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Abstract 
Glucocorticoids are steroid hormones that affect a variety of physiological 

and pathological processes both throughout development and in adult life. 

During mammalian fetal growth, the late gestation rise in fetal 

glucocorticoid levels is essential for the maturation of tissues and organs in 

preparation for birth. In humans, glucocorticoids are routinely administered 

to women threatened by a preterm labour to accelerate fetal lung maturation 

and prevent neonatal respiratory distress and mice lacking glucocorticoid 

receptor (GR-/- mice) die neonatally as they are unable to inflate their lungs 

due to severe pulmonary immaturity. Apart from their importance for proper 

lung maturation, the physiological role of glucocorticoids in the 

development of other organs and tissues is not well known. However, 

prenatal exposure to excess glucocorticoids was shown to elicit detrimental 

“programming” effects, raising the susceptibility to adult diseases such as 

hypertension, obesity and metabolic disturbances in both humans and animal 

models. I therefore used global and conditional GR knock out mouse models 

to investigate the role and importance of adequate glucocorticoid signalling 

in fetal heart development and maturation. I further confirmed the direct 

effects of glucocorticoids on the cardiomyocyte structure and function in an 

in vitro setting. 

GR-/- fetuses are under-represented in late gestation (>50% of the number of 

GR+/+ littermates) but are present in the expected mendelian ratio at E14.5. 

At E17.5, GR-/- fetuses show edema (increased fluid accumulation and body 

sodium content). Excess extracellular fluid accumulation could be a result of 



The role of glucocorticoid signalling in fetal heart development and maturation  

2 

 

a congenital heart failure. During development, corticosterone levels sharply 

increase within the fetal hearts at E15.5-E16.5, coincident with nuclear 

translocation of GR. Consistent with activation of GR only after this time, 

the phenotypic consequences of GR deficiency can be seen after E16.5 and 

not before. At E17.5, hearts of GR-/- fetuses are smaller than in GR+/+ but 

display no structural abnormalities. Cardiac function however is severely 

impaired, with left ventricular systolic and diastolic performance inferior in 

GR-/- fetuses compared to their wild-type littermates. Microscopically, at 

E17.5, the structure of the cardiac muscle and individual cardiomyocytes are 

affected by the lack of GR. The normal outer muscle layer, with 

characteristic rod-shaped, aligned cardiomyocytes is not discernable in the 

GR-/- heart. Within the cardiomyocytes, myofibrils are short, undefined and 

randomly scattered within the cell. Lack of the maturational progression in 

the GR-/- hearts at E17.5 is evident in the pattern of gene expression. GR-/- 

fetuses do not display the normal gestational changes between E14.5 and 

E17.5 that are seen in control mice, including in genes involved in the 

maturation of cardiac structure (eg myosin heavy chain-α, MyHC-α), 

function (atrial natriuretic peptide, ANP), energy metabolism (eg 

hexokinase-1, PPARγ coactivator-1α, PGC-1α) and calcium handling 

(ryanodine receptor, RyR; sarcoplasmic reticulum Ca2+-ATPase, SERCA2a). 

However, there are no genotype or gestational alterations in mRNA 

encoding the mineralocorticoid receptor, which is also a receptor for 

glucocorticoids in the heart. The normal gestational changes in the levels of 

modified histone H3 associated with the promoters of some of the genes 
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(MyHC-α, ANP, PGC-1α) are not seen in hearts of GR-/- fetuses. This 

cardiac phenotype was not secondary to adrenal catecholamine insufficiency 

reported in other GR-/- models, as peripheral tissue levels of adrenaline were 

not different between genotypes. 

In order to test the hypothesis that the effects of glucocorticoids on the heart 

are mediated via GR in cardiomyocytes and to further elucidate the direct 

effects of GR deficiency specifically within the heart, mice with conditional 

deletion of GR selectively in cardiac and vascular smooth muscle cells were 

generated ("SMGRