 283+1 28.9+2.8
M(eb"’l‘onm'?R 423+ 15 429 + 28 448 + 24 432+9 425+ 11 4209 7 456 + 15 440 + 15
Me?r?]g“;ass 113+6.1 146 + 18 136 +4.3 146 + 7.5 121 +8.7 7 1@2 144 + 4.7 159 +9.3
M?ﬁfg'/g‘;ex 44+02 5.8+ 0.6 46+0.2 5.18 +0.6 47+03 6.6 £0.9 49402 5.7+0.8
E(EB/ 66.3 + 3.6 146.3 +24.6 125.8 +14.8 124.9 +20.9 29741 210.5 +27.3 153.1 +17.2 153.9 + 30.1}
I(E;ﬁ/\él) 26402 5.8+0.9 42+05 46+12 20402 4811 52406 57416
Ej;’ 205+1.5 119.4 +20.7 87.7 +15.4 87.4 +25.6 23230 171.3+20.4 110.6 + 20.7 111.7 +37.7
(Ej/\é; 0.81+0.08 47407 3.0+05 33413 0.9 #0.0 6.8+0.9 3.9+0.7 428+18
(‘i\l; 457+2.3 26.9+4.0 36.7+4.2 375+6.6 Q46 1 39.2+7.6 41.2+4.9 42.2+8.0
(ill\g) 1.79+01 11+01 12401 13+01 1.97+0.2 16+03 1.43+01 1.4+02
('OE/S 69.1+1.0 18.6 +0.8 32.0+6.3 33.4+7.9 6726 184 +1.7 30.8+6.1 35.1+10.6
(mﬁn?m) 19.4+1.3 117422 16.1+1.4 16.1+2.6 2122 16.5+3.3 19.2+1.9 18.3+3.2
cl 0.76 + 0.03 0.5 +0.08 0.5 +0.04 0.5 +0.04 080.1 0.7+0.1 0.7 +0.06 0.6 +0.07
(ml/min/g)
'”fa(r&t))s'ze n/a 50.2 +4.73 40.1 + 3.69 38.2+6.5 n/a 51.89 1 42.1+47 38.3+6.8
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Table 3.5 Change in cardiac functional parametersédtween 1 and 4 weeks following coronary
artery ligation with or without cell therapy.

Using ANOVA there was a significant attenuatiornthe increase in EDV (and EDVI) between the
groups. The difference was significant betweernMihePBS and endoglin positive CDC groups, but
not between MI+PBS and endoglin knockdown CDC gsoftipis was likely due to smaller numbers in

the endoglin knockdown CDC group). Data expressemi@an + SE, *p<0.05 compared to MI+PBS

Sham Ml + PBS Ml + CDCs MI + Eng
_ _ p value
operation (n=3) (n=6) iKO" CDCs
(ANOVA)
(n=4) (n=4)
AMean HR
1.5+25 -8.3+32 8.5+19.7 7.8+13.7 0.9
(bpm)
AMean mass
79+27 21.7+7.0 85+1.7 12.8 + 4.5 0.1
(mg)
AMass index
0.3+0.1 0.9+0.3 0.3+0.05 0.5+0.2 0.1
(mg/g)
AEDV
6.7+1.1 64.2+12.8 27.3 +55*% 29.0+11.1 0.041
(nl)
AEDVI
0.3+0.06 2.6+0.6 1.0+£0.2% 1.1+£0.5 0.048
(nl/g)
AESV
2.7+27 51.9+12.0 23.0+7.6 24.3+12. 0.2
(nl)
AESVI
0.1+0.1 2.1+0.6 0.9+0.3 1.0+0.6 0.17
(ni/g)
ASV
-1.3+6.8 12.4+3.9 45+438 47+0.1 0.5
(nl)
ASVI
0.2+0.2 0.5+0.2 0.2+0.2 0.2 £0.08 0.3
(nl/g)
AEF
-1.2+7.8 -0.2+2.1 -1.26+3.4 1.8+3.8 0.8
(%)
ACO
) 1.9+2.2 486+1.1 3.1+24 23+x11 0.7
(ml/min)
ACI
) -0.004 £ 0.07 0.2+0.04 0.1+0.08 0.08 £ 0.0p 0.6
(ml/min/g)
Alnfarct size
n/a 1.6+35 21+17 0.08 £0.9 0.2
(%)
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3.2.3.3Muscular dystrophy related cardiomyopathy.

In order to evaluate another independent mouse Inobdardiomyopathy by cardiac
MRI, I turned to a model of muscular dystrophy tats being used for studies within
my host Institute. Muscular dystrophies are frediyeassociated with
cardiomyopathies (Bushhst al, 2003). Thed-sarcoglycan deficient mous8dgd/-)

is a model for limb girdle muscular dystrophy tygfe Patients with this type of
muscular dystrophy can develop a progressive atehpally fatal cardiomyopathy
(Politanoet al, 2001). TheScgd/- mouse develops cardiac pathology from about 16
weeks of age (Coral-Vazquet al, 1999) andn vivo studies have demonstrated
alterations in cardiac function at 16 (Baetial, 2008) and 32 (Wansapueaal,

2011) weeks of age. The effects of a number ofrtreats used clinically for the
treatment of both muscular dystrophies and heduréahave been assessed by
colleagues in my host Institute (Bawetral, 2008; Baueet al, 2010a; Baueet al,
2010b). However, longitudinal studies using carditrl in these mice would enable
investigation of the onset and progression of #reiomyopathy, as well as gaining
understanding into alterations in calcium homedstag using manganese enhanced
MRI, as discussed in chapter 1 (Etal, 2001).

32 week old, mal&gcd/- and 40 week old, control male C57BL/10 mice emeent
cine cardiac MRI (n=16 and 9 respectively) as dbedrin section 2.3. The results
(table 3.6) show that tH&gcd/- mice had higher heart rates (487 = 30bpm v5.88
41 bpm, p<0.001) and an increased left ventricmass (126.19 + 11.62mg vs. 112 +
8.37mg, p=0.004) than the control mice. Howeveatdhs a trend towards a reduced
left ventricular end diastolic volume (63.25 + 18u#vs. 74.11 + 9.18l, p=0.055)

and a significantly smaller end systolic volume.g&l+ 7.16u vs. 27.67 + 5.34l,
p=0.028) in thesgcd/- mice. There is no significant difference inogie volume
(42.06 + 8.49l vs. 46.46 £ 5.7, p=0.17), ejection fraction (67.19 + 5.91% vs.
63.00 = 4.97%, p=0.086) or cardiac output (20.3RHE/ml/min vs. 17.79 £
2.53ml/min, p=0.10). These data suggest that atatpgSgcd/- mice had developed
left ventricular hypertrophy but had preserved alystfunction.
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Table 3.6 Cardiac function inSgcd-/- mice.
Cardiac functional parameters in 32 week old nsajed/- mice (n=16) and 40 week old, male
C57BI/10 mice (n=9). Data expressed as mean = atdrikviation, statistical com parison was made

using unpaired Student’s ttest.

C57BL/10 Sgcd-/- p value
Mean heart rate (bpm) 385+41 487 + 30 <0.001
Mean myocardial mass (mg) 112.00 + 8.37 126.19 +11.62 0.004
End diastolic volume @l) 74.11 +9.18 63.25 + 14.46 0.055
End systolic volume ful) 27.67 £5.34 21.25+7.16 | 0.028
Stroke volume ul) 46.46 +5.77 42.06 + 8.49 0.17
Ejection fraction (%) 63.00 £ 4.97 67.19+5.91 0.086
Cardiac output (ml/min) 17.79 £ 2.53 20.39 £4.17 0.10

3.3 Discussion

The ability to measuria vivo cardiac function is important in cardiovasculasearch.
Cine cardiac MRl is a widely used technique tolis.tThe aim of this study was to
establish cardiac MRI to allow its use in the stoflynodels of cardiac disease. Using
a heuristic approach | was able to quickly defipgroal imaging parameters. These
parameters are similar to previously publishedistithat used a gradient echo
FLASH pulse sequence (table 3.7). | validated tfinique and demonstrated that |
was able to accurately and reproducibly measurecargial mass and cardiac

function in mice.
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Table 3.7 Summary of MRI imaging parameters in a dection of studies using a FLASH pulse
sequence in murine cardiac MRI.

(TE — echo time, TR — repetition time, FOV - figiiview, NA — number of signal averages, ns — not
stated)

Flip . Field
TE TR FOV | Matrix
Study angle ) NA | strength
(ms) | (ms) R (mm) size
) (T)
_ . 256 x | 128x
This thesis 1.43 5 15 4 7
25.6 128
256 x
(Ruffetal, 1998)| 1.6 | 4-11 40 30 x 30 2 7
256
(Schneideet al, 25.6 x | 256 x
143 | 4.6 15 2 11.7
2003) 25.6 256
128 x
(Hu et al, 2004) 2.3 11.0 ns 25x 25 4 9.4
128
(Winteret al, 25.6 x | 256 x
1.9 7 15 4 9.4
2008) 25.6 256
(Wansapurat al, 25.6 x | 256 x
3 5.2 20 ns ns
2011) 25.6 256
(Amundseret al, 128 x
3 6 15 35x 35 ns 7
2011) 128
(Smartet al, 25.6 x| 128 x
1.18 | 45 20 2 9.4
2011) 25.6 128
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The earliest described multi-frame cardiac MRI uaegin echo pulse sequence and
was able to achieve an in plane resolution of 1I77xm? and a temporal resolution
of approximately 24ms resulting in 8 frames beioguared to cover the cardiac cycle
(Kubotaet al, 1997). They demonstrated that LV mass measudmgetrically and
by MRI were linearly related with a mean error bedgw the methods of 0.28+2.70 mg
(Kubotaet al, 1997). However, the nature of their spin eche@glequence meant
they had to rotate the acquisition order of theiltrrslice set in order to obtain multi-
frame images. The limiting factor with this methedhe R-R interval as this
determines how many slices can be obtained withenteeart beat. They used sodium
phenobarbital as the anaesthetic agent, whichtegsin markedly lower heart rates (~
220 beats per minute, R-R interval ~270ms) in threge (Kubotaet al, 1997).

Higher heart rates, such as those in our study(QB8ats per minute, R-R interval

~120ms), would reduce the number of slices and fraraes that could be obtained.

The use of fast gradient echo pulse sequences (HLABabled the use of shorter TE
and TR without sacrificing special resolution (Haasal, 1986). Initial experiments,
in mice, using a FLASH pulse sequence on a cliltidl scanner at 1.5T had an in
plane resolution of 195 x 198n° and a temporal resolution of 39ms (Fraetal,
1998). However, they used a slice thickness of ingmhich would have been
required to increase the signal as their magnitid $trength is lower. However, they
still reported strong correlation and good agredrbetween gravimetric mass and
MRI mass (Francet al, 1998). At high field strength (7T), Ruff et aleve able to
achieve an in plane resolution of 117 x]ii# (slice thickness 1mm) and a temporal
resolution of between 4 and 11 ms. They altered Bedepending on the heatrt rate,
to achieve 12 frames per cardiac cycle, which teduh the variable temporal
resolution (Ruffet al, 1998). They validated their ability to measureabmolumes
with a water filled, glass phantom. However, it vi@l, which is 4 times the mean
end diastolic volume (45.2 + QB. They demonstrate good agreement between
gravimetric and MRI mass. Measurements of myochndéss and function were
reproducible (Rufkt al, 1998). Schneider et al. also demonstrated goskatent
(mean difference 0.04mg and coefficient of variatio7.2) and reproducibility
between cardiac mass and function using an 11.Bicakemagnet. They also
demonstrate that the use of respiratory gating awgnt image quality (Schneidet

al., 2003).
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The results of my validation experiment are comiplar&o these previously published
studies. However, the intra-observer variabilitydad systolic volume was higher in
my study. This is likely due to my use of manuather than automatic (Ruét al,
1998; Schneideet al, 2003), segmentation to measure ventricular volume
Interestingly, in the work described in this chaptee mean difference between the 2
independent measurements of end diastolic andysolis volumes were similar

(1.7 £ 0.7 vs. 1.1 + 0.8l respectively). However, as the end systolic vaumvery
small (12.5 + 4.pl) a small difference in volume results in gregdercentage
variability. Consequently, it is essential to emscareful, accurate segmentation of
the left ventricular cavity, particularly at endstyle. To ensure this | routinely
calculated the left ventricular mass in both systoid diastole and only accepted the

measurements if there was less than 5% differeetvegen the two measurements.

Following myocardial infarction, cardiac functiamimpaired and left ventricular
remodelling occurs. In mice undergoing infarct rép&on injury there is a
significant increase in ventricular volumes anduetl function by the first day
following surgery (Yanget al, 2004). This reduction in function was not simglye

to the size of the infarct as it was not strongiyrelated with ejection fraction
(r=0.53). Also Yang et al were able to demonstsateduction in regional function in
myocardium remote from the infarct. This suggeds#s the early reduction in cardiac
function is due to loss of viable myocardium andtcactile dysfunction in non-
infarcted regions (Yangt al, 2004). In another study, Wiesmann et al. (Wiesme&in
al., 2001b) demonstrated a reduction in cardiac fondth mice two weeks following
permanent LAD ligation but no difference in LV maédongitudinal study
investigating left ventricular remodelling in mit@lowing infarct reperfusion injury
documented that most LV remodelling occurs in tret ## weeks following injury
(Rosset al, 2002). They also documented a 50% increase imk¥s 1 day

following infarction with a trend towards furtherareases at later time points (Ress
al., 2002). However, inspection of their data givesithpression that there may be an
increase in LV mass, peaking at one week postdhfalowed by a slight reduction
at two and four weeks post MI before an increasadsirom six weeks onwards.
This may reflect the resolution of initial myocatdoedema along side the left
ventricular hypertrophy seen in ventricular rembdgl This might also account for

the fact that Wiesmann did not see a differendeirmass at 2 weeks post infarction.
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The data presented in this chapter is consistahttivese studies as | saw significant
increases in ventricular volumes and myocardialshaasl a significant reduction in
cardiac function four weeks following permanent LAgation when compared to
sham operated controls (summarised in table S18)oitrast to Yang et al. (Yareg

al., 2004), at four weeks post infarct | demonstraaignificant correlation between
infarct size and ejection fraction (r=-0.96, p<@ROThis is in agreement with a study
by Schneider et al. which demonstrated significamtelation between infarct size
and ejection fraction in their data (r=-0.91, p<0.@nd in that of Wiesmann et al
(Wiesmanret al, 2001b) following a retrospective analysis (r=5).p<0.01)
(Schneideeet al, 2003).

One of the challenges of assessing cardiac fun@itowing myocardial infarction is
the fact that the infarction results in myocardiaformation. An advantage of MRl is
that it does not rely on geometric assumption weeoulating myocardial mass and
ventricular volumes and is considered to be thd gtandard for these measurements
(Siri et al, 1997; Ruffet al, 1998). However, other techniques such as
echocardiography and cardiac conductance cathaterommonly used in published
studies and are vulnerable to misinterpretatiowo-tlimensional echocardiography
depends on geometric assumptions which may noale following myocardial
infarction given the alterations in left ventricugeometry. A study comparing two-
dimensional echocardiography with MRI in both nokarad chronically infarcted rat
hearts demonstrated that measurements made bydhedthods were correlated.
However, cine-MRI measurements of ejection fractiamne 12 + 6% higher when
compared to 2D echocardiography, which they atteithtio the differences in
temporal resolution (4.6ms for MRI and 8.3ms fdnazardiography). A higher
temporal resolution results in more images obtaperdcardiac cycle meaning you
would be more likely to image true end diastole and systole. They also found that
MRI was more reproducible in repeated studies (&tyet al, 2008). This study was
performed in rats and it is not known how these t@athniques compare in mice.
However, given that mice have smaller hearts astdfdneart rates, the higher spatial
and temporal resolutions of cine MRI are likelyp®in its favour. Unlike two-
dimensional echocardiography, three-dimensionabeatdiography does not rely on
geometric assumptions and has been used to tere@me this limitation (Dawson

et al, 2004). That study demonstrated excellent coroglatfor measurements of
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ventricular volumes, function, mass and infarcesighey also found good agreement
in myocardial mass and infarct size when measusedjuhree-dimensional
echocardiography and at necropsy. The advantatie dfhree dimensional
echocardiography in this study was that it tooknidutes to obtain the three
dimensional data set with the whole study takingriQutes in contrast to MRI which
took 40 to 60 minutes (Dawsah al, 2004). However, they used a bespoke imaging
platform and data reconstruction software for tiree¢-dimensional echocardiography
study which would limit transferability to othersearch groups.

Following peri-infarct transplantation of human C®iato immunodeficient mice,
Smith and colleagues demonstrated a significariirgeim LV function within 2 days.
Moreover, the further decline in LV function searcontrol mice at 3 weeks was not
seen in CDC treated mice (Sméhal, 2007). This suggests that the main action of
CDCs is in the prevention of adverse left ventacwuemodelling. The results
described in this chapter are in agreement andd@iswnstrate that there is a
reduction in adverse remodelling following delivefyCDCs. This beneficial effect
was also seen in endoglin depleted CDCs suggesiaigndoglin plays no role in
this process. However, the numbers of animals prrmwas low (n=4) and this

experiment is being repeated to validate this figdi

Thein vivo cardiac function in thé-sarcoglycan deficient mous8dcd-/} was first
described in our institution by Bauer et al. ustagdiac conductance catheters. He
demonstrated that at 16 weeks of age there wasgfecedce in ventricular volumes,
but there were significant differences in systaln contractile function in these mice
compared to controls. However, due to alterationpreload and afterload these mice
maintained their stroke volume and cardiac outfasllting in a compensated
cardiomyopathy (Baueat al, 2008). At the time of our initial experiments MRad

not been used to measure cardiac structure antddano theSgcd-/-mouse.

However, Wansapura et al. have subsequently usdddvigsess these mice at 32
weeks of age. They demonstrated that these mice draincreased left ventricular
mass. There was no difference in left ventricutat diastolic volume but right
ventricular end diastolic volume was significaritigreased. Also both left and right
ventricular ejection fractions were significantgduced (Wansapuet al, 2011). We

measured left ventricular mass, volumes and funa@id2 weeks. In agreement with
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Wansapura we also demonstrated an increased LV witsso difference in left
ventricular end diastolic volume. In contrast teitlresults we did not demonstrate
any change in left ventricular ejection fractiomelreasons for this difference are
unclear but | used only male mice and Wansapumoticomment on gender in their
paper, so it is possible that there are gendegréifice in th&gcd-/-mouse but this

has not been investigated.

In conclusion, the work described in this chap@mndnstrates that cardiac MRI can
be used as an accurate, non-invasive method ofumieggardiac structure and
function in various mouse models of cardiac diseagth methods and data being
comparable to those in the published literaturéatilishing this valuable technique
has enabled me to use cardiac MRI in my studiessinyating the role of endoglin in
the cells of the heart in vivo as will be descriliedhapter 5. However, | first
evaluated the role of endoglin in the cardiac fitbast using am vitro approach and

this is described in the next chapter.
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Chapter 4 The effect of endoglin depletion on primary mouseardiac

fibroblasts.

4.1 Introduction

In contrast to the human heart, cardiac fibroblastapromise approximately 30% of
the adult murine heart (Banerjeeal, 2007). As discussed in chapter 1, cardiac
fibroblasts play an integral part in the structanel function of the heart. However,
they also play an important role in cardiac diseasi¢h fibrosis an important factor in
the development and progression of cardiac disgasesk, 2007; Krenningt al,

2010; Leask, 2010). Endoglin appears to be involmdte regulation of fibrosis in a
number of organ systems. However, studies examthiagole of endogen in the
fibrotic responsén vitro suggest a conflicting role for endoglin, with sostedies
suggesting it negatively regulates fibrosis (Diearljueset al, 2002; Leaslet al,
2002; Burkeet al, 2010; Holme=t al, 2011), whereas others suggest it is a positive
regulator (K. Cheret al, 2004; Meureet al, 2010; Shywet al, 2010; Morriset al,
2011; Kapuret al, 2012). A number of methods were used in thes#ieguincluding
over expression of endoglin (Leaskal, 2002; Holmest al, 2011), inhibition of
endoglin with siRNA (Burkeet al, 2010) or antibodies directed against endoglin (K.
Chenet al, 2004). Howeverin vivo data from endoglin heterozygous mice
demonstrate that endoglin haploinsufficiency resultreduced fibrosis following
tissue injury, suggesting that endoglin positivegulates the fibrotic response
(Dochertyet al, 2006; Scharpfenecket al, 2009; Kapuet al, 2012).

My hypothesis was that endoglin was a regulataraodliac fibrosis, most likely a
positive regulator, and that a novel approach vessiad to elucidate its role.
Therefore, | chose to develop ianvitro, inducible endoglin knockdown model to

further investigate the role of endoglin in theukagion of cardiac fibrosis.

The aims of these experiments was to establishgpyircultures of mouse cardiac
fibroblasts, identify whether these cells expresdoglin, establish the conditional
knockdown of endoglin and to investigate the eftdandoglin knockdown on the

fibroblast response to TGBE.
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4.2 Results

4.2.1Establishing mouse primary cardiac fibroblast cultue

To achieve the aims of this study | first neededdtablish primary cultures of murine
cardiac fibroblasts. One of the commonest methodisd literature is enzymatic
digestion of the heart, followed by a short pembettachment, after which the non-
adherent cells are discarded. The majority of tlaeerent cells are fibroblasts and
are cultured until confluent and then passagedi{gigbt al, 1991b; Peng Let al,
2008; Y. Cheret al, 2009; Shywet al, 2010). In fact a similar method was used in
our laboratory to deplete fibroblasts from primeay cardiomyocyte cultures. |
adapted these methods to develop the final protesdribed in chapter 2. In initial
experiments | used a single heart to obtain filastsl. However, although these cells
attached to the culture dish they were sparsetyildised and did not proliferate. In
order to increase the seeding density | pooledaBtdieluring the digestion period.
Again these cells rapidly adhered to the cultush dfigure 4.1A) and reached
confluence after 4 days (figure 4.1E). Figure Adves these fibroblasts in the first 4
days of culture. It demonstrates how the small docglls that adhere to the culture
dish develop the morphological characteristicslmbblasts, which are a flat, spindle
shaped cell with multiple processes emanating fitwercell body (Soudert al,

2009).

It is necessary to characterise these cells torerikat they are fibroblasts and there is
minimal contamination with other cell types. Caddidroblasts are of mesenchymal
origin, so in order to confirm that the isolatedlare indeed fibroblasts | performed
immunocytochemistry with an antibody against vinneritimentin is a type Il
intermediate filament protein expressed in mesemethgells. Figure 4.2
demonstrates that on the first day after isolatfmure 4.2A), the majority of cells
express vimentin confirming them as fibroblastse Tilmmber of cells expressing
vimentin remains high at passage 2 (figure 4.2B Jimentin staining pattern seen
in figure 4.2E clearly demonstrates the morpholalgiharacteristics of fibroblasts.
These cells do not express the endothelial celkenaeD31 (figure 4.2B&F) and nor

do they expresg-smooth muscle actin immediately after isolatiagyfe 4.2C).
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However, by passage 2 some cells do expresaooth muscle actin suggesting

conversion from a fibroblast to a myofibroblast pbiype (figure 4.2G).

As two previous studies demonstrating that endaglexpressed in cardiac
fibroblasts used rat primary cardiac fibroblasts Qkenet al, 2004; Shytet al,
2010), it was important to demonstrate that endaglalso expressed on mouse
primary cardiac fibroblasts in culture. To do thgerformed immunocytochemistry
using an antibody against endoglin. Figure 4.3 destrates that mouse primary

cardiac fibroblasts express endoglin at passagel Pa
Now that | had established the culture of mouseary cardiac fibroblasts it was

necessary to develop anvitro model to investigate the effects of endoglin

knockdown on these fibroblasts.
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Figure 4.1 Primary mouse cardiac fibroblasts in cuure.

Following enzymatic digestion of adult heart tisstie digested cells were plated into a T75 fl&gklowing 90 minutes the flasks were rinsed with32B remove non-
adherent cells. Adherent cells (A) were then celiun DMEM with 10% FCS and 1% penicillin/streptacity. The cells were then cultured for 4 days (BaBdil confluent
(E). They were then passaged and fibroblasts frassgge 2 were used for subsequent experiments.

(A=day 0, B=day1, C=day 2, D=day 3 and E=day 4l&bar=10Qm).
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Figure 4.2 Characterisation of primary cardiac fibroblasts in culture.

Primary cardiac fibroblasts at passage 0 (A-D) pasgbage 2 (E-H) were immunostained with antibomiesmentin (A & E), CD31 (B & F) and smooth muscle actin (C
& G). Representative no primary controls are showl & H. (Scale bar 10@m).
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Figure 4.3 Endoglin expression in mouse primary caliac fibroblasts.

Endoglin is expressed in mouse primary cardiaoblasts at passage 1 (A) and passage 2(B). No
primary control, C. Scale bar 1Qén.
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4.2.2Endoglin depletion in mouse primary cardiac fibroblasts.

| next aimed to generate cardiac fibroblasts inclwiinockdown of endoglin could be
achieved in a time specific manner using Cre-Laxegies. As we did not have a
fibroblast specific inducible Cre recombinase & thme | chose to use the
ubiquitously expressed, tamoxifen induciBlesa26-Cre*"transgenic mouse line
(Chenget al). This line drives expression of a mutated oesmogceptor (ER)

fused to Cre recombinase in most cell types. Bipdid-hydroxytamoxifen to the
receptor results in activation of the Cre recoméingreilet al, 1997). This mouse
line was crossed with our floxed endoglin line ieegEnd"":Rosa26-CrEX™mice
enabling temporal regulation of endoglin knockdawnitro using 4-

hydroxytamoxifen.

4.2.2.1Rosa26-Cre"R"2is expressed in primary cardiac fibroblasts

Although the Rosa26 promoter drives ubiquitous geqmression and therefore
Rosa26-Cre*"?should expres€re="?in all cell types it was important to
demonstrate that it was expressed in my cultuteolbiasts. To investigate this | used
the Rosa26R reporter, which monitors Cre expregSoniano, 1999). In this line, the
lacZ gene is inserted into the ubiquitously expressesbR6 locus. However, a PGK
neo cassette flanked by loxP sites is presenbtbaks transcription of thiacZ gene
(figure 4.4A). In the presence of Cre recombinase RGK neo cassette is excised
following Cre/lox recombination and allows the tsaription of thdacZ

gene(Soriano, 1999). When stained with X-gal thtea palactosidase enzyme encoded
by lacZ converts the colourless X-gal to a blue precipitag is easily visible in

white light. So those cells in which the Cre recamabe was activated, and hence the

lac Z gene expressed, will appear blue.

End": Rosa26-CrE* ™ mice were crossed wifRosa26Rmice to produce
End":Rosa26-CrER"™2R26Rmice. Cardiac fibroblasts were isolated and catlur
from the hearts of these mice. Culture medium doimg various concentrations of 4-
hydroxytamoxifen (1, 2 and @V) was added to the cardiac fibroblasts at passage
or 2 to activate the Cre recombinase. They wene thidured for a further 72 hours
following which they were fixed and stained withgél. Figure 4.4 demonstrates
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widespread blue staining of fibroblasts at all @ntcations of 4-hydroxytamoxifen
used. There are a small number of unstained aailgheese represent cell that don’t

ERTZ

express eitheRosa26-Cre™ “or the Rosa26 reporter, demonstrating that the Rosa

locus is not 100% ubiquitous.

These data clearly demonstrate tRasa26-Crg”"%is expressed in primary cardiac
fibroblasts. However, the efficiency of endoglinokkdown in these cells is of greater
importance for this study and this was tested bews.

4.2.2.2Endoglin is efficiently depleted inEng"™; Rosa26-CreFR" primary cardiac
fibroblasts.

Although Cre activation is required for Cre/lox oetbination and the knockdown of
endoglin (figure 4.5A), it is essential to demoatdrefficient knockdown and identify
the concentration of 4-hydroxytamoxifen neededctueve this. Primary cardiac
fibroblasts isolated frorEnd"":Rosa26-CrER"™>R26Rmice were exposed to 4-
hydroxytamoxifen at varying concentrations as dbsdrabove. First, | confirmed
that exons 5 and 6 of the endoglin gene had bdetedausing genomic PCR (figure
4.5B). Second, | performed immunocytochemistry gsin antibody against endoglin
to confirm endoglin protein had also been depleféglire 4.6 demonstrates that at all
concentrations of 4-hydroxytamoxifen used, endoigliefficiently depleted from the
primary cardiac fibroblasts. In order to quantif tefficiency of endoglin knockdown,
four random fields of view were obtained and thtaltoumber of cells and the
number of cells expressing endoglin were countéiti&cy of knockdown was then
calculated which demonstrates that in cells atggpes4 and 2, and all concentrations
of 4-hydroxytamoxifen used, there is greater tha¥% @lepletion of endoglin (figure
4.61). These cells will be termed endoglin knockdaf&ng-IKG") fibroblasts for the

remainder of this chapter.
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Figure 4.4 Cre activation in primary cardiac fibroblasts isolated fromEng""; Rosa26-
Cre™*";Rosa26R mice.
A, schematic showing Cre/lox recombination of Rasa26Rallele in the presence a tamoxifen
inducible Cre recombinase resulting in the expoesef -galactocidaseB — E, X-gal staining, fo3-
galactosidase, demonstrating Cre activation in arjneardiac fibroblasts isolated frofmd"":Rosa26-
cre®*:Rosa26Rmice following incubation with various concentrats of 4-hydroxytamoxifenB(=
no 4-hydroxytamoxifenC = 1uM 4-hydroxytamoxifenD = 2uM 4-hydroxytamoxifen an& = 5uM 4-
hydroxytamoxifen). Cells were counterstained wibsia. Scale bar = 100m.
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Figure 4.5 Treatment ofEng™"; Rosa26-Cre™"" primary cardiac fibroblast with 4-
hydroxytamoxifen resulted in excision of exons 5 ah6.

A. Schematic showing the position of the primers séhdoglin gene before and after Cre mediated
excision of exons 5 and B. Agarose gel showing the PCR products amplifiechfgenomic DNA
isolated fromEnd":Rosa26-CrER"cardiac fibroblasts (CF) with and without treatneith 1uM 4-
hydroxytamoxifen (4-OHT) for 72 hours. The gaintteé 603bp F4/R7 PCR product and loss of the
430bp F6/R7 PCR product demonstrates the preséitise endoglin deleted allele in fibroblast cells
only after exposure to 4-OHT. (Note that the sikzthe F4/R7 PCR product from the floxed endoglin
allele prior to recombination is too large to bepéified by standard PCR methods.)
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1uM 2uM 5uM
Passage1 96% 94% 97%
Passage 2 97% 99% 98%

Figure 4.6 Endoglin expression irEng™"; Rosa26-Cre"""

primary cardiac fibroblasts is depleted followingtreatment with 4-hydroxytamoxifen.
Primary cardiac fibroblasts at passage 1 (A-D) pasbage 2(E-H) were treated with different conegiotns of 4-hydroxytamoxifen for 72 hours. A & e 4-
hydroxytamoxifen, B & F, M, C & G, 2uM and D &H, 5iM. The table in | shows the efficiency of endodtimock down in passage 1 and 2 fibroblasts withdifferent

concentrations of 4-hydroxytamoxifen. Scale baGuib)
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4.2.2.34-hydroxytamoxifen has no effect on the viability bprimary cardiac

fibroblasts.

In order to knockdown endoglin vitro, 4-hydroxytamoxifen needs to be added to
the cells. Consequently | needed to ensure tlignibt toxic to the fibroblasts at the
concentration required to knockdown endoglin. Iradded this by performing a MTT
assay on my primary cardiac fibroblasts preparechnd"" mice.

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetzalium bromide) is a yellow
tetrazole, that enters the cell and passes intmtteehondria. Once there it is reduced
by mitochondrial succinate dehydrogenase to a waseluble, purple formazan
product. Following incubation with MTT, an orgamsiclvent (dimethyl sulphoxide,
DMSO) is added to the cells to dissolve the formaaad produce a purple coloured
solution. The absorbance of this solution can basmesd spectrophotometrically. As
the reduction reaction can only occur in metabdlicective cells the absorbance is

proportional to the viability of the cells (Mosmarir983).

In this experiment primary cardiac fibroblasts asgage 1 were seeded into a 96 well
plate (5000 cells per well) and incubated with 4himxytamoxifen (0, 1, 2, bM,

using 3 technical replicates at each concentrafmm days. The MTT assay was
then performed as described in chapter 2. Figutednfirms that 4-
hydroxytamoxifen has no effect on primary cardiacdblast viability at any of the
concentrations examined (ANOVA, p=0.642)

As a result of these experiments | chose to us4 4-hydroxytamoxifen in all

subsequent experiments as it efficiently knocksrdewndoglin and is not toxic to the
fibroblasts.
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Absorbance

Control 1.0 yM 2.0 yM 5.0 uyM
4-OH tamoxifen concentration

Figure 4.7 MTT assay of primary cardiac fibroblastsfrom Eng"™ mice following incubation with

various concentrations of 4-hydroxytamoxifen.
Absorbance of the solubilised formazan product wasasured at 570nM. There was no significant

difference in absorbance at any of the concentratised (ANOVA, p=0.642) demonstrating that 4-

hydroxytamoxifen does not effect cell viability. fasexpressed as mean = SE.

106



The Importance of Endoglin for Cardiac Structureldrunction

4.2.3The effect of endoglin knockdown on TGB signalling pathways in response
to TGFB1 stimulation

The aim of these experiments was to investigatetiteet endoglin knockdown had
on components of the T@ignalling pathway, including Smad phosphorylatiol
of selected downstream genes that were relatdeetodrdiac fibrotic response.

4.2.3.1TGFp1 stimulation of primary cardiac fibroblasts results in Smad?2

phosphorylation.

The initial aim of this experiment was to estabhghether serum starvation was
necessary for the Smad phosphorylation experimentgtermine the optimum dose

of TGH31 required and the duration of stimulation.

It is common to serum starve fibroblasts prior ®FB1 stimulation experiments,
because TGFL and related growth factors are present in thensersed in complete
growth media (Goustiet al, 1986). However, when the fibroblasts are serwarvet
there can be cell death (Leiatttal, 2001). This is dependent on the conditions used
SO it was important to assess the viability of ¢heslls over the potential time course
of the experiment. This was achieved using the M$3ay to monitor cell viability,

as described above. Again primary cardiac fibrablesmEnd"" mice, at passage 1,
were seeded into 96 well plates (5000 cells pel, ®ekplicates per time point) and
allowed to adhere overnight before serum starvaiaz?o foetal calf serum) for 16,
24 and 40 hours. Following this period of starvat@m MTT assay was performed.
For the control sample the MTT assay was perforafest overnight adherence only
and represents the viability of the cells prioséoum starvation. Figure 4.8 shows the
absorbance of the solubilised formazan produdiadtfferent time points. It
demonstrates a significant reduction in absorbantethe serum starved cells
compared to control (ANOVA, p<0.001). This likelgpresents a reduction in both
cell viability and metabolic activity as the MTTsay does not distinguish between
the two. However, there is no difference betweesodiance over the course of serum
starvation (ANOVA, p=0.318) suggesting that nolfertcell death occurs but the

cells remain quiescent.
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fl/fl

Figure 4.8 MTT assay of primary cardiac fibroblastsfrom Eng™™ mice following serum

starvation.

Absorbance of the solubilised formazan product maasured at 570nM. There was a significant
reduction in absorbance of the control sample coetpto the serum starved samples at all time points
(ANOVA, p<0.001) but no difference between the @iént durations of serum starvation (ANOVA,
p=0.318). This demonstrates that there is a resludti cell viability/metabolic activity by 16 hours
following serum starvation, but the cells remaigeiescent without a reduction in viability for the

duration of the experiment. Data expressed as m&H

To determine the optimal dose and incubation tini@vestigate the effect of
endoglin depletion on Smad phosphorylation follawirGH31 stimulation |
performed 2 experiments. The first addressed tieetedf serum starvation and
concentration of TGFL on the primary cardiac fibroblasts. In this expent

primary cardiac fibroblasts were seeded onto 6 platies (100,000 cells per well).
Following overnight adherence the cells were celtiuior a further 24 hours in either
normal media or low serum media (0.2% FCS). This @gtre then stimulated with
TGHB1, at concentrations of 0, 5 and 10ng/ml, for 3@utes. Following this the cells
were collected for western blot analysis usinglatties to phospho-Smad2 and total
Smad2. Figure 4.9A demonstrates that in the absgnMt&H31 there is minimal
phosphorylation of Smad?2. Following stimulationiwitoth doses of TG Smad?2
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becomes phosphorylated. This phosphorylation appedre greater in the cells that

were serum starved prior to stimulation.

The second experiment aimed to establish the optdoration of TGB1 stimulation.
In this experiment following seeding and adherand@well plates the primary
cardiac fibroblasts were serum starved for 24 htallswed by stimulation with
5ng/ml of TGEB1 for 15, 30 and 60 minutes. Again the cells wealéected for
western blot analysis as described above. Fig@& demonstrates that Smad 2

phosphorylation occurs with in 15 minutes and remm&or at least 60 minutes.

Following these results | decided that in all sujpsat western blot experiments, the
primary cardiac fibroblasts would be serum stame@ 2% FCS for 24 hours prior to

stimulation with 5ng/ml TGP for 30 minutes.

-
A
* -——
<4— Smad 2
TGFB1 0 5ng/ml  10ng/ml 0 5ng/ml  10ng/ml
Serum + + + - - -
B

TGFB1 0 5ng/ml  5ng/ml  5ng/ml
Time (mins) 0 15 30 60

Figure 4.9 Phosphorylation of Smad?2 following TGB1 stimulation of primary cardiac

fl/fl mice.

fibroblasts from Eng
A, phosphorylation of Smad?2 in primary cardiac diblasts with and without serum starvation (0.2%
FCE for 24 hours), in response to T@Fat 5 and 10ng/ml. B, phosphorylation of Smad2 ¢ivee
following stimulation with 5ng/ml TGEL in serum starved primary cardiac fibroblastsal 8mad2

levels were similar in all samples. These experisarere repeated 3 times with similar results.
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4.2.3.2Endoglin knockdown in primary cardiac fibroblasts does not affect Smad

phosphorylation following TGF1 stimulation.

To investigate the effect of endoglin knockdownSmad phosphorylation in
response to TGh, primary cardiac fibroblasts frofind'";Rosa26-Cré*?and

End™ mice were cultured. All cells were treated withytroxytamoxifen and
cardiac fibroblasts frorEnd”™ mice were used as controls. The primary cardiac
fibroblasts were treated with 4-hydroxytamoxiferpassage 1 and grown to
confluence. They were then passaged and seedeadt) plates (100,000 cells per
well). Following overnight adherence, they wereusestarved for 24 hours followed
by stimulation with 5ng/ml TGFL for 30 minutes. The cells were then collected for
western blot analysis. To investigate the effe€isnaloglin knockdown on
TGFHB1/AIKS signalling and TGFL/AIK1 signalling pathways, phospho-Smad
2/Smad2 ratio and phospho-Smad 1,5,8/Smad 1 rasipectively, were calculated.
Figure 4.10 demonstrates that Tg3Fstimulation results in phosphorylation of Smad2
in both control and endoglin knockdowgng-iK3") fibroblasts (p=0.005 and
p=0.001, respectively). Although following TGE stimulation mean phopho-
Smad2/Smad? ratio appears lower in the fibroblagtsendoglin knockdown, the
difference is not statistically significant (p=07)4Figure 4.11 shows that there is a
reduction in phospho-Smad 1/5/8/Smad 1 ratio irogh depleted fibroblasts with
an increase following TR stimulation compared to control fibroblasts. Hoer
these changes are not statistically significanesBresults demonstrate that the
response to TGH stimulation may be different between control andoglin
depleted fibroblasts. Any small change in Smad phosylation is likely to lead to
larger changes in downstream gene expression ahchese to investigate effect of
TGFB1 on gene expression of T@GFeceptors, as well as the downstream genes Id1
and Pai-1.
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Figure 4.10 Effect of endoglin knockdown on Smad2imsphorylation following TGF1

stimulation.

A.

Endoglin knockdown resulted in a small, non-sigmifit reduction in Smad2 phosphorylation in
response to T@HA. Data from three biological replicates are présgtas mean = SD, n=3.
A representative western blot experiment shows fiG#mulates phosphorylation of Smad2 in

the absence of endoglin.
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pSmad1l,5,8/Smad1l ratio (AU)

Control Eng-iKO"

E Untreated E TGFB1 treated
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Figure 4.11 The effect of TGIB1 stimulation on Smad1/5/8 phosphorylation in conwl and

endoglin depleted fibroblasts.

A.

B.

Smad 1/5/8 was already phosphorylated in serumestaunstimulated fibroblasts and was not
induced by TGB1. Endoglin knockdown had no significant effectt®&om three biological
replicates are presented as mean + SD, n=3.

A representative western blot experiment shows pihmy/lation of Smad1/5/8 in the absence of

endoglin, with and without TGR stimulation (5ng/ml for 30 minutes).
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4.2.3.3The effect of endoglin knockdown on expression ofGFf receptor genes

and downstream signalling genes.

To investigate the effect of endoglin depletiontloa expression of TG eceptors
genes and downstream signalling genes, quantiéiaigime PCR (qPCR) was

performed on primary cardiac fibroblasts with anthaut endoglin knockdown.

In these experiments all primers, except BGFRvere already in use in our laboratory
and are summarised in table 2.7. The primers fqlifying TGF31 cDNA were
previously published (Davidsaet al, 2006). The TGF receptor genes | investigated
were the type | receptors, Alkl and AIk5, the typeceptor (Tgfbr2) and endoglin
on the basis that endoglin regulates the balanwecka Alkl and Alk5 signalling
(figure 1.2). To demonstrate differences in taggte activation | investigated Id1
and 1d2 (inhibitor of DNA binding 1 and 2), expreddollowing activation of the
Alk1/Smad1/5/8 pathway, and Pai-1 (plasminogernvatdr inhibitor 1, also known as
Serpinel), expressed following Alk5/Smad2/3 actoratl also investigated any
effect on transcription of TGH ligand. | used three housekeeping genes
(glyceraldehyde-3-phosphate dehydrogenase (Gabghdxanthine-guanine
phosphoribosyltransferase (Hprt) gidctin) for data normalisation (see chapter 2).
Table 2.7 gives details of the primers used totifiethe expression of these genes
and the PCR efficiency. All gPCR reactions usedSM&8R green quantitative
method (described in chapter 2). Figure 4.12 shbevslissociation curves for these
primers used during typical gPCR reactions. Thiea@lestrates a single melting peak
for all PCR products, except for AIk5 (this will biesscussed further below),
confirming primer specificity. Mean PCR efficienofeach primer pair was
determined from the slopes of the gPCR amplificatiorve using the LinReg method
(table 2.7) (Ramakerst al, 2003; Karleret al, 2007).
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Figure 4.12 Dissociation curves of the gPCR produdor each primer pair.

The single peak confirms that the primers are $ipead give a single PCR product, with the exaaptf Alk5, which has a shape indicating more tbae PCR product.
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These experiments were performed with primary earfibroblasts isolated from
hearts oEnd"" andEnd"";Rosa26-CrER™mice. All cells were treated with 4-
hydroxytamoxifen (ftM) at passage 1. Once they had reached conflubece t
fibroblasts were passaged and seeded onto 6 va&lsp{100,000 cells per well). They
were then cultured in normal media for 24 hoursoriter to assess the effect of
endoglin depletion on primary cardiac fibroblastsler normal conditions, serum
starvation was not used in these experiments. Hemwvsubsequent experiments
assessing the effect of endoglin depletion on f$timulation, serum starvation
was performed as for the western blot experimemse The fibroblasts were lysed
using RLT buffer (Qiagen) and stored at -80°C. d&wihg RNA extraction and
reverse transcription, as described in chaptePZRjwas performed using the above
primers. Gene expression in endoglin depleted filasis (Eng-iKJ) relative to
control fibroblasts was calculated using the corafpae Ct method, described in

chapter 2.

The relative gene expression levels are givendletd.1. As the relative gene
expression data is exponential the data was |logfiramed prior to graphical
representation as shown in figure 4.14 and figut®.4As would be expected there is
a significant, 14.7 fold reduction in endoglin eagsion (p<0.0001) following
endoglin knockdown. There is no difference in Atdene expression but there
appears to be a significant, 14.7 fold increas&lik® expression (p=0.001) following
endoglin knockdown. However, as mentioned abovelissociation curve for Alk5
shows the presence of 2 peaks. This indicates thareone PCR product is present
but is unlikely to be due to genomic DNA contamioatas the both primers span
exon boundaries. Therefore, this suggests thag ikgrimer dimer formation

resulting in a false positive result.

To further clarify the effect of endoglin knock down Alk5 gene expression | used
commercially available primers (Qiagen Quantiteainprs) to repeat the experiment.
These primers amplified a 120bp amplicon in exoaad 5. The dissociation curves
for these primers shows a single peak confirmiregigity (figure 4.13). The gPCR
results are shown in table 4.1 and demonstratestiagglin knock down has no effect

on Alk5 gene expression (p=0.88).
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Following endoglin knockdown there is no differemcexpression of Pai-1 (p=0.49)
or TgfB1. There is a small (1.2 fold), but statisticaligrsficant, increase in 1d1

expression (p=0.047) following endoglin knockdownggesting that the

Alk1/Smad1/5/8 pathway is activated following enlitognockdown.
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Figure 4.13 Dissociation curve for g°PCR products usg Qiagen Quantitect primers for AIk5.

This demonstrates a single peak confirming prirpecsicity.

Table 4.1 Relative gene expression of T@Receptor and downstream signalling genes in

primary cardiac fibroblasts with endoglin knockdown compared to control.

Compared to control fibroblasts, endoglin knockdaesults in no difference in Alk1, Pai-1 or Bagf
gene expression. As would be expected there isfatl Feduction in endoglin gene expression in

fibroblasts following endoglin knockdown comparedcontrol. There is a small but significant

increase (1.2 fold difference) in Id1 gene exp@sén fibroblasts with endoglin knockdown compared

to control. Data presented a mean = SD, n=3 bio&dgeplicates per group.

Alkl Alk5 Endoglin ld1 Pai-1 Tofps
(Quantitect)

Control 10+ 1.0+ 1.0+ 1.0+ 1.0+ 1.0+

0.27 0.26 0.03 0.04 0.07 0.05

Eng- 13+ 1.0+ 0.068 + 1.2+ 1.1+ 09+

iKO" 0.67 0.39 0.03 0.14 0.34 0.34

p value 0.58 0.88 <0.0001 0.047 0.49 0.23
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Figure 4.14 The effect of endoglin knockdown on theelative gene expression of TGF receptors

in primary cardiac fibroblasts.

Following endoglin knockdown there is a significdt#.7 fold) decrease in endoglin expression. There
is no significant difference in the expressiontaf type | receptors, Alkl or Alk5. Data expressed a

mean + SD, n=3 per group, *p<0.001.
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Figure 4.15 The effect of endoglin knockdown on theelative gene expression of TGP target
genes in primary cardiac fibroblasts.

There is no significant difference in Pai-1 or T&3Fgene expression following endoglin knockdown.
There is a small (1.2 fold) increase in Id1 expmsdata expressed as mean + SD, n=3 biological

replicates per group, *p=0.047.
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4.2.3.4The effect of endoglin knockdown on the expressiaof TGFp receptors

genes and downstream signalling genes in responseltGFp1.

TGHB1 is a major fibrogenic cytokine, and cardiac flilests are primarily
responsible for generating scar tissue followingrhmjury. | therefore investigated
whether endoglin knockdown had any effect on celtagynthesis in cardiac
fibroblasts following TGB1 stimulation. To do this, primary cardiac fibroktwere
isolated from hearts &nd"" andEnd"™:Rosa26-CrER™mice. All cells were treated
with 4-hydroxytamoxifen (M) at passage 1. Once they had reached conflubece t
fibroblasts were passaged and seeded onto 6 va&lsp{100,000 cells per well). They
were allowed to adhere overnight in normal medifeed by serum starvation
(0.2% FCS) for 24 hours prior to TGE stimulation. Fibroblasts were treated with
5ng/ml TGP or left untreated for 24 hours prior to harva@ste fibroblasts were
lysed using RLT buffer (Qiagen) and stored at -8@@lowing RNA extraction and
reverse transcription, as described in chaptePZRjwas performed using the
primers in table 2.7. Gene expression in BGKeated fibroblasts relative to
untreated fibroblasts, for both control and Eng-tibroblasts, was calculated using
the comparative Ct method as described in chapt@b® 4.2 and table 4.3).

In control fibroblasts (table 4.2 and figure 4. T&F31 stimulation resulted in down
regulation of Alk1 (1.5 fold reduction, p=0.011)daa very small reduction in Tgfbr2
expression (1.1 fold reduction, p=0.018). In sonw2] control fibroblast cultures
there was very little change in endoglin expressiaresponse to TGHR stimulation.
However, in one experiment there was an 8 foldease in endoglin expression. As
this response was not consistent between biologggdicates it was not considered
statistically significant, but should be monitotaduture work. As expected, TBE
stimulation in control fibroblasts resulted in giggant up regulation of Pai-1 (2.3
fold increase, p=0.005) confirming activation of thlk5/Smad?2/3 pathway. There
was also down regulation of the Alkl/Smad1/5/8 watphwith a significant down
regulation of both Id1 (2.0 fold reduction, p=0.03®d Id2 (2.1 fold reduction,
p=0.003). Finally, there was also a small increasigfp1l expression (1.2 fold
increase, p=0.002).
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Overall, TGB1 stimulation of fibroblasts following endoglin kekddown resulted in
a similar change in gene expression to controbblasts. As with control fibroblasts,
both Alk1 (1.5 fold reduction, p=0.024) and Tgfl§i22 fold reduction, p=0.009)
were down regulated. Endoglin was up regulate@tatg TGH1 stimulation (2.2
fold increase, p=0.028). The Alk5/Smad?2/3 pathveagdtivated as shown by the 2.9
fold increase in Pai-1 expression (p=0.002) andLAknad1/5/8 pathway down
regulated (3 fold reduction in Id1 expression (280.1) and 2.3 fold reduction in 1d2
expression (p=0.004)). Interestingly, in endoglapléted fibroblasts, there is no
increase in TGEL expression following TR stimulation (p=0.8), suggesting this

response was endoglin dependent.
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Table 4.2 Relative gene expression of T@Fsignalling pathway genes in control primary cardia

fibroblasts following TGFp1 stimulation.

Compared to untreated fibroblasts, Tg&Btimulation resulted in up regulation of Pai-1 argdp, and
down regulation of Alk1, Tgfbr2 and Id1 and 2. Datgressed as mean + SD, n=3 hiological
replicates per group.

Control fibroblasts

Alkl | Tgfbr2 Eng Pai-1 ld1 Id2 Tofpl
1.0+ 1.0+ 1.0+ 1.0+ 1.0+ 1.0+ 1.0+
Untreated
0.01 0.002 | 0.008 | 0.033 | 0.003 | 0.001 | 0.003
TGFB1 065+ | 089+ | 36% 23+ | 050+ | 047+ | 12+
treated 0.14 0.05 4.35 0.4 0.3 0.1 0.04
p value 0.011 0.018| 0.361 | 0.005 0.038 0.003 0.002

Table 4.3 Relative gene expression of T@Fsignalling pathway genes in endoglin depleted

primary cardiac fibroblasts following TGF B1 stimulation.

Compared to untreated fibroblasts, Tg&Btimulation resulted in up regulation of endoglimd&ai-1
and down regulation of Alk1, Tgfbr2 and Id1 andrBere was no effect on Tff expression. Data

expressed as mean + SD, n=3 biological replicagegmup.

Eng-iKO" fibroblasts
Alkl Tgfbr2 Eng Pai-1 ld1 Id2 Tofpl
1.0+ 1.0+ 12+ | 1.0+ 1.0+ 1.0+ 1.0+
Untreated
0.001 | 0.001 0.17 0.06 0.009 0.01 0.008
TGFp1 058+ | 085+ | 22+ | 29+ | 033+ | 043+ | 10z
treated 0.21 0.06 0.48 0.43 0.02 0.17 0.12
p value 0.024 0.009 0.028 0.00 <0.00 0.004 0.80
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Figure 4.16 The effect of TGPBL1 stimulation on TGF signalling pathway gene expression in
control fibroblasts.

Data expressed as mean + SD, n=3 per group, *p<0.05
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Figure 4.17 The effect of TGPB1 stimulation on TGFp signalling pathway gene expression in
endoglin depleted fibroblasts.
Data expressed as mean + SD, n=3 per group,*p<0.05
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4.2.4The effect of endoglin knockdown on expression oekected genes expressed

in the extracellular matrix

To investigate the effect of endoglin knockdownesitracellular matrix gene
expression gPCR was performed using primers tar@euof genes involve in
extracellular matrix remodelling (table 1.1). Thegsre, type | collagen (Col1Al),
type 11l collagen (Col3A1), connective tissue graoviactor (Ctgf, also known as
Ccn2), alpha smooth muscle actin§MA, a marker of fibroblast to myofibroblast
transformation), matrix metalloproteinases (Mm@n2l 9 and tissue inhibitors of
metalloproteinases (Timp) 1 and 2. The detail®efgrimers used in the gPCR
experiments are given in table 2.7. These primergwaken from the online
resource; primer bank (http://pga.mgh.harvard.atlugrbank/), except for the
primers for Ctgf which have been previously puldgtiDavidsoret al, 2006). All
these primers were specific as only a single pezk seen on their respective
dissociation curves (figure 4.18).

4.2.4.1The effect of endoglin knockdown on expression ok&acellular matrix

genes in unstimulated cells

The expression of ECM genes in control and endatgpleted cardiac fibroblasts
were compared under normal culture conditions asrdeed in section 4.2.3.3 above.
There were no significant differences in expressibtihese ECM genes between the
control and endoglin depleted fibroblasts (tab#eahd figure 4.19)
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Figure 4.18 Dissociation curves of the gPCR produdbr each primer pair.
The single peak confirms that the primers are $ipeci
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Table 4.4 Relative gene expression of extracellulanatrix genes in primary cardiac fibroblasts
with endoglin knockdown compared to control.
There was no difference in baseline expressionxideellular matrix genes in endoglin depleted

fibroblasts compared to controls. Data expressadess + SD, n=3 biological replicates for each

group.

a_
Col1Al | Col3Al | Ctgf | Mmp2 | MmMp9 | Timpl | Timp2

SMA

1.0+ 1.0+ 1.0+ 10+ | 10+ | 10+ | 10+ 1.0
Control

0.06 0.30 0.12 0.25 0.63 0.28 0.23 | #0.11

| 10+ 10+ | 0.88+| 1.0+ | 0.79+| 091+| 094 | 089«
Eng-iKO

0.17 0.19 0.29 0.067 | 0.63 0.28 | +0.30 | 0.14

p value 0.93 0.88 0.54 0.84 0.70 0.74 0.80 0.3
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Figure 4.19 The effect of endoglin knockdown on theelative expression of extracellular matrix
genes in primary cardiac fibroblasts.
There was no difference in expression of extratallmatrix genes in endoglin depleted fibroblasts

compared to controls. Data expressed as mean a=8Dhiological replicates for each group.
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4.2.4.2The effect of endoglin knockdown on the expressiaof extracellular

matrix genes in response to TGF1.

The effect of TGB1 stimulation on fibroblasts with and without entilogvas

examined as described in section 4.2.3.4 above.

Contrary to my expectations, collagen | expressias not increased in control
fibroblasts following 24 hours of TR stimulation (table 4.5 and figure 4.20). There
was a significant down regulation of collagen Héuction following TGB1

stimulation (2.3 fold reduction, p=0.007) wheredgf@as up regulated by 2.2 fold
(p<0.0001) andSMA by 2.5 fold (p=0.025). There was no significahinge in

either Mmp2 (p=0.18) or Mmmp9 (p=0.13) expressionesponse to TGH. Timpl
gene expression was also unaffected (p=0.29) lmap B was down regulated 1.8 fold
(p=0.023).

TGHB1 stimulation of endoglin depleted fibroblasts feiin a significant down
regulation of collagen Il (3.2 fold reduction, p8001) with an up regulation of both
Ctgf (2.6 fold increase, p=0.007) aneEMA (3.1 fold increase, p=0.029), similar to
control fibroblasts. However, in contrast to cohfilaroblasts, endoglin depletion
resulted in a 1.25 fold reduction in collagen | egsion (p=0.02) and a 3.7 fold
reduction in Mmp2 (p<0.0001) expression, followin@FH31 stimulation. There
appeared to be an increase in Mmp9 expressiornisuvas not significant (1.64 fold
increase, p=0.065), and was similar to the respwnsentrol fibroblasts. Timp1l
expression remained unchanged (p=0.14) and Timpgession was reduced 2.8 fold

(p=0.0009) in keeping with the response of corftlwbblasts.

Overall, the results demonstrate that in conti@asbntrol fibroblasts, endoglin
knockdown results in down regulation of both tym®llagen and Mmp2 gene
expression in response to TEFstimulation suggesting that endoglin positively
regulates their expression. Also, endoglin knockadwas little effect on the other
extracellular matrix genes tested. However, chanmggene expression are dynamic

and so further experiments would be needed to edfi@ optimal conditions.
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Table 4.5 Relative gene expression of extracellulanatrix genes in control primary cardiac
fibroblasts following TGFp1 stimulation.

Compared to untreated fibroblasts, T&Fesulted in up regulation of Ctgf an&MA. There is down
regulation of type Il collagen and Timpl. Thereswa effect on type | collagen, Mmp2, Mmp9 and

Timp2 gene expression. Data expressed as mean a=8hiological replicates per group.

Control fibroblasts

Col1Al | Col3Al | Ctgf | Mmp2 | MmMp9 | Timpl | Timp2 SMA

10+ 1.0+ 10+ 1.0+ | 1.0+ | 10+ | 1.0+ | 1.0
0.0004 | 0.008 | 0.004 | 0.013 | 0.0386 | 0.026 | 0.003 | 0.0009

Untreated

TGFp1 10+ | 044+ | 22+ | 072+ 16+ | 15+ | 055+ | 25+
treated 0.093 0.19 0.065 | 0.32 0.56 0.71 0.21 0.73

p value 0.78 0.007 | <0.0001 0.18 0.13 0.29 | 0.023 | 0.025

Table 4.6 Relative gene expression of extracellulanatrix genes in endoglin depleted primary
cardiac fibroblasts following TGF1 stimulation.

In contrast to control fibroblasts there is a digant down regulation of type | collagen and Mmp?.
keeping with control fibroblasts, TGE stimulation resulted in up regulation of Ctgf at®MA, and
down regulation of type Il collagen and Timp2. Téevas no difference in expression of Mmp9 and
Timpl. Data expressed as mean + SD, n=3 biologégdicates per group.

Eng-iKO" fibroblasts

Col1Al | Col3Al | Ctgf | Mmp2 | Mmp9 | Timpl | Timp2 SMA

10+ 1.0 1.0+ 10+ 1.0+ | 1.0+ 1.0+ | 1.0+
0.006 | +0.046 | 0.016 | 0.008 | 0.0005| 0.002 | 0.033 | 0.0005

Untreated

TGFp1 078+ | 031+| 26+ | 027+ | 164+ 11+ | 036+ 3.1+
treated 0.10 0.063 | 0.55 0.066 0.44 0.14 0.12 11

p value 0.02 0.00017 0.007 <0.00010.065 0.14 | 0.0009| 0.029
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Figure 4.20 The effect of TGB1 stimulation on extracellular matrix gene expressin in control
fibroblasts.

Data expressed as mean + SD, n=3 biological répBgaer group, *p<0.05
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Figure 4.21 The effect of TGIB1 stimulation on extracellular matrix gene expressn in endoglin
depleted fibroblasts.
Data expressed as mean + SD, n=3 biological répBgaer group, *p<0.05
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4.2.4.3TGFB1 stimulation results in increased expression af smooth muscle

actin.

The change from fibroblast to myofibroblast is arportant one during fibrosis (see
chapterl) and this is associated with increasdA expression. Although induction
of aSMA expression by TGH stimulation did not appear to be dependent on
endoglin (figure 4.20 and figure 4.21), it was inmtpat to determine whether the
frequency of myofibroblast differentiation was egtiio dependent. To do this,
control and endoglin depleted primary cardiac fildast were serum starved for 24
hours followed by incubation with 5ng/ml TGE or normal media for a further 24
hours. Following this they were fixed and immunosd with an antibody taSMA.

TGHB1 stimulation of control primary cardiac fibroblasesulted in an increased
expression ofiSMA protein (figure 4.22A and B). There was a sanihcrease in the
expression oiSMA in endoglin depleted fibroblasts suggestingnalar level of
differentiation to the myofibroblast phenotype dhdit this differentiation process

was not endoglin dependent.
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Figure 4.22 Expression ofr smooth muscle actin following TGPB1 stimulation.

Primary cardiac fibroblasts were stimulated withFBG& for 24 hours. They were then immunostained
with antibodies againstSMA. A and B, control primary cardiac fibroblastgw(B) and without (A)
TGH31 stimulation. C and D, endoglin depleted primaagdéac fibroblasts with (D) and without (C)
TGH31 stimulation. TGB1 stimulation results in an increased expressiaSiiA in both groups.
Scale bar 50m.
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4.3 Discussion

These experiments were designed to investigatefteet of endoglin knockdown on
cardiac fibroblasts and their response to G the context of fibrosis. Fibroblasts
were readily cultured from adult mouse hearts,\mack characterised by their
morphological properties and by immunocytochemaellysis. With subsequent
passages (greater than passage?2) these card@ddiis become positive faBMA,
suggesting a shift to a myofibroblast phenotypebfiiani, 1998; Hinz, 2010).
Cardiac fibroblasts appear to be predisposed tearbio a myofibroblast phenotype
in culture. Porter et al found that fibroblaststertdd from normal human atrial
explants expressaxSMA from the first passage suggesting an earlyattn of the
myofibroblast phenotype. These cells remained pesibr aSMA with subsequent
passage (Portet al, 2004). However, initial immunophenotyping of cardiac
fibroblasts demonstrated that they were negative$d/A. It is not known if they
develop a myofibroblast phenotype with subsequassg@ging (K. Cheat al, 2004;
Shyuet al, 2010). TGB is an important cytokine in mediating this phempaty
transformation (Eghbaét al, 1991b; Leask, 2007).However, culture conditiomns a
also important. For example, Masur and colleageasahstrated that at low seeding
density the proportion of myofibroblasts was 7@8@846 in rabbit corneal fibroblasts,
whereas at high seeding density it was 5 to 10%s(ivkt al, 1996). In addition to
seeding density the specific culture medium appieairsluence this phenotypic
change. Rossini et al. demonstrated that humarapyigardiac fibroblasts cultured in
Dulbecco’s modified Eagles medium converted spadasly to a myofibroblast
phenotype but those cultured in endothelial gromvédium retained a fibroblast
phenotype (Rossirgt al, 2008). In my study, primary mouse cardiac fibesitd were
initially negative foraSMA but spontaneously developed a myofibroblastphge
after passage two. As a consequence they likelgsept a mixed
fibroblast/myofibroblast population. Equally, filasts and myofibroblasts are
present in the healing myocardial infarct and soglesence of these two phenotypes

in vitro may be more representative of thevivo situation.
As discussed in chapter 1, endoglin is expressébroblasts isolated from numerous

tissues. It is also up-regulated in fibroblasta imumber of diseases where fibrosis is a

feature, such as scleroderma (Leaskl, 2002), Crohn’s disease (Burkeal, 2010)
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and following myocardial infarction (van Laakéal, 2006). The mouse primary
cardiac fibroblasts described in this thesis werexception- with endoglin being
expressed at all passages. A number of methodshiegreused to regulate endoglin
expression in fibroblasts. Endoglin has been tayasing antibodies specific for
endoglin (K. Cheret al, 2004) or small interfering (si) RNA (Burlet al, 2010;
Shyuet al, 2010; Morriset al). Endoglin overexpression studies have been
performed in rat myoblasts (Obrebal, 2004), NIH3T3 and dermal fibroblasts
(Leasket al, 2002) and an intestinal fibroblast cell line (CABCo) (Burkeet al,
2010) and are discussed in chapter 1. In my studedl Cre/lox technology to
achieve endoglin knockdown. The floxed endoglin seline was developed in our
laboratory (Allinsoret al, 2007) and has been used to investigate the faedmglin

in retinal angiogenesis (Mahmoetlal, 2010) and tumour angiogenesis (Anderberg
et al, 2013). | have demonstrated tiRaisa26-Cr&X"?expression can be induced and
endoglin efficiently depleted in primary mouse ¢acdibroblasts cultured from the
End™:Rosa26-CrER™mouse. Its use in these experiments represerttse n
approach to investigate the role of endoglin imd#ss.

The experiments described in this chapter demdedtnat TGB1 stimulation of
control mouse primary cardiac fibroblasts resuitphosphorylation of Smad2 and
induction of Pai-1 expression. There was no deldetaffect on Smad1/5/8
phosphorylation after 30 minutes exposure to fGbut the baseline level of
Smad1/5/8 activation was already high. NeverthelB&1 stimulation did lead to a
reduction in Id1 transcription at 24 hours, indiegtreduced activation of the
Smad1/5/8 pathway, perhaps below the level of tietem the western blot
experiments. The increase in Tgfbl transcriptidlofang TGH31stimulation
demonstrates autocrine induction of Tgfbl expressi&GH1 stimulation also led to
increased expression of Ctgf am@MA. Interestingly there was no alteration in
collagen 1 transcription in response Tg3Fstimulation, most likely due to the
activation of this pathway by serum starvation ¢h¢et al, 2001) and consequently
it was not further activated following T@E stimulation. There was a reduction in
collagen 3 and Timp2 transcription. Overall, thesssults are consistent with TEGE
signalling via the Alk5/Smad?2/3 pathway in contratdiac fibroblasts, however,

there was no increased expression of collagenldwinlg TGH31 stimulation.
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As expected, endoglin depleted primary cardiaoblasts have significantly reduced
expression of endoglin, which was seen at bothepr@nd mRNA level. There is also
a small, but significant increase in 1d1 transcoiptunder normal culture conditions
suggesting that endoglin may inhibit the Alk1/Sni#sl8 signalling pathway in
normal fibroblasts. In my studies there was noedédhce in Alk5 expression between
control and endoglin depleted cardiac fibroblablss differs from endothelial cells
where AIK5 is reduced in endothelial cells from HHJatients (Fernandex al,

2005) and endoglin heterozygous mice (Leletiml, 2004). One possible explanation
for this difference is that cells may require titbeundergo this adaptation. However,
endoglin depletion has no effect on the expressidhe majority of extracellular
matrix genes examined in this chapter under theen@itonditions used in this chapter.

As with control fibroblasts, TGR stimulation of endoglin depleted fibroblasts
results in phosphorylation of Smad2. Again, therea effect on Smad1/5/8
phosphorylation but similar reductions in Alk1 ddd expression. There is an
increase in Pai-1 transcription but no increasggifil transcription suggesting that
endoglin may be important in the autocrine regafatf Tg1l. Ctgf anduSMA
transcription are both up regulated by &1 endoglin deficient fibroblasts.
However, unlike in control fibroblasts, collagemidd Mmp2 are both down regulated
following TGH31 stimulation, suggesting that endoglin positivagulates collagen 1
and Mmp2 gene expression. There is also down regulaf collagen 3 and Timp2
gene expression. These results suggest that endsghivolved in the autocrine
regulation of TgB1 and a positive regulator of collagen 1 and MmeRegexpression.
| observed no differences between control and dirddgplete fibroblasts in the
activation of canonical T@Fsignalling pathways. This points to the possipilitat
endoglin is involved in regulation of the non-camahsignalling pathways such as
MAP kinase (K. Chert al, 2004) or ERK 1/2 (Kapuet al, 2012). Further work is
needed to examine the effects of endoglin depleironollagen protein production in

response to TGHA and non-canonical T@Fsignalling.

Quantative PCR (gPCR) is a widely used techniquedasure gene expression
(Schmittgen and Livak, 2008). However, there aneimber of steps, from isolation

and purification of RNA through reverse transcoptPCR (to generate cDNA) to
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gPCR and detection chemistry used, prior to achgegiresult. All these steps need to
be performed accurately as there is the possilafigrror being introduced at any
point. The experiments described in this thesisl B¢BR green chemistry where the
fluorescent dye binds to double stranded DNA (dsphAhe reaction mix. The
advantages of this method are that it can be wsetbhitor the amplication of any
dsDNA and so multiple genes can be investigatedlatively low cost. However, it
relies on good primer design and optimisation efRICR reaction as it can produce
false positive results with binding to non specidNA products. This was
demonstrated during my experiments when quantifgitk® expression. The melting
curve (figure 4.12) for AIk5 demonstrates 2 peakggesting the presence of more
than one DNA product, most likely primer dimer Imistcase. Tagman chemistry uses
a flurogenic probe which is released from the ghendye as the target sequence is
transcribed. The flurogenic probe is specific ® target sequence and different
reporter dyes are available which allows amplifmatf more than one gene in a
single reaction. Due to this specificity Tagman A€ more sensitive than SYBR
green (Matsenket al, 2008; Cao and Shockey, 2012) which is of impaanhen
dealing with small amounts of isolated RNA. Howeverequires the synthesis of

different probes for each target sequence anccassequence the cost is greater.

The results described in this chapter have shoatthie depletion of endoglin in
cardiac fibroblasts potentially inhibits the auinerregulation of TGFL and reduces
collagen 1 gene expression, suggesting that emdpgsitively regulates extracellular
matrix production. This is in keeping with othemdies using rat cardiac fibroblasts
andin vivo models of organ fibrosis. The effects of endodipletionin vivo will be

investigated in the next chapter.
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Chapter 5 The Effect of Endoglin on Cardiac Structure and

Function.

5.1 Introduction

There is a significantly greater reduction in cacdiunction following surgical LAD
ligation in endoglin heterozygous mice compareddwtrols, possibly due to
impaired neovascularisation of the infarct bordemezfollowing Ml (van Laaket al,
2006). However, inflammation and fibrosis also pdayimportant role in the healing
process following myocardial infarction but theeaf endoglin in this process is not
clearly defined. In a renal ischaemia/reperfusigary model endoglin
haploinsufficiency was protective (Dochegial, 2006) with reduced macrophage
infiltration and activation in endoglin heterozygomice. The authors concluded that
it was the reduction in inflammation that resuliedhis protection (Dochertgt al,
2006). In the irradiated mouse kidney, endoglinidiagufficiency was also
associated with reduced inflammation and a redngtidevels of the inflammatory
cytokines IL-B and IL-6 (Scharpfenecket al, 2012). The attenuation of
inflammatory response in endoglin heterozygous nsi¢i&ely to explain the reduced
fibrosis seen in this model (Scharpfeneaseal, 2009). Although endoglin is
expressed on activated macrophages (Lastrak 1992), endothelial endoglin has
been shown to be involved in the adhesion andrmagration of inflammatory cells
(Elisa Rosset al, 2013). There is also impaired homing of monorarcéells isolated
from patients with HHT type 1 to infarcted myocanti in mouse models (Post al,
2010) which may be mediated through the SDF1/CX@R¢g (Poset al, 2010; K.
Younget al, 2012). It is unclear if the effects of endoghrinflammation are due to
direct effects on inflammatory cells, particulanhacrophages, or on the adhesion and
transmigration of these cells into injured tisdtidas also been demonstrated that
endoglin is expressed in cardiac fibroblasts (Kei@dt al, 2004; Shywet al, 2010;
Kapuret al, 2012), in myofibroblasts during wound healingkin (Torsneyet al,
2002) and modulates fibrosis in a cardiac pressuegload model (Kapuet al,

2012). All of these are important in healing foliagy myocardial infarction but | was
particularly interested in the effect of endoglimfdborosis following myocardial

infarction. | initially hypothesised that a redwetiin fibrosis in the early period
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following myocardial infarction resulted in a re@uktensile strength of the infarct
leads to infarct expansion, as described in chdptand accounted for the difference
in cardiac function following Ml in endoglin heteayggous mice. Whilst testing this
hypothesis | discovered a novel phenotype irthg-iKG' mouse, which is described
in this chapter, so the focus of my studies chamyethg the course of my PhD. The
work form this chapter has not yet been publishethare are ongoing experiments to

characterise this novel phenotype further.

5.2 Results

5.2.1The expression of endoglin in normal mouse myocardin

To investigate the role of endoglin following myedial infarction it was important to
first establish its expression pattern in normaboardium. Immunohistochemistry,
using a monoclonal antibody against endoglin, waafopmed on 1@m cryosections,
sectioned in the short axis of contrBhg"") mice hearts. This demonstrated that
endoglin is highly expressed in the mouse heartiqodarly in the endocardium and
cells surrounding cardiomyocytes but not in thelmanyocytes themselves (figure
5.1A & B). To establish in which non-cardiomyocytsloglin was expressed |
performed co-immunofluorescence of endothelialsc@llD31), smooth muscle cells
(a-smooth muscle actin (SMA)) and fibroblasts (fidest specific protein (Fspl)).
Figure 5.1C to E demonstrates that endoglin isxpressed with CD31 in endothelial
cells, as expected. Endoglin does not co-expregswessel associateSMA in the
vascular smooth muscle cells. Most Fspl positils de not co-localise with
endoglin, but a small number do, which likely regaets endothelial cells and
fibroblasts in close proximity. This demonstratesttin mouse hearts, endoglin is
expressed in endothelial cells but not in cardiooyyes, smooth muscle cells or

fibroblasts.
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Figure 5.1 The expression pattern of endoglin in nonal mouse myocardium.
10um cryosection of mouse myocardium were cut in tigrtsaxis of the hearA&B . Low and high
power images of DAB stained sections demonstraimdpglin expression in the endocardium (black

arrow) and non-cardiomyocyte cells in the myocard{white arrow). Scale bar hfh.

5.2.2The expression of endoglin in the heart following yocardial infarction

In order to investigate the expression of endogithin the myocardium following
myocardial infarction | performed permanent corgreatery ligation of the left
anterior descending artery (LAD) or sham operatiorcontrol End”™) mice.

Animals were euthanised 1, 3, and 5 days postahéanrd the heart processed to
prepare cryosections. Immunohistochemistry and inofluorescence was performed
on 1Qum cryosections. Figure 5.2 shows an overview oty changes in the
infarcted myocardium. The infarcted myocardium vaestified anatomically using
low power to determine the anterior wall of the kefntricle which is supplied by the
LAD artery. There is an infiltration of what appearbe inflammatory cells into the
infarcted myocardium on day 1 post infarct (figbt2B & F). By day 3 post infarct
the number of infiltrated cells has increased (#gb.2C & G) and by day 5 post
infarct there is heavy infiltration of cells intbe infarcted myocardium, figure 5.2D
& F. These changes represent the inflammatory asldgrative phases of infarct

healing and were further examined using immuno#ilsoence microscopy.

Over the same time period (day 1 to day 5 postthdje is a large increase in
expression of endoglin within the infarcted myodand (figure 5.3). In order to
investigate which cells expressed endoglin, crytises were co-stained with
antibodies to endoglin as well as CD31 (for endaheells), CD11b (for
macrophages), Fspl (for fibroblasts) asMA (for myofibroblasts and vascular

smooth muscle cells). Figure 5.4 shows that theeniincrease in endothelial cells in

136



The Importance of Endoglin for Cardiac Structureldrunction

the infarcted myocardium and that they all co-egprendoglin and CD31. There is an
increase in macrophages over time following myoehidfarction but these cells do
not co-express endoglin (figure 5.5). Within thrstfiday following infarction there

are no myofibroblasts present, with only vessebaissed smooth muscle staining
positive foraSMA (figure 5.6A). By day 3 post infarct, myofibralsts start to be

seen but the expressionaBMA is low (figure 5.6B). There is a significantiease

in myofibroblast infiltration by day 5 (figure 5.§CAt day 3 and 5 these
myofibroblasts do co-localise with endoglin (figls®, arrows). However, the
expression of endoglin is lower in myofibroblagtart in endothelial cells. Figure 5.7
demonstrates fibroblast infiltration into the irdBed myocardium over time. However,
Fspl expression is not co-localised with endogliggesting that the endoglin
becomes expressed as the phenotype changes fratldigt to myofibroblast.
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Figure 5.2 Histological changes in the myocardiumoflowing coronary artery ligation.

H&E staining at low(A-D) and high(E-F) power of the normal myocardium from control m{@&E) and myocardium in the infarcted region 1 dBgF) 3 dayg(C&G)
and 5 dayg¢D&H) following coronary artery ligation. There is itifation of cells into the infarcted myocardium kaydbne (F) that increase in number at day 3 (G) a
process that is more marked by day 5 (H). Scalg: 5&@m A-D and 5¢m E-H.
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Figure 5.3 Expression of endoglin post MI.
Immunohistochemical staining with a monoclonal laodly to endoglin in the infarcted myocardium aty (), 3 dayqB) and 5 day$C) following coronary artery

ligation shows a dramatic increase in endoglin eggion (brown) . No primary contrf). All sections are counter stained with haematoxidi detect nuclei. Scale bar

50um.
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Figure 5.4 Co-immunofluorescence of endoglin (red)rel CD31 (green) in the infarcted

myocardium at 1 day (A) 3 days (B) and 5 days (Cpflowing coronary artery ligation.
Normal myocardiun{D) and no primary contrdD inset). These images show that an infiltration and
proliferation of endothelial cells in the infarciree and they are all endoglin positive. Dapi (blwey

used to stain nuclei. Scale baps
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Figure 5.5 Double immunofluorescent staining of enahlin (red) and CD11b (green) in the
myocardium of the infarcted myocardium at 1 day (A)3 days (B) and 5 days (C) following

coronary artery ligation.

Normal myocardiungD) and no primary contrdD inset) are shown for comparison. These images
show that there are an increasing number of CDIHitipe macrophages in the infarcted myocardium
after day 1. The macrophages do not appear to jpees endoglin. Dapi (blue) was used to stain

nuclei. Scale bar 50n.
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Figure 5.6 Double immunofluorescent staining of emaflin (red) and o SMA (green) in the

myocardium of the infarcted myocardium at 1 day (A)3 days (B) and 5 days (C) following

coronary artery ligation.

Normal myocardiungD) and no primary contrdD inset). These images show that by day 3 there is an
infiltration of aSMA positive cells, which likely represent myofilllasts. These have significantly
increased in number by day 5. Some of these celexpress endoglin (white arrows). Dapi (blue) was

used to stain nuclei. Scale baps
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200 ym

Figure 5.7 Double immunofluorescent staining of emahlin (red) and fibroblast specific protein 1
(Fsp1, green) in the myocardium of the infarcted mgcardium 1 day (A) 3 days (B) and 5 days
(C) following coronary artery ligation.

Normal myocardiun{D) and no primary contrdD inset). These images show that there are an
increased number of fibroblasts in the infarctedoaydium at days 3 and 5 compared with day 1.
There is no detectable co-expression with endoBlapi (blue) was used to stain nuclei. Scale bar

50um.
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5.2.3Endoglin depletion in adult myocardium

Having demonstrated that endoglin expression ieased following myocardial
infarction, in both endothelial cells and myofiblats, | next aimed to evaluate the
role of endoglin in these cells following myocatdidarction. In order to address the
role of endoglin | needed to evaluate whether el@gn be efficiently knocked
down in both these cell types in an inducible etiddghockout mouse. As endoglin
is expressed in both myofibroblasts and endothedih$ in the infarcted tissue |
aimed to knock down endoglin in all cell typesdsttmy hypothesis. For this reason |
used the tamoxifen inducibRosa26;CrE*"?line crossed with thEnd"" line, to
provide the option of ubiquitous knockdown of enlilmglo assess the expression of
Rosa26;CrER""in the myocardiumend"’"; Rosa26;CrER™>Rosa26Rmice

(described in chapter 4) were treated with an ipgatoneal injection of 2mg
tamoxifen once a day for 5 days. Myocardial crytiees were then stained with X-
gal, which demonstrated thabsa26;Cré*"%is expressed in the myocardium (figure
5.8). This illustrated widespread but not absojutddiquitous expression and/or
activation of theRosa26 lacLre reporter. However although known to be imptyfe
the Rosa26 promoter is widely used to drive ubapstgene expression and was the
best available mouse line for this study.

Figure 5.8 Rosa26;Cre*"? is expressed in the majority of myocardial cellsas judged by the
activation of lacZ expression (blue) in the heartissue fromRosa26; Cre""'%, Rosa26R mice after
tamoxifen treatment

(A). Control imaggB). Scale bar 50m.

As we did not know the optimum duration of tamoriteeatment that would result in
endoglin knockdown, the next experiment was desigaassess this.
End":Rosa26;CréR™mice (n=3 per group) were treated with tamoxifien (
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injection of 2mg per day) according to the follogidifferent protocols. Group 1
were treated for 3 consecutive days, group 2 weeddd for 5 consecutive days and
group 3 were treated for 5 consecutive days foltbimg 2 further 2mg tamoxifen
doses on days 7 and 9. All animals were euthardstad/s after the last dose.
Untreated control animals (n=2) showed a normakpabf endoglin expression
(figure 5.9 A & B). Mice End"";Rosa26;Cr&R™3 in group 1 showed a reduction in
endoglin expression, but knockdown was not comffegare 5.9 D-F). There is
significant knockdown of endoglin after 5 days ainbxifen treatment (group 2,
figure 5.9 G-H). In group 3 there is also signifitknockdown of endoglin but no
greater than that seen in group 2 (figure 5.9 Buyprisingly, in 2 of the mice from
group 3 (both littermates) the knockdown was natféisient (figure 5.9 J &K).
Consequently in all subsequent experiments end&glickdown was achieved by 5

daily doses of 2mg tamoxifen.

As | proposed to assess cardiac function at 4 wpeg&sinfarct it was important to
ensure that endoglin expression did not returnrandhined depleted for the duration
of the study. To investigate thiznd"™:Rosa26;CrER™ mice were treated with
tamoxifen (2mg daily for 5 days, as for group 2\&joThey were then euthanised 10
weeks following the first dose of tamoxifen. Figé:@0 demonstrates that 10 weeks

following tamoxifen treatment endoglin remains d¢gdl in the heart.
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Figure 5.9 Evaluating endoglin knockdown in theEng™"; Rosa26; Cre®X"? mouse following CréR™ activation with different doses of tamoxifen.
Represenative cryosections of the left ventricleaftrol mice(A&B) show normal levels of endoglin, which is only stiglreduced following the 3 dose proto¢dl-F),
whereas there is a considerable reduction followliegs dose protocdG-1) and in some of the mice given the 7 dose prot@iet). A no primary control image

demonstrates staining specificif€). Together these images demonstrate knock downdwgtin following 5 and 7 doses of tamoxifen. Sdzde 5Qum.
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Figure 5.10 Sustained knock down of endoglin expre®n after 10 weeks following CreER™

activation.
Endoglin expression iBEnd” control (A-C), and inEnd"";Rosa26;CrEX"™?mice 10 weeks following

tamoxifen treatment using the 5 dose regi(@eR). This demonstrated a sustained depletion of

endoglin at the10 week time point. Scale batrb0
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5.2.4The effect of endoglin knockdown on cardiac functio following myocardial

infarction

Having established a reproducible and stable lefvehdoglin knockdown in the
End"™:Rosa26;Créf ™ mice | proceeded to test the hypothesis that dirdisg
required for efficient tissue repair following myadial infarction. Initially a pilot
group ofEnd"";Rosa26;CrER"?mice were treated with tamoxifen (i.p. 2mg daiby,
five days)to generatéubiquitous” endoglin knockdown mice, from here tenmed
Eng-iKO" mice. In parallelEnd”™ mice (termed control mice) were treated with
tamoxifen in the same way and served as contrbieeldays following the last dose
of tamoxifen all mice underwent permanent LAD ligator sham operation, thus
giving four groups (control mice with sham operatioontrol mice with LAD

ligation, Eng-iKG' mice with sham operation affhg-iKQ' mice with LAD ligation).
Four weeks following MI, cardiac MRI was performidevaluate cardiac function in

Vivo.

Analysis of left ventricular mass and function lre tifferent treatment groups are
given in table 5.1 and figure 5.11. The data indi¢chat compared to control mice
following MI, Eng-iKQ' mice have greater LV mass (205.0 + 10.6mg vs.Q123
3.6mg) and volumes (end diastolic volume 169.75413rs. 83.2 + 3.1l and end
systolic volume 104.8 + 3urvs. 40.0 + 2.)l), with reduced cardiac function
(ejection fraction 38.3 £ 0.9% vs. 52.1 + 1.6%7¥ahat size, as a percentage of the left
ventricle, was similar in both groups (20.5 £ 0.88618.9 + 2.1%). These results
suggest that there is greater left ventricular eskveemodelling in mice following
endoglin knockdown. However, in the sham operdfed-iKkO"' mouse there
appeared to be a similar increase in left ventaicaiass (208.1mg) and volumes (end
diastolic volume 1484d and end systolic volume 663, but with only slightly
reduced function (ejection fraction 54.9%). Thid fee to consider whether endoglin

depletion alone, without cardiac injury, resultadaft ventricular remodelling.
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Table 5.1 Analysis of MRI data to show cardiac funiion 4 weeks following coronary artery

ligation in control and Eng-iKO" mice.

Data expressed as mean (+ SE when n>2)

Control Eng-iKO”
Sham (n=1) | MI(n=4) | Sham (n=1) [ MI (n=2)
Age at infarct 81 92+03 9.7 9.3
(wks) ' ke | '
Sex F 2M 2F M 2M
W‘(eéi)lht 22.6 24.6+1.7 30.6 30.4
Heart rate 420 337 +6.2 414 378
(bpm)
LV mass 108.3 123.0 £ 3. 208.1 205.0
(mg)
LV mass index 48 5.1+0.3 6.8 6.8
(mg/g) ' . ' '
E(EI;/ 61.9 83.2+3.1 148.0 169.7
EDVI 2.7 3.4%0.2 4.8 5.6
(nl/g)
'%j;’ 22.3 40.0 +2.7 66.8 104.8
ESVI 1.0 1.6+0.1 2.2 3.46
(nl/g)
(i\lg 39.5 43.2+0.9 81.2 64.9
SV 1.8 1.8+0.1 2.7 2.1
 (wig)
Ejection fraction 63.9 521 +1.6 54.9 38.3
(%)
Co 16.61 14.6 +0.4 33.6 24.5
(ml/min)
Cl
(mimin/a) 0.73 0.6 +0.1 1.1 0.8
Infarct size
O6LV) n/a 18.9+2.1 n/a 20.5
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Figure 5.11 Cardiac volumes and function 4 weeks fowing coronary artery ligation in control
and Eng-iKO" mice.

Data suggests loss of endoglin alone leads toaaase in LV volume and an increase in cardiac

output. Small group sizes prohibits statisticallgsia.
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5.2.5Endoglin depletion results in significant ventricuar remodelling

To study the effect of endoglin depletion withoatdiac injury on the mouse heatrt,
End":Rosa26;CrE*"2and control End"™) mice were treated with tamoxifen,
2mg/day for 5 days. MRI was performed at 5 weeksviong the first dose of
tamoxifen. This is equivalent to the analysis tipeent used in the experiment
described in section 5.2.4, where the timing of MRk 4 weeks after MI, but 5

weeks after the first dose of tamoxifen.

It is clear from the MRI images (figure 5.12) ahé tautopsy specimens (figure 5.13)
that the hearts are significantly larger in theagith knockdown group. MRI analysis
of cardiac size and function are given in tableén@ shown in figure 5.14 and figure
5.15. It demonstrates that there is a significactdase in left ventricular mass (157.4
+12.9mg vs. 102.5 + 13.3mg, p=0.03) and biventaicdilatation (LVEDV = 113.1 +
8.8ul vs. 60.4 £ 2.5, p=0.004 and RVEDV = 93.4 + Giflvs. 52.3 + 4.Ql, p=0.004)
following endoglin knockdown. End systolic volumasre also significantly
increased in the endoglin knockdown group (LVESS92 + 4.l vs. 18.3 £ 0.6,
p=0.007 and RVESV = 28.7 + 216vs. 13.3 = 2.8l, p=0.009). As a result, in the
endoglin knockdown group there was a significantease in stroke volumes (LVSV
=73.9+5.4lvs. 42.1 £ 2.8l, p=0.006 and RVSV = 64.7 + 4Pvs. 39.0 + 1.idl,
p=0.004) and consequently cardiac output (LVCO 3302.8u vs. 19.3 + 1.4,
p=0.03 and RVCO = 26.4 £ Julfvs. 17.9 + 1.1l, p=0.01). However, ejection
fraction was not significantly altered (LVEF = 653.6% vs. 69.5 + 2.0%, p=0.2
and RVEF =69.4 + 1.3% vs. 74.9 £ 2.4%, p=0.08kskhdifferences all remained
significant following indexing to body weight, withe exception of right ventricular
stroke volume index and cardiac index. Interesyitigé heart rate was significantly
lower in the endoglin knockdown group compareddotml (408 + 8bpm vs. 458 +
10bpm, p=0.01).

To confirm that the observed increase in left vientar mass was secondary to
myocyte hypertrophy, paraffin section from heaftemmdoglin knockdown and
control mice were stained with fluorescein conjegaivheat germ agglutinin, which
binds carbohydrate residues on the cell membraressGectional area of the

cardiomyocytes was then measured as describedpstyi Figure 5.16 demonstrates
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that there was a significant increase in cardiorgi@cross sectional area in the
endoglin knockdown mice (154 + 5@ vs. 202 + 5.8m?, p<0.0001). This confirms
that the increase in left ventricular mass wasedd#ue to cardiomyocyte
hypertrophy.

These data demonstrate that endoglin knockdowiitseéawbiventricular remodelling
even in the absence of cardiac injury. Howeveokstvolume and cardiac output
were both increased, with no difference in ejectraition, suggesting that cardiac
function is not impaired. It is unclear from thekda why this remodelling occurs.
Ventricular remodelling was not seen in the endolgéterozygous mouse in the
absence of cardiac injury (van Laadteal, 2006) and so perhaps suggests that there is
a “dose” effect whereby these changes are only fflewing >50% endoglin
depletion. There are also reports of myocardiakitxfrom Cre recombinase
(Buergeret al, 2006; Koitabashet al, 2009) and so it is important to exclude this as
a possible cause of the ventricular remodellingalfy, are these changes due to the
effect of endoglin depletion within the heart oe #ney secondary effects from
endoglin depletion in the vascular system, sudh@slevelopment of arteriovenous
malformations leading to a high output cardiacui@® The following experiments

aim to address some of these possibilities.
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Figure 5.12 Cardiac MRI of control (Eng"") and Eng-iKO" mice.
This demonstrates significant left and right ventiar remodelling in the Eng-iKQnice 5 weeks after initiating endoglin knockdowwen in the absence of myocardial

injury.
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Figure 5.13 Macroscopic images of hearts from contt (A-C) and endoglin iKOQ" (D-F) adult

mice.
There is an increase in heart size in Eng-litice, 5 weeks after initiating depletion of endogl

A&D, B&E and C&F are the same sex and littermafsale bar 5mm.
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Table 5.2 Cardiac mass, volumes and function in ctmol and Eng-iKO" adult mice 5 weeks after

the first tamoxifen dose.

This shows a significant change in the majoritytefse criteria ifEng-iKO' mice. Data expressed as

mean * SE
C(?]T;C))l Eng-iKO" (n=4) p value
Mouse Weight (g) 241 +3.2 29.0+1.6 0.2
Sex 2M 1F 3M 1F n/a
Heart rate (bpm) 458 + 10 408 £ 8 0.01
Left Ventricle
LV mass (mg) 102.5 + 13.3 157.4 +12.9 0.03
LV mass index (mg/qg) 43+0.1 54+0.2 0.004
EDV (pl) 60.4 +2.5 113.1+8.8 0.004
EDVI (pnl/g) 26+0.3 39101 0.005
ESV (ul) 18.3+0.6 39.2+4.0 0.007
ESVI (pl/g) 0.8+0.1 1.4+0.1 0.01
SV (ul) 42.1+2.8 73.9+5.6 0.006
SVI (pl/g) 1.8+0.2 25+0.1 0.01
Ejection fraction (%) 69.5+2.0 65.5+1.6 0.2
CO (ml/min) 19.3+1.6 30.3+2.38 0.03
Cl (ml/min/g) 0.8+0.1 1.0+ 0.04 0.05
Right Ventricle
EDV (ul) 52.3+4.0 93.4+6.4 0.004
EDVI (pl/g) 22+0.1 3.2+0.2 0.02
ESV (ul) 13.3+2.3 28.7+2.6 0.009
ESVI (pl/g) 0.6 +0.02 1.0+0.1 0.004
SV (ul) 39.0+1.7 64.7+4.2 0.004
SVI (ul/g) 1.7+0.1 2.3+0.2 0.055
Ejection fraction (%) 749+24 69.4+1.3 0.08
CO (ml/min) 179+1.1 264+1.7 0.01
Cl (ml/min/g) 0.8 £0.05 0.9+0.06 0.1
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Figure 5.14 Left ventricular volumes and function ih control and Eng-iKO" mice.

Analysis of MRI data shows a significant increas&V volume and LV mass and LV cardiac output,
but no change in LV ejection fraction at 5 weelofeing initiation of endoglin depletionData
expressed as mean + SE. * p<0.03
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Figure 5.15 Right ventricular volumes and functionin control and Eng-iKO" mice.
This shows that there is a significant increas@Vhvolume and cardiac output, but no change in RV

ejection fraction at 5 weeks following initiatiofi@ndoglin depletion. Data expressed as mean # SE;
p<0.01.
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Figure 5.16 Cardiomyocyte size of control and Eng<iO" mice.
Wheat germ agglutinin staining of left ventricutardiomyocytes of contr@l) and Eng-iKd (B)
mice.C. Analysis of average cardiomyocyte area demonstratardiomyocyte hypertrophy in Eng-

iIKO" mice. Data expressed as mean * SE; * p<0.05.

5.2.6Ventricular remodelling due to depletion of endogin is dose dependent.

It has recently been reported that Cre activationeacan affect cardiac function
(Buergeret al, 2006; Koitabashet al, 2009) so an experiment was designed to test
whether Cre activation made any contribution toghenotype observed Eng-iKO'
mice. In addition, | aimed to determine whether¢hgas an endoglin “dose” effect
contributing to the cardiac phenotype seen in B@*imice. In other words whether
partial endoglin expression could rescue the candimodelling phenotype. To

E"2 mice were

generate the mice required for these analigsel":Rosa26;Cr
crossed with wild type C57BI/6 mice to genertef’";Rosa26;CréR"?and

Rosa26;CrE"™mice. TheEnd"*;Rosa26;Cr&X ™ mice were used to test if there was
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an endoglin dose effect as only a single floxeelalis present. Heterozygosity for a
null mutation in endoglin leads to a significandwetion of endoglin expression
compared with wild type (Mahmouet al, 2008) but does not lead to complete loss
of endoglin. Therefore tamoxifen treatment of Bref’*;Rosa26;Cr&X line is
expected to generate a mouse that is equivalehéetbeterozygougng” mouse and
to have residual endoglin expression driven byuthe type endoglin alleleEnd"
mice were used as controls. All animals were tbatigh tamoxifen as described
above and cardiac MRI was performed 5 weeks foligvthe first dose.

The results are shown in table 5.3. They demomsthatt there is no difference in LV
mass, volumes or function nd"*;Rosa26;CréX > or Rosa26;CrEX "> mice when
compared to controls. The LV mass index and carnd@ex is significantly lower in
Rosa26;CrE*"?mice compared to control mice (p=0.01 for bothdss index and
cardiac index) but there is no significant diffecerbetween control and
End"*:Rosa26;CrER™mice (LV mass index p= 0.07 and LV cardiac indeR 06)

or betweerEnd”*;Rosa26;Créf "?andRosa26;CrEX?mice (LV mass index p=0.5

and LV cardiac index p=0.7).

These results clearly demonstrate that there endoglin ‘dose’ effect as no cardiac
remodelling was seen with partial endoglin knockdowhis is consistent with the
lack of reported generalised cardiac function dsfecHHT1 patients, who are
heterozygous for loss of function mutations in egisio Equally, Cre recombinase
activation alone also does not result in ventrictganodelling thus excluding a direct
myocardial toxicity effect of Cre activity.
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Table 5.3Cardiac mass, volumes and function calculated frorMRI analysis of control (Eng

fI/fI)’

Eng"*:Rosa26; Cre™ ™ and Rosa26; Cre® " mice at 5 weeks following initiation of tamoxifen

treatment.
Control Erg(‘;‘_’;g‘?a Rosa Cre-ER? p value
(n=4) o) (n=7) (ANOVA)
Wg‘?ht 26.5+2.4 26.0+1.6 200+15 0.4
Heart rate 445 + 27 400 + 26 417 + 16 0.4
(bpm)
Sex oM 2F 3M 3F 5M 2F n/a
Left Ventricle
LV mass 105 + 6 91.1+2.3 98.6+3.2 0.07
(mg)
LV mass index 41402 3.6+0.2 34+0.1 0.02
(mg/g)
E(EI;/ 65.2+3.2 60.0 +2.2 62.7+1.9 0.4
EDVI 26+02 24+02 22401 03
(ul/g)
'%j;/ 21.0+1.1 18.3+2.0 193+0.7 05
ESVI 08+0.1 07+01 0.7 +0.04 05
(ul/g)
(i\l; 442 +2.7 41.7+0.6 43.4+1.7 06
SV 17+0.1 16+0.1 1.5+0.03 02
(ul/g)
EF 67.7+15 69.9+2.1 69.2+1.0 0.7
(%)
co 197+1.9 16.6 0.9 182412 03
(ml/min)
Cl 0.8 +0.04 0.6 +0.03 0.6 +0.02 0.03
(ml/min/g)
Right Ventricle
E(El;/ 51.6+3.4 49.9+2.2 54.9+13 0.2
EDVI 20£02 20+02 22401 0.9
(ul/g)
'%j;’ 158+1.8 131+1.0 16.2+0.9 01
ESVI 06+0.1 0.5+0.05 0.6 +0.03 0.4
(ul/g)
(i\lg 35.8+1.9 36.8+17 38.7+1.0 06
SV 14+0.1 15+0.1 14+0.1 08
(ul/g)
EF 69.7+1.7 73.8+16 706 +13 0.2
(%)
co 15.9+0.8 145+ 1.6 16.2 0.9 0.3
(ml/min)
Cl 0.6 +0.02 0.6 +0.04 0.6 +0.02 0.4
(ml/min/g)
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5.2.7Progression of ventricular remodelling following emoglin depletion

Five weeks following the first dose of tamoxifebjquitous endoglin depletion in
Eng-iKO" mice had resulted in significant ventricular remltidg (table 5.2) but there
was no significant difference in systolic functidtowever, it was unknown how
early these ventricular remodelling changes beganwhether the remodelling
would persist, improve or deteriorate with time avttether there would be further
progression to systolic dysfunction. Thereforegaperiment was designed to
investigate this progression over time. A significadvantage of cardiac MRI is the
ability to perform serial studies in the same mibieerefore Eng-iKG' and control
(End"™) mice were imaged before tamoxifen treatment aad #i 1, 3, 5 and 12
weeks following the first dose of tamoxifen. Theceivere all the same age (68 days)
at the time of the first tamoxifen dose and allsedquent MRI scans were performed
on the same day in the same order. LV mass andacduthctional parameters were
than calculated as previously described. Statisticalysis was performed using
repeated measures ANOVA apdst hoccomparisons were made using Tukey-

Kramer method.

Figure 5.17 shows cardiac MRI images of both cdrnod Eng iKG' mice at the
different time points. They show that visually thés little change in the size of the
control hearts over time but in the heart&af)-iKOQ'mice there is obvious dilatation
of both the left and right ventricle as would b@ested from previous studies.
Importantly these changes appear to persist ateEksy

Analysis of left ventriculer volume, function andcss (table 5.4 and figure 5.18) and
right ventricular volume and function (table 5.5 digure 5.19) reveal that there is no
significant difference between the groups at baeellhus demonstrating that there is

no difference in phenotype between Breg"" andEnd"";Rosa26;Cr&R™

mice prior
to Cre™R"? activation. Over the course of the study both reausight and mean heart
rate increased over time in both groups. Howeweret were no significant
differences between the groups over time (p=0.5ptd8 respectively, repeated

e RT2 activation, there

measures ANOVA for group by time). However, follogiCr
were progressive increases in left ventricular naassell as left and right ventricular

volumes in th€Eng-iKO' mice, compared to control mice, that increased the12
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week study period (p<0.003, repeated measures AN@Y4roup by time). The
changes in ventricular volumes resulted in sigaificincreases in stroke volume and
consequently cardiac outputfmg-iKO' mice (p<0.001, repeated measures ANOVA
for group by time). However, there was no significdifference in ejection fraction
over this time suggesting that systolic functioprisserved, despite the ventricular

remodelling that has occurred.

These data confirm that, over the course of 12 weedntricular remodelling occurs
in Eng-iKQ' mice but not in control micéost hocanalysis of the data also reveals
that inEng-iKQ' mice there are significant differences in left vemlar mass, end
diastolic volume, stroke volume and cardiac ougil® weeks (p<0.05 compared to
baseline measurements). This demonstrates thaficagr ventricular remodelling

has occurred by 3 weeks post Cre activation.

Interestingly, in th&Eng-iKQ' mice there is no difference in ejection fraction
suggesting that systolic function is preservedase mice. However, ejection
fraction is just one measure of cardiac functiod trese data do not allow us to look
for changes in myocardial contractility or diastdiinction. Equally, cardiac output is
increased suggesting that there may be changhe initler cardiovascular system
that led to the ventricular remodelling. In ordeinvestigate some of these
possibilities cardiac catheterisation of contradl &mg-iKQ' mice was performed at 5

weeks following Cre induction to investigate caocdmessure volume relationships.
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E

Figure 5.17 Cardiac MRI of hearts in diastole in tle same control andEng-iKQO" mice following tamoxifen treatment demonstrating ncreased right and left

ventricular dilatation following endoglin depletion.
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Table 5.4 Left ventricular volume and function incontrol (n=4, 2M 2F) and Eng-iKO" (n=6, 3M 3F) mice over time following tamoxifen teatment.
Data analysed from MRI images and expressed as tn&amn p value represents repeat measures ANOVPs0:05 post hoc comparison compared to control micame

time point using Tukey-Kramer method.

Time Baseline 1 week 3 weeks 5 weeks 12 weeks o value
Group Control | Eng-iKO"Y | Control | Eng-ikO" | Control | Eng-ikO" | Control Eng-KOY Control | Eng-ikOY
W?éght 236+22 | 234+14] 250+20 249+1p 2618 | 266+17| 265+24 274+1p 311+36 23016 05
Heart rate + + + + + + + + + +
o 408+17 | 389+14| 418+36| 402+14  469+25  42a+| 4a45+27 | 436+x9| a442+11 4302} 08
LV(nTgE;SS 888+26| 824+19| 969+8]1 881+4l3 101@%| 1186+63 105+6| 120+54 103+3p 1488 | <0.001
LV mass
index 30+04 | 36+03| 39:007 3601 39+0/145+01*| 41+02| 47+014 34203 5020 | <0.001
(mg/9)
'-V(Elg)v 606+38| 593+16| 622+57 657+3/0 6563 | 940+60*| 652+32 106+79 708:+7l o099+ | <0.001
'-V(j/z;" 26+02 | 26+01| 25+003 27201 25:0/136+01*| 26+02| 39x02{ 23+008 4080| <0.001
LV(E)SV 204+23| 200+23| 151+26 159+1l0 1923 | 269+27| 210+11 363+5) 249+40 34555¢| 0.002
LV ESVI

(i) 0.9 +0.05 09+0.1 0.6 £ 0.0¢ 0.7 £0.J6 0.76%0.[ 1.0+0.06*| 0.8+0.1 1.3+0.11 0.8 £0.0p £8.2* 0.003

LV SV N

(ul) 40.2+25 39.3+1.0 471+ 3.4 49.8 + 216 4622 | 67.0x3.7*| 442x27 69.9x29 45936 5.0+£5.3* <0.001

LXU/SQ\;I 18+02 | 17+01| 19+004 20+008 180 25+01*| 1.7:01| 26+01{ 15+008 2.84* | <0.001
'-\(/(VOE)F 66.6+28| 665+28| 762+2]1 757+1f4 71mE| 717:13| 67.7:15 66.6+2p 654:23 96223 0.9
(';]:1/51% 164+11| 153407 200+30 200+1l4 21@% | 288+20% 197+19 306+1d 204:21 2.8+33¢| <0.001
(nhym(i:r:/g) 0.7+005| 07+005| 08+006 o08+0ds o08e40| 1.1+006*| 08+004 11:00f 07:003 12008 | <0.001
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Table 5.5 Right ventricular volume and function incontrol (n=4) and Eng-iKO" (n=6) mice over time following tamoxifen treatment
Data analysed from MRI images and expressed as in8&h p value represents repeat measures ANOVps0:05 post hoc comparison compared to control micame

time point using Tukey-Kramer method.

Time Baseline 1 week 3 weeks 5 weeks 12 weeks o value
Group Control Eng-iKO" | Control Eng-iKO"” | Control | Eng-iKO"” | Control | Eng-iKO"” | Control Eng-iKO"
RV EDV

(ul) 48.1+0.8 519+x21 52.0+4.1 57.3£3[7 5236& | 75.6+3.4*] 499+22 80.1+3.4 52.1+4)0 7.8+6.3* <0.001

R\ng/g)w 21402 | 22+01| 21+004 23:008 20#0p29:+005| 20+02| 29:01{ 17:01 324 | <0.001
RV(j)SV 163+22| 180+21| 122423 139:1l8 15ma | 235+23¢| 131:10 311:2F 18633 9.3+4.1*| <0.001
R\(/HES)V' 07+004| 08+007| 05+006 05+0d5s o060 09+003*| 05+005 11+01f 06+01 8.1* | <0.001
RE’SV 31.8+1.9| 339+07 3908+21 432+2f1 37.90+1 521+1.4%| 36.8+17] 490+1g 336+10 .Ba43*| <0.001
R(\:HZ\)/' 14+02 | 15+009| 16+008 17:00d5 15400 20+008*| 15+01| 18:01{ 11:x01 194 | <0.001
RE{%'?F 662+43| 659+28 77.1+25 762+1ls 722&| 69.3+17| 738+16 614+1f 651+40 95925 0.3
('zq\l//rg% 129+04| 132+06| 168+22 176+1f5 1787 | 223+09+| 145+16 213+x0d 149+1p 52+25¢| <0001
(mRV\r’n%'/g) 06+006| 06+005| 07004 o07+0ds 07630| 09+004*| 06+004 08+00F 05+003 88006 0003
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Figure 5.18 Changes in mean left ventricular massolume and function in control (n=4) and

Eng-iKO" (n=6) mice over 12 weeks following tamoxifen treatent.

Data expressed as mean + SE.*p<0.001 repeat meash@VA.
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Figure 5.19 Right ventricular volume and function n control (n=4) and Eng-iKO" (n=6) mice
over time following tamoxifen treatment.

Data expressed as mean + SE. *p<0.001 repeat nesa8NMOVA.
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5.2.8Effect of endoglin depletion on LV pressure-volumeelationships.

Cardiac catheterisation using a conductance catakosvs for examination of the
relationship between ventricular pressure and vekithroughout the cardiac cycle.
This procedure gives information about systolic diastolic ventricular function and
can be used to obtain load independent measureshtifcular contractility.
Combining these measurements with inotropic agaias/s for assessment of the
intact heart under basal and stress conditionsnidjer limitations of the procedure
are the technical skills required to obtain acaudsta and, in small animals, the
measurements are limited to a single time poing; tduts invasive nature this
procedure is performed under terminal anaesthasidsaw no difference in ejection
fraction between the control aiahg-iKO' mice during the MRI experiments, these
experiments were designed to assess if endoglieti@presulted in more subtle
effects on ventricular function. Equally it woultloav assessment under basal and
stress conditions and finally may give some ingghto the effect of endoglin

depletion on the wider cardiovascular system.

These experiments were performed using the santegoias the initial MRI

&RT2 mice were treated with

experiments. BrieflyEnd" andEnd"™;Rosa26;Cr
tamoxifen (2mg/day for 5 days). Five weeks follogvihe first dose of tamoxifen
cardiac catheterisation was performed as deschb€tapter 2. Dobutamine, a
positive inotrope and vasodilator, was infusedaf/kg/min and 1Qg/kg/min to
examine cardiac function under stress conditiomalysis of the data was performed
using the PVAN pressure-volume analysis softwack@ge (Millar). Details of the

parameters obtained are shown in chapter 2 (ta)e 2

Analysis of the pressure volume loops obtained ubdeal and stress conditions are
shown in table 5.6. Under basal conditions theneewe significant differences in
aortic or left ventricular pressures betwésy-iKQ' and control mice. However,
there was a significant increase in left ventriceliad systolic volume (28.7+5uB in
Eng iKG' mice compared with 15.2+2.6in control( p=0.04) and a trend towards
increased end diastolic volume (52.448)3n Eng iKO3' mice compared with

41.1+2 .51 in control (p=0.06). These increases agree witls¢ observed from the

MRI analysis, but the volumes measured by condeetaatheter were smaller than

169



The Importance of Endoglin for Cardiac Structureldrunction

those measured by MRI; this a recognised featora firevious studies comparing
MRI and conductance catheter data and is discusded. Unlike the MRI analysis
the catheter data revealed no significant diffeesrnin stroke volume or cardiac output
betweerEng-iKG' mice and controls. There was a significant diffiessin maximal
left ventricular volume (55.5+54 in Eng-iKQ' mice vs. 43.1+2 4l in control,

p=0.05) which would be consistent with an incregsedoad in endoglin depleted
mice. However, there was no significant differencarterial elastance (Ea) or
systemic vascular resistance between the grouggestigg endoglin depletion has no
effect on afterload under basal conditions. Measuafesystolic and diastolic function
(both load dependent and independent) did not fewvsaesignificant differences
under basal conditions confirming that endoglinleigpn has no effect on cardiac

function under resting conditions.

Following administration of dobutamine in controiirmals there was an expected
increase in cardiac output, systolic function aftlrentricular contractility. These
effects were not seen following dobutamine admiafiin inEng-iKG' mice with
cardiac output, dP/gdtx and stroke work showing very little change. Thadlo
independent parameter dP/dt-EDV reduced with dobimtain Eng-iKG' mice
whereas in control mice it increased. This diffeeefollowing dobutamine
administration was not universal across the lodépendent parameters. The
difference between load dependent and independealneters is likely due to the
increased preload on the hearEing-iK3' mice. This is also indicated by an increase
LVEDV and dilated internal jugular veins (figure2B) in these mice. Arterial
elastance (Ea), a measure of cardiac afterloadedsed in control mice following
dobutamine administration at both doses. This wbeléxpected as dobutamine is a
vasodilator as well as an inotrope. HoweveEng-iKG' mice there was no change in
Ea with dobutamine. These results suggest that tinely be an impairment of
contractile reserve and vasomotor function, wittueed vasodilator response to

dobutamine irEng-iKG' mice.
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Table 5.6 Volumetric and haemodynamic parameters srm cardiac catheter analysis of control

and Eng-iKO" mice 5 weeks following tamoxifen treatment.

Data expressed as mean * SE. *p<0.05 # p=0.06.

] Dobutamine Dobutamine
Baseline ) .
5ug/kg/min 10ug/kg/min
Control EngiKO" Control EngiKO" Control EngiKO"
n=10 n=9 n=6 n=6 n=6 n=6
Sex 6M 4F IM 1F 2M 4F 5M 1F 2M 4F 5M 1F
Aortic SBP
96.5+3.7 | 93.6+2.9
(mmHg)
Aortic DBP
66.7+3.9 | 62.3+2.8
(mmHg)
MAP
76.6+3.8 | 72.7+2.8
(mmHg)
Heart rate (bpm) 477 £ 17 438 £ 15 477 £ 14 448 £9/2 479143 452
LV EDV (ul) 41.1+25 | 52.4+5.3#| 456+29 | 527+76 429+18 521+%7.
LV ESV (ul) 152+26 | 28.745.9*| 13.0+£30 | 255+8.9 10.7+25 234z49.
LV SV (ul) 285+20 | 28.6+29 350%+16 31.9%+52 354@1 32.7+5.7
CO (ml/min) 136+11 | 126+14 168+12 144+25 170% | 149127
EF (%) 67.1+48 | 539+6.0 759+51 595+86 7842 | 61.8+8.9
LV EDP (mmHg) | 10.4+09 | 125+17F 139+18 115+16 14.4+1 139+1.2
LVESP(mmHg) | 91.5+24 | 975+19 948+31 103.3+t39 90.1%#3 93.5%4.1
Stroke work 2255 2323 2751 2411 2718 2222
(mmHgul) +218 + 250 +279 + 386 +200 + 365
Ea (mmHg#l) 3.3+£0.19 3.7x04 27+0.1 3.6+0J[7 26+0/135+0.8
dP/dtax 8179 7516 9697 7537 9896 7603
(mmHg/s) +742 +516 +792 + 629%# +596 + 528*
dP/dt -7069 -6245 -6333 -5145 -6022 -4973
(mmHg/s) + 455 + 463 + 402 + 500 + 364 + 503
Tau (ms) 11.5+11 | 13.3+11 129+06 146+15 1228 | 151+1.9
Total SVR
) 5.7+0.3 6.3+0.8
(mmHg/ml/min)
Parameters obtained after temporary preload reducion.
PRSW (mmHg) 625+6.4 | 59+10.5 62.1+69 67.1+17 65.087. 66.1+14
Ees(mmHghul) 2.92+0.6 28+04 24+0.6 22+05 27+1025+0.8
dP/dtya-EDV 121.4 97.4 1441 75.8 152 82.5
(mmHg/sil) +22.8 +21.0 +19.9 +16.8* +18 +15.8*
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Figure 5.20 Macroscopic images of the left internglugular vein of control (A-C, n=3) and Eng-
iIKO" (D-F, n=3) mice.

The internal jugular vein appears larger in Eng-iKice suggesting elevated right heart pressures.
A&D, B&E and C&F are littermates of the same gendrale bar 5mm.
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5.2.9Endothelial specific endoglin knockdown results irventricular remodelling.

The MRI and cardiac catheter data both clearly stih@awubiquitous endoglin
knockdown in the&Eng-iKQ' mice results in significant ventricular remodedliAs
endoglin is expressed in a number of cell typegrted to determine whether the
ventricular remodelling observed following ubiquitoknockdown of endoglin was
partly or completely dependent on the role of etidag endothelial cells. To
investigate this | used an endothelial specific @@®mbinaseGdh5(PAC)-Cre*™)

that is well established in our lab to induce adathelial specific endoglin
knockdown Eng-iKO?) (Mahmoudet al, 2010). As in previous experimerisd"”"
'andEnd":Cdh5(PAC)-Cr&R™ mice were treated with tamoxifen 2mg/day for 5slay
to induce endoglin knockdown in endothelial cellardiac MRI was then performed

5 weeks following the first dose of tamoxifen.

Analysis of left ventricular mass, volume and fuoietis shown in table 5.7 and figure
5.21. There was a significant difference in theybagight between the 2 groups due
to there being more male animals in Brag-iKO’ group than the control group.
Therefore it is important to use indexed measurésnenaccount for this difference.
As with the ubiquitous endoglin knockdown, endatiledpecific knockdown resulted
in increased left ventricular mass index (5.2 gy forEng-iKO® mice vs. 4.3 +
0.1mg/g for control mice, p=0.01). Also indexed tvemlar volumes, stroke volume
index and cardiac index were significantly greatethe Eng-iKG® group than
controls. Interestingly, following endothelial sgecendoglin knockdown there was
a significant reduction in left ventricular ejectifraction in theEng-iKG group (57.6
+ 3.3%) versus in the control group, (69.5 + 2.@%0.04).

These data suggest that the ventricular remodesizen following endoglin
knockdown is due to depletion of endoglin from émelothelium. Consequently, the
changes seen in the heart are likely secondarggmbdynamic changes in the wider

cardiovascular system.
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Table 5.7 Analysis of MRI data showing cardiac massolumes and function in control and Eng

iKO® mice 5 weeks after first tamoxifen dose.

Data expressed as mean + SE.

Control CAE (e
=3) Eng-iKO® (n=5) p value
Sex 1M 2Fs 5M n/a
W?é‘-;lht 24.1+3.2 20.7+0.3 0.05
Heart rate 458 + 10 414 + 20 0.2
(bpm)
Left Ventricle
LV mass 102.5 + 13.3 153.2 + 4.9 0.005
(mg)
LV mass index 43+0.1 5.2+0.2 0.01
(mg/g)
E(El;/ 60.4 + 2.5 135.5 +12.0 0.004
EDVI 2.6+0.3 4.6+0.4 0.01
(nl/g)
fj;/ 18.3+0.6 59.0 10.2 0.02
ESVI 0.8+0.1 2.0+0.3 0.04
(nl/g)
(?1\6 42.1+28 76.6£2.4 0.0001
SV 1.8+0.2 2.6+0.1 0.004
(ulig)
Ejection fraction 695+ 2.0 57.6 +3.3 0.04
(%)
co 19.3+ 1.6 31.7+1.9 0.004
(ml/min)
Cl
(ml/min/g) 0801 b0l oo
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Figure 5.21 Analysis of MRI data showing cardiac mss, volumes and function in control and
Eng-iKO® mice 5 weeks after first tamoxifen dose.
Data expressed as mean + SE, * = p<0.04.

175



The Importance of Endoglin for Cardiac Structureldrunction

5.2.10Changes in extracellular matrix following endoglinknockdown.

In order to investigate if there were any changabé extracellular matrix following
endoglin knockdown, | performed a number of expenia to quantify collagen 1
protein expression and expression of extracellulairix genes. Three groups of mice
End™, End™;Rosa26-CrER™andEnd"™;Cdh5(PAC)-CréR™ mice were treated with
tamoxifen 2mg/day for 5 days, to generate conEofj-IKG' andEng-iKCO mice as
previously n=3 per group). 5 weeks following thestfidose of tamoxifen hearts were
dissected and processed appropriately for proteRINA quantification (using the
methods described in chapter 2).

A Western blot was performed to quantify the expis of collagen 1, a major
extracellular matrix protein in the heart. Quactfion of this demonstrated no
significant differences between the 3 groups (kgbu22).

Quantitive real time PCR suggested that loss obgim may lead to increased
expression of collagen 3, Ctgf, Timp1, Timp2 andplgwith reduced expression of
Mmp9 (figure 5.23). However, none of these diffe@nwere statistically significant
(ANOVA) and there was considerable variation betwieglividuals so that
verification of any results would require large gd@sizes. Furthermore, it is likely
that any changes in extracellular matrix synthasgsrelated to the ventricular
remodelling process rather than being a primargequence of endoglin depletion
per se and that therefore any changes will be dynamiaduhe cardiac remodelling
process. Testing this would require large sampessat multiple time points and was

not possible within the time constraints of my R$thdies.
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Figure 5.22 Expression of collagen 1 protein froméarts of control, Eng-iKO" and Eng-iKO®

mice.

Western blot of cardiac protein from 3 mice of egobup. Collagen | protein was detected using anti-
Collagen I antibody and alpha-tubulin was used @sldoading control. There was no significant
difference between collagen | protein levels (ndisea to alpha-tubulin) between the groups. Data
was analysed using ANOVA.
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Figure 5.23 Expression of fibrosis genes from heatof control, Eng-iKO" and Eng-iKO® mice.

There was no significant difference between theigsausing ANOVA.
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5.2.11Endoglin depletion may result in eNOS uncoupling.

As ventricular remodelling is seen after endothalpecific endoglin depletion it is
important to investigate changes in endotheliatgpeproteins. Endoglin has been
shown to be critical for coupling of endothelialrit oxide synthase (eNOS) activity
(Jerkicet al, 2004; Toporsiaet al, 2005). | therefore looked at the effect of losing
endoglin expression on eNOS uncoupling. One apprtet has been widely used to
examine eNOS uncoupling is to investigate the raftieNOS monomer to dimer in
tissues using native protein gels (i.e. proteiessaparated by electrophoresis in the
absence of reducing agents to preserve any difments). A high monomer/dimer
ratio of eNOS protein corresponds to increased uplary (Caiet al, 2005).

Figure 5.24 is a Western blot demonstrating eNQ8ession in whole heart lysates
from control,Eng-iKQ' andEng-iKCG’ mice. This suggests that there is a reduction in
the dimeric form of eNOS in both Eng-iK@nd Eng-iKG mice, which would be
consistent with eNOS uncoupling in these mice. Hewgethere is still a large amount
of monomeric eNOS in all the samples. This couldibe to the fact that eNOS is
expressed in cardiomyocytes as well as endotheddiid (Balligandet al, 1995). So it
would be important to repeat these experimentseshty prepared vascular
endothelial cells, following endoglin knockdown,determine whether there is

endothelial specific eNOS uncouplingEmg-iKCO® mice.

Control Eng iKO" Eng iKO®
Dimer

i = -
Monomer .....“
eNOS “- - v.“.'

Figure 5.24 Expression of monomeric, dimeric and tal eNOS protein from hearts of control,
Eng-iKO" and Eng-iKO® mice.

This ‘cold’ western blot of native proteins shows fevels of dimeric and monomeric eNOS protein in
whole heart extracts. The level of dimeric eNO&iduced in both Eng-iKQand Eng-iKG mice. The

lower gel shows total eNOS run under reducing doom at normal temperatures.
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5.3 Discussion

In vivo analysis of cardiac function in this chaptas shown that endoglin is essential
in endothelial cells to maintain normal adult caxdiscular function. Using the
inducible endoglin knockdown models, developedunlab, | have demonstrated that
endoglin is expressed in the normal mouse heartratdt can be efficiently depleted
following Cre-ER? activation. The majority of endoglin protein ispegssed in
endothelial cells of the endocardium and blood @ssd his is consistent with
previously published data demonstrating that endagid the endothelial cell maker,
CD31, are expressed in similar patterns in the abmyocardium (van Laaket al,
2006). However, this study used serial histologseaitions, each stained with a single
antibody. In contrast, my work used co-immunoflszence to establish that endoglin
and CD31 are co-expressed in the same endothelial Eurthermore, previous work
has not clearly established whether endoglin is)quressed with other (non-
endothelial) cell types in the normal heart. Chieal eeported that endoglin is co-
expressed with fibroblasts (K. Chenhal, 2004). Although theiin vitro study is
consistent with my results (chapter 4) showing gtidexpression in cardiac
fibroblasts culturedh vitro, expression of endoglin in endogenous fibroblastee
heart tissue was not shown. My data suggeststibdével of endoglin expression is
low in cardiac fibroblasts, certainly much loweathin endothelial cells. However,
cardiac fibroblasts are large, flat cells that waapund other cells within the
myocardium in thin layers and so are not easily sed¢issue sections. Also,
compared to other animal models where fibroblast® fthe majority of cells, in the
mouse heart, fibroblasts only account for arourfh 27 cells in the myocardium
(Banerjeeet al, 2007). Although endoglin expression in cardiomyes was not
specifically tested in the co-immunofluorescencpegsments, immunohistochemical
staining of mouse hearts for endoglin clearly shiost endoglin is expressed in the
cells surrounding the cardiomyocytes, but not imicenyocytes. Recently published
data from Kapur confirm that in mouse myocardiurdagiin is expressed in
endothelial cells but not cardiomyocytes (Kaptial, 2012). This paper also reports
endoglin expression in cultured cardiac fibroblasts

The cellular changes within the infarcted myocamtjpost M| are well described

(Frangogianni®t al, 2002). My double immunofluorescence experimeontgioned
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that there is an infiltration of inflammatory ceitsthe first 24 to 72 hours which is
followed by proliferation of endothelial cells afidroblasts by 5 days. There was
also an increase in cells positive 8MA between days 3 and 5 suggesting a
proliferation of myofibroblasts in the injured myadium. | have demonstrated that
endoglin expression is increased in injured mydcandollowing infarction. This
increase in expression is primarily driven by ehebal cell proliferation. However,
endoglin expression was also seen in saklIA-positive myofibroblasts infiltrating
the wound by day 5. Macrophages and fibroblastkratfng the wound did not
express endoglin.

My data is consistent with the findings of van Ladkan Laakest al, 2006) who
demonstrated an increase in endoglin expressibotinmouse and human hearts
following myocardial infarction. Tian and colleagualso demonstrated a similar
increase in endoglin expression in the mouse myaoar following infarction (Tian

et al, 2010). In both these studies, the increased dimdexpression was thought to
be confined to endothelial cells as both endogtich @D31 showed a similar pattern
of expression in serial sections. Increases in gimlexpression are seen in models of
injury in other organ systems and are not isoltédeghdothelial cells alone. For
example, in a porcine model of coronary arteryrypjendoglin expression was
increased and co-localised to endothelial cellgeatitial fibroblasts and those
expressingiSMA, thought to be vascular smooth muscle cells @val, 2000).
Increased expression of endoglin has also beenm&mted in a variety of inflamed
human tissues including bowel, liver, lung and gHiarsneyet al, 2002). Similar to
the work described in this chapter, the increasetbglin expression seen in dermal
wound healing is primarily due to increases in namslof endothelial cells, with no
expression seen in macrophages or fibroblasts. Henwwbetween 4 and 10 days after
injury endoglin is seen to be expressed in myoblasts migrating through the

wound (Torsneet al, 2002).

In my experiments, although endoglin was expresgseadyofibroblasts following M,
it was not expressed universally in these cellss Tdads to interesting hypotheses as
to the source and diversity of the myofibroblabEntiselves. Work by Zeisberg has

demonstrated that endothelial to mesenchymalreglkition (EndMT) contributes to
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myocardial fibrosis in a mouse model of cardiacspuee overload (Zeisbeg] al,
2007). Therefore, it is possible that those myaoithasts expressing endoglin are
endothelial cells undergoing EndMT in the injuregamardium. However, in order to
demonstrate this is the case then cell lineageyagould be needed.

In order to study the effects of endoglin depletorthe injured heart it was
important to establish a knockdown model for tkgrthermore, as | had shown the
endoglin was expressed in myofibroblasts and emdiaticells in the heart following
myocardial infarction, | used a ubiquitous Cre ms@e knockdown in both cell types.
| was able to demonstrate that fResa26-Cre&f > was expressed within the heart and
that activation of the CF&™ with intraperitoneal delivery of tamoxifen led to
endoglin knockdown. The tamoxifen dose titratiandgts demonstrated that a 5 day
course of tamoxifen was sufficient to do this. Hoes two mice in the 7 dose cohort
demonstrated only partial endoglin knockdown. Thegme were littermates. The
reasons for this poor response are unclear butljldsss include genotyping errors,
incomplete expression of the Rosa265€éwithin the myocardium, dosing errors or
problems with injection and absorption of tamoxifelowever, all further
experiments used the 5 dose protocol and immuraziistmical analysis
demonstrated a consistent knockdown even afterrBhmpAlso, all animals in the
MRI experiments had a consistent phenotype suggesfficient knockdown of

endoglin.

In their paper van Laake and colleagues (van Laalk, 2006) demonstrated that
cardiac function following myocardial infarction waignificantly worse in endoglin
heterozygous mice. My pilot experiment concurrethwheir findings with greater
left ventricular adverse remodelling and worse igaréunction following myocardial
infarction inEng-iKO' mice than controls (table 5.1). However, group bars were
too small to perform statistical analysis. Nevelghs, it was clear from these
experiments that considerable ventricular remaagkiccurred in the sham operated
Eng-iKO' mice. Unfortunately this finding meant that thiasasno longer a useful
model for studying the effects of endoglin depletam cardiac function post
myocardial infarction. Instead there was a gradealricular remodelling, which was
evident at the "3 week following endoglin depletion. Without an éartime point

assessing cardiac function it is impossible esthbfithe greater remodelling and
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worse function was due to the lack of endoglinh@ lhealing infarct or secondary to
further remodelling on the already infarcted he@ie fact that the infarct size was
the same in both tHeng iKG' and control groups (table 5.1) points towarddldkter.
There appeared to be reduced LV ejection fractiahé injuredEng-iK3' mice
compared with controls following Ml (table 5.1),cathis was not seen in the
uninjuredEng-iKG' or Eng-iKG mice (table 5.2, table 5.4 and table 5.7). Thexs w
no evidence of ventricular remodelling in tBed"";Rosa26-CrER™mouse (table

5.3) suggesting that the ventricular remodelling wadoglin-dose dependent perhaps
making this a better model to study the effectsrafoglin depletion post myocardial

infarction.

The finding that endoglin depletion leadsi®novoventricular remodelling in the
absence of injury is novel and has not previouslrbdescribed. My experiments
clearly show that both left and right ventricleslargo remodelling. A note of caution
must be introduced with regard to the right vendac measurements as these were
made using images orientated to the short axiseoleft ventricle rather than the right
ventricle. The complex geometry and the wide abgleveen the inflow and outflow
of the right ventricle make accurate assessmewlame and function challenging
(Wiesmanret al, 2002). Ideally images used to quantify right vientar volumes

and function should be orientated to the short aktke RV (Wiesmanet al, 2002;
Schneideet al, 2006) but this would increase imaging time iffpemned in addition

to LV images. However, the changes in RV volume fandtion are consistent across

different experiments and so likely represent a fmding.

In Eng iK3' mice there is an increase in left ventricular nass myocyte
hypertrophy consistent with left ventricular hypephy. In these mice there are
significant increases in ventricular volumes, streklume and consequently cardiac
output. Significant remodelling has occurred by&eks following gene knockdown
and both left and right ventricles continue to eggg the latest time point used in this
study was 3 months. Over this time period theriseduction in systolic function as
measured by left ventricular ejection fraction. Bgkh heterozygous mice do not
develop a similar phenotype (Torsnetyal, 2003; van Laaket al, 2006). This is
consistent with the fact that tamoxifen treafed)’*;Rosa26-Cr&Xmice did not

undergo cardiac remodelling. This suggests thaetisea “dose” effect with endoglin
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depletion needing to reach a critical, low levefidoe the phenotypic changes

manifest themselves.

It has been described that expression of Cre reic@®® within the myocardium can
lead to toxicity (Buergeet al, 2006; Koitabashet al, 2009). Buerger and colleges
demonstrated that the over expression of Cre retw@sé within the myocardium,
particularly at high levels, resulted in the depal@nt on a dilated cardiomyopathy
(Buergeret al, 2006). This cardiomyopathy was not reversibledauvival was
improved with treatment with ACE inhibitors and &&tiockers (Buergest al, 2006).
However, activation of Cre recombinase within thgoardium by a tamoxifen
inducible, myocardial specific Cre (MerCreMer trgesic mice) resulted in a
transient cardiomyopathy (Koitabastial, 2009). This transient cardiomyopathy
was not evidence when lower doses of tamoxifemloxifene (another oestrogen
receptor modulator). This may be due to reducedatein of Cre recombinase and
hence lower toxicity or that tamoxifen may caugeaasient cardiomyopathy at
higher doses. However, control mice did not demratestany cardiac dysfunction
following tamoxifen administration suggesting tkenoxifen toxicity was not the
cause (Koitabastat al, 2009). There i vitro evidence that tamoxifen can cause
impaired myocyte contractility and calcium handl{@gp et al, 2013). My
experiments in mice expressiRpsa26-CreX'?demonstrate that there is no evidence
on myocardial toxicity from activation of Cre recbmase using this tamoxifen
inducible Cre. It also suggests that there is ndezce of toxicity from tamoxifen
treatment. This is supported by the time courseexyent, where control animals
were imaged prior to tamoxifen administration ardirdbt demonstrate any cardiac

dysfunction over the course on the experiment.

The pattern of remodelling that occurred followergdoglin depletion (table 5.8) is
that of high output heart failure with left andhtgrentricular dilatation (in both
systole and diastole) with increased cardiac owpdtis similar to that seen in
models of volume overload heart failure. One sudd@hinduces volume overload
by the creation of an aortocaval fistula. In thisdel there are no changes in heart
rate or blood pressure but evidence of left veualaicdilatation and hypertrophy.
However, there is evidence of reduced cardiac fanctontractility and elevated

venous and left ventricular pressures (Taretkal, 1996; Scheuermann-Freestate
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al., 2001). This contrasts with pressure overloadWihg transverse aortic
constriction where a reduced systolic blood pressegntricular hypertrophy and
systolic dysfunction with LV dilatation developitater (Liaoet al, 2002). These are
extreme forms of cardiomyopathy and so the chasges in my experiments may
just represent a milder phenotype. However, thegbs of left ventricular
hypertrophy, ventricular dilatation, increased lsérgolume and cardiac output with
preserved systolic function are not dissimilartose seen in the hearts of athletes
(Maron and Pelliccia, 2006). Endoglin depleted ntoseld be left for a longer period
(e.g. 6 months) to monitor progression of the veualtar remodelling. Specifically this

may discriminate between athlete’s heart and hagtiac output heart failure.

My data was consistent with previous data showag ¥entricular volumes and
ejection fractions are consistently lower when reas by conductance catheters
compared to MRI (Jacobst al, 2006; Nielseret al, 2007; Winteret al, 2008). | did
notice marked variation in data (particularly voletnic) collected using the
conductance catheters and as consequence thisdithi ability to discriminate
between the experimental groups. My data did confi¥ dilatation in endoglin
depleted mice compared to controls with no diffeesnin resting systolic function.
However, there did appear to be an impairment nfregtile reserve as measures of
myocardial contractility (dP/dt and the dP/dt-EDafationship) did not increase
following dobutamine administration. It is importan note that dP/dt is load
dependent and so may be affected by differencaterioad induced by dobutamine,
but the dP/dt-EDV relationship is load independerd so this is likely to reflect a
true change. Also, there was not a reduction ierlafd in endoglin deplete mice,
unlike in control mice, following dobutamine (arodtlator). This change was not
significant but does suggest that endoglin depietias an effect on vasomotor
function (see below). | would also have expected tbtal systemic resistance (TVR)
should be lower ifEng-iKG' as the mean aortic blood pressure (MAP) was thesa
compared to controls, but the cardiac output (GD)gher in these mice
(TVR=MAP/CO). However, there was no significantfeience.

Initial studies examining the effects of dobutaenom the human heart demonstrated
approximately 50% increase in cardiac output widhwtamine administration at

8ug/kg/min, but no significant effect on heart raRgaudet al, 1977). Therefore,
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the increase in cardiac output following dobutanmadeninistration in my experiments,
approximately 25%, is lower than would be expeckedtudies involving mice the
effect of dobutamine is variable. For example, Baunel colleagues demonstrated
approximately a 2 fold increase in cardiac outpditen measured by conductance
catheters (Bauest al, 2008; Baueet al, 2010a). However, in studies using MRI to
measure cardiac function the increase in cardiggubwas in the region of 20 to 25%
(Wiesmanret al, 2001b; Williamset al, 2001). It is unclear why these differences
exist but it is likely due to differences in gerdbackground of the mice, the choice

of anaesthetic agent and experimental variablds asitemperature.

The cardiac catheter data is inconclusive butighischnically a very challenging
technique that requires a high level of experidncachieve good quality data.
Comparing conductance catheters to cardiac MRIt&end colleagues
demonstrated that MRI is more sensitive for detecthanges post MI. They showed
that in mice, following myocardial infarction, MREad 100% sensitivity and
specificity for distinguishing between mice with airinfarcts (<30% of LV mass)
and sham operated mice (Wingdral, 2008). For conductance catheters the
sensitivity was 93% and specificity was 80% (Wirdgeal, 2008). This study also
highlighted the advantages and disadvantages sé¢ tieehniques. MRI is a sensitive,
non-invasive technique that also allows measuremfegibbal and regional cardiac
function along with visualisation of myocardialigtture and calculation of
myocardial mass and infarct size. Although not ueedy studies, stress cardiac MRI
with dobutamine would offer an alternative, nonasiwe measure of contractile
reserve (Wiesmanet al, 2001b; Williamset al, 2001). Conductance catheters are
invasive (with potential for blood loss during seirg which would affect outcomes)
and are limited to single time point measuremettsvever, they have high temporal
resolution (0.5ms) and provide sensitive, load jreatelent measurements of systolic
and diastolic function in real time. In additiomncluctance catheters also provide
insight into the interaction of the heart and véacaystem (Winteet al, 2008).

Endoglin is not expressed in cardiomyocytes inathelt heart (Kapuet al, 2012)
and in the uninjured heart is primarily restrictedhe endothelial cells. Furthermore,
| have demonstrated that the cardiac phenotypedadalthe effects of endoglin

depletion in endothelium as the same phenotypesems following endothelial
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specific knockdown and ubiquitous endoglin knockdow herefore, the phenotypic
changes seen following endoglin depletion are diereto loss of endoglin function
within the vasculature of the heart, or are seconttaan effect on the wider

cardiovascular system.

Endoglin has been shown to be important in theladigum of vascular tone. Jerkic

and colleagues demonstrated that mean arteriatlidoessure is higher in endoglin
heterozygous mice and that there is an attenuafitdme normal dose dependent
reduction in mean arterial pressure with endothdkpendent vasodilators. They also
demonstrated in an isolated, perfused hind limbehdbdat endothelium dependent
reduction in vascular resistance was impaired @se¢hmice (Jerkiet al, 2004).

Levels of endothelial nitric oxide synthase (eN@8Jl nitric oxide (NO) activity

were reduced in endoglin heterozygous mice andcletlal suggested this was the
cause of the reduced effect of NO dependent vagatin. They hypothesise that
this impairment in vasomotor control leads to AWisting and that subsequent
capillary remodelling results in AV malformationses in HHT (Jerkiet al, 2004).

In contrast to this Toporsian et al. found thatéheas an enhanced endothelium and
eNOS mediated vasodilatation in pre-constrictealated mesenteric arterioles from
endoglin heterozygous mice. They confirmed that 8Nvas reduced in endothelial
cells isolated from these mice and demonstratediisawas due to a reduced plasma
half life. They also demonstrated that endoglimiportant in the regulation of eNOS
coupling. They found that treatment of the artefiesn endoglin heterozygous mice
with a superoxide scavenger reversed the vasorabtwrmalities suggesting that
eNOS uncoupling resulted in this impaired resp@memay contribute to the
pathogenesis of HHT (Toporsiat al, 2005). My data demonstrates that there was
no reduction in cardiac afterload following dobutaenadministration ifEng-iKG'
mice. This suggests an abnormal vasodilator regpdms could represent either the
inability to vasodilate in an already maximally ed#ated circulation, which would

be more consistent with Toporsian’s results, ailfe of vasodilatation, more
consistent with Jerkic. | have also demonstratatd¢hNOS appears to be uncoupled in
Eng-iKG' mice. If this is the case then examining alteratim cardiac afterload
following administration of short acting vasodilegdollowed by vasoconstrictors
may be able to clarify the effect of endoglin déple on vasomotor function. Also if

this effect is due to eNOS uncoupling then treatroéthese animals with
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tetrahydrobiopterin (BH4), an essential cofactoefiothelial NO synthase, may

result in a rescue of this phenotype.

These data show a novel phenotype in endoglin tegphaice and show that loss of
endothelial endoglin has a major effect on bothdefl right ventricles of the heart
(table 5.8). MRI experiments demonstrate that bettitricles are dilated by 3 weeks
following endoglin knockdown and this phenotypespss for at least 3 months. Cell
specific endoglin knockdown demonstrated that tlovbseges are mediated by
endoglin depletion in endothelial cells. Conductaoatheters have suggested an
impairment of vasomotor regulation may lead to ghisnotype. It is possible that this
is mediated by the effect of endoglin depletioredlOS function in endothelial cells.
However, further work is needed to establish thecermechanisms behind this novel

phenotype.
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Table 5.8 Summary of the changes in left ventriculamass and systolic function following

myocardial infarction and endoglin knockdown.

Eng-iKO" = ubiguitous endoglin knockdown, Eng-iR© endothelial specific endoglin knockdown,

t =increased| = decreased,> = no change.

Myocardial
infarction

Eng-iKO"

Eng-iKO®

Left ventricular mass

)

Left ventricular mass
index

End diastolic volume

End diastolic volume
index

End systolic volume

End systolic volume
index

Stroke volume

Stroke volume index

Ejection fraction

Cardiac output

Cardiac index
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Chapter 6 Discussion and future work

It is well recognised that endoglin plays an impottrole in vascular development
and disease (Lopez-Novoa and Bernabeu, 2010). Howite is known about the
role of endoglin in cardiac fibrosis. My studiesvbalemonstrated that endoglin is
expressed in cardiac myofibroblastssitro, with expression seen in endothelial cells
and cardiac fibroblastia vivo. This is consistent with published studies showing
endoglin expression in endothelial cells (van Lagtkal, 2006; Kapuret al, 2012),
cardiac fibroblasts (K. Chegt al, 2004; Shytet al, 2010; Kapueet al, 2012) but not
cardiomyocytes (Kapwet al, 2012). The publisheid vitro studies described in
section 1.6.5 demonstrate that inhibition of enologhn attenuate collagen | secretion
from rat cardiac fibroblasts suggesting that eniiagla positive regulator of
fibrogenesis. Using Cre-lox technology | was ablefficiently knock down endoglin
expression in primary cardiac fibroblasts and ubeinovel approach to study the
effects of endoglin on the fibrotic response to PGFStimulation of mouse primary
cardiac fibroblasts by TGH led to the phosphorylation of Smad2 with no dftet

the phosphorylation of Smad1/5/8 confirming thatFBE signals via the Smad2/3
pathway in cardiac fibroblasts (ten Dijke and Arti2007). In their study, Shyu and
colleagues examined the effects of P&Istimulation on Smad3 phosphorylation and
confirmed that there is an increase in Smad3 plwsgfation following stimulation

with TGH31. However, they demonstrated that P&FRlso signals via non-canonical
pathways (Shyet al, 2010). In endoglin depleted fibroblasts pSmadglewere
similarly increased in response to T&al-However, there did appear to be an increase
in Smad1/5/8 phosphorylation albeit not statislycaignificant. Interestingly, gene
expression of Id1, a downstream target of SmadXigf&alling, was marginally
increased irEng iKJ' fibroblasts compare to controls under basal canit There
were significant reductions in collagen 1 and Mnge2e expression Eng iKJ'
fibroblasts suggesting that endoglin depletion mesylt in modification of the

fibrotic response to T@R.. However, the response of TB&ignalling pathway genes
following stimulation with TGB1 was similar between control akadg iKJ'

fibroblasts.
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In vitro studies using fibroblasts isolated from other arggstems give conflicting
results with some suggesting endoglin is a negaéigalator of fibrosis (Diez-
Marqueset al, 2002; Leaslet al, 2002; Burkeet al, 2010; Holme=t al, 2011),

with other suggesting the opposite (K. Cleral, 2004; Meureet al, 2010; Shywet
al., 2010; Morriset al, 2011; Kapuet al, 2012). The different methodologies used
to investigate the effect of endoglin are likelyetxplain these differing responses.
Those that suggest that endoglin is a positivelagguover-expressed endoglin in
fibroblasts, whereas those that demonstrated rnvegaggulation inhibited endoglin
either by siRNA or endoglin specific antibodies eTldver-expression studies do not
take into account the possibility that soluble aglihp which is known to antagonise
TGFB1 (Venkateshat al, 2006; Walshet al, 2009), may also be increased. This
effect of over-expressing endoglin was confirmedlapur and colleagues who
demonstrated that the over-expression of endogsalted in an increase in soluble
endoglin in culture media and that soluble endogtienuated collagen 1 production
in response to T@A (Kapuret al, 2012). It is likely that endoglin is indeed a
positive regulator of fibrogenesis and this congégstupported bin vivo data
investigating fibrosis in endoglin heterozygous enilnn two models of renal fibrosis
(radiation induced fibrosis and infarct reperfusiojury) there was reduced fibrosis
in endoglin heterozygous mice compared to con{idthertyet al, 2006;
Scharpfeneckest al, 2009). Equally, in pressure overload heart faililvere was

reduced fibrosis seen in endoglin heterozygous (epuret al, 2012).

The lack of any significant difference in collagexpression between endoglin replete
and depleted cells may be due to the dynamic regsao TGB1 stimulation. Shyu
demonstrated that peak expression of collagen addglin in rat cardiac

fibroblasts following TGB1 stimulation is at 16 hours (Shetial, 2010). Also,

growth arresting cardiac fibroblasts with serunmatfion, as in my own studies,
induces expression of extracellular matrix protélreschtet al, 2001), and so further
stimulation may not produce a further responsetheurstudies are needed to confirm
the optimal culture conditions and duration of stiation experiments to ensure

maximal responses are seen.

My studies have seen the successful introductigretlinical cardiac MRI at

Newcastle University and have highlighted the pdwerature of this technique. |
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have demonstrated that MRI can be used in a nuofbeodels of cardiac disease
and significant differences can be seen, even smthll sample sizes. There are a
number of methods available to measure cardiactsmeiand function in mice. As
with any investigation there are advantages amatlgentages. The major advantage
of MRl is that it provides true three dimensiormabges without relying on
geometrical assumptions (Florentieeal, 1986; Shapir@t al, 1989; Ruffet al,
1998). This is particularly important for studiedléwing surgical myocardial
infarction as there is significant deformation loé teft ventricle as can be seen in
figure 3.8 and figure 3.10. Given the accuracy mtoducibility of cardiac MRI
(Ruff et al, 1998) it is ideally suited to longitudinal stuslién addition to simple
functional assessment, MRI is ideally suited tdgrening multimodal studies
investigating several pathophysiological parametéestime including, perfusion,
regional function and energy metabolism (Akkial, 2013). The hardware
requirements and consequently costs for MRI aratgreHowever, | have
demonstrated that, despite the technical challeafeardiac MRI, it is possible that
the introduction of new techniques can be reseatede Equally, | have
demonstrated that it is possible to achieve modehabughput with the acquisition of
the dataset required for cardiac function asseststaking about 45 minutes and 10

animals scanned in a normal working day.

The other commonly used method for assessing @asthiacture and function are
echocardiography and invasive cardiac cathetenisalichocardiography has the
advantages of being quick, so rapid throughputlsexable. However, as discussed
in chapter 3 it has moderate correlation with MBiided functional parameter but is
less reproducible than MRI (Stuckeyal, 2008). Consequently, more animals would
be needed to provide statistical power (Stuokiesl, 2008). Invasive cardiac catheter
experiments provide volumetric and functional data, not structural information.
However, as discussed in chapter 5, it gives |legmbddent and independent measures
of cardiac function with high temporal resolutidiso it allows rapid measurement

of alterations to cardiac function following adnstmation of cardio-active drugs, such
as dobutamine. However, compared to MR, it undenases ventricular volumes

and ejection fraction (Jacoley al, 2006; Winteret al, 2008). Finally, its invasive

nature means that longitudinal measurements arpassible.
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Pragmatically the method used for measuring cafdiaction depends on access and
expertise of any given institution and on the infation needed for any given study.
However, these methods are not mutually excluginenaay give different
information. Thus, a hybrid approach may give canm@ntary data as in my studies
whereby | was able to quickly establish the phep@iyn a small number of mice and
measure the longitudinal progression using camliRe. This information was
supplemented by invasive catheter data that dematedtan impairment of
contractile reserve and vasodilator response fatigwlobutamine administration.

One of the initial aims of my research was to exahe effects of endoglin on
healing and fibrosis following myocardial infaratioHowever, | discovered that
ubiquitous knock down of endoglin in adult miceulésd in a novel phenotype with
biventricular dilatation and a high cardiac outfgibnsequently, a ubiquitous
endoglin knockdown model is not suitable to study ¢ffects of endoglin on post
myocardial infarction healing. However, one of #tvantages of the Cre-lox system
is its flexibility (Davey and MacLean, 2006). Asesult | was able to establish that
the phenotype was not due to Cre toxicity seertheranodels (Buergest al, 2006;
Koitabashiet al, 2009), that there was a ‘dose’ effect, with nemdtype seen
following loxP recombination of a single floxed emgtin allele and that the
phenotypic changes seen were due to endoglin kimek in endothelial cells, by
using an endothelial specific Cre. There are a rmimobmethods available to
investigate the role of specific genes in animatlels. In my experiments we used an
inducible gene knockdown technique using Cre-Lakt®logy, as described in
sections 1.7, 4.2.2 and 5.2.3. The advantage n§ukis technology is that endoglin
can be knocked down in a time and tissue specifiomar. Equally, the mice develop
normally prior to Cre induction which is importamhere homozygous deletion of a
gene result in embryonic lethality, as with endo@hArthur et al, 2000). There may
also be adaptations to gene knockout when usirgaglomockout models, such as in
endoglin heterozygous endothelial cells where tieeeedown regulation of Alk5
expression (Lebriret al, 2004). Therefore, one advantage of using Cre-Lox
technology is that these adaptations may not hieneeto develop following gene
knockdown.
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My studies revealed that depletion of endoglin itesa biventricular dilation and a
high cardiac output state which, based on the aarcktheter data, may be
progressing to cardiac failure. The catheter dis@ suggests that there is an impaired
vasomotor response which is discussed in sectirVBy data and that of van Laake
(van Laakeet al, 2006) suggest that endoglin is essential fontagtenance of
normal cardiac structure and function in health disdase. It is important to consider
how these findings relate to previous work by Kagiual (Kapuret al, 2012)

showing that a reduction in endoglin results inioyed haemodynamics, reduced
fibrosis and increased survival in a pressure oaerimodel of heart failure. There are
a number of possible explanations. Firstly follogvimyocardial infarction there is a
significant insult followed by inflammation and fdsis. So it may be that impairment
of the inflammatory response, particularly recr@trmof mononuclear cells (Post

al., 2010) results in delayed infarct healing and eqgagntly greater adverse
remodelling in endoglin heterozygous mice. Howeitanay also be that reduced
fibrosis results in infarct expansion and more sevd/ dysfunction. My studies
initially aimed to address this hypothesis. Unfagtely, with the ubiquitous Cre used
and subsequent effects of endoglin knockdown oméaet, there were endogenous
changes to so | was unable to address this. Howewehost laboratory has now
acquired a collagen specific inducible Cre whictyrai future studies of this
hypothesis. Also, Zeisberg demonstrated that emtiathio mesenchymal transition
(endMT) contributes to fibrosis in a pressure avadl model (Zeisberet al, 2007)

and as endoglin is predominantly expressed in éedlat cells, it would be important
to investigate its role in the contribution of en@lb fibrosis in both Ml and pressure

overload models.

The second possibility is that in the pressure loaerheart failure model it is the
reduced level of endoglin and its effects on vaacfunction that results in beneficial
effects on the myocardium. If endoglin depletiorsloesult in vasodilatation then
that could be responsible for the favourable e$felcthibition of the renin angiotensin
system results in vasodilatation. Treating micénwither angiotenisn converting
enzyme inhibitors or angiotensin receptor blockellewing aortic constriction
results in reduce myocyte hypertrophy, improvedliear function and reduced
fibrosis.(M. A. Rossi and Peres, 1992; Rockreaal, 1994; Lei Liet al, 2010;

Martino et al, 2011; Mulleret al, 2012). These changes are not dissimilar to those
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seen in endoglin heterozygous mice. Interestirggiyble endoglin also reduced
fibrosis but did not improve cardiac haemodynaritofving aortic constriction
(Kapuret al, 2012), perhaps suggesting that the mechanisrtioheof soluble

endoglin may be different to that of tissue endagli

With regard to the work presented in this thesiaristudies will help to clarify
some of these points. Specifically:

1. Further longitudinal studies following endothekealdoglin knockdown will
allow us to determine if these mice eventually dgydeart failure.

2. Carefully performed cardiac catheter studies ingathg the response to
vasodilators and vasoconstrictors may help clané/haemodynamic effects
endoglin depletion has vivo on the vascular system.

3. Further studies investigating the role of eNOS edmating the effects of
endoglin knockdown and possible rescue using BH4.

4. Evaluation of vasomotor response<ing-iKC’ resistance arteries vivo
(e.g. mesenteric artery)

5. The use of an inducible collagen 1 Cre will allogvta examine the effects of
endoglin depletion on fibrosis following myocardiafarction.

6. The use of lineage tracing wi€dh5(PAC)-Cr&*"2Rosa26-floxedstopYFP
line would allow examination of the endothelial tdvution to fibrosis
following myocardial infarction in a manner similar Zeisberg (Zeisberet
al., 2007).

However, one of the main limitations in mouse megdeicluding those described in
this thesis, are that they use young, healthy dsimbich don’t readily mimic human
cardiovascular disease. Therefore, it may be apjatepo choose a different model,
for example, the ApoE knockout or the ApoE/LDL dtmuknockout mice which

show features of atherosclerosis when fed higdi&s. Indeed endoglin is expressed
in human atherosclerotic plaque (Piao and Tokun2@@6) and statins appear to
modulate the expression of endoglin (Rathouetkal, 2011). So modulating the
expression of endoglin may lead to new therapiegyded to prevent or slow the
progression of atherosclerosis before a major oaadicular event has occurred. In
addition myocardial infarction induced by permanieAD occlusion does not allow

study of the effects of reperfusion injury and agrhis a better model for studying
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chronic heart failure. In this case an infarct rggg@on M1 model (Michaeet al,
1995) may be better suited given the majority diguais receive reperfusion therapy
following STEMI (Gavalova and Weston, 2012).

In conclusion, the work in this thesis has dematstt that the depletion of endoglin
in vivo results in significant ventricular remodelling vibnset of a high cardiac
output state. This is due to knockdown of endogiithin endothelial cells and is
likely due to changes in the wider cardiovascuatemm rather than specific effects
on the heart. | have also demonstrated the powearrdiac MRI to identify these
changes and to monitor them longitudinally. Itlsac that endoglin expression is
increased in patients with heart failure (Kaptial, 2010; Kapuet al, 2012), and
that a reduction in endoglin is associated withihaaynamic benefits (Kapuwt al,
2012). However, the work presented in this thesdtaat of van Laake (van Laakée
al., 2006) suggest caution as reduced endoglin careds to deleterious effects on
the heart. So further work is needed to identifwlamd when modification of

endoglin would be beneficial.
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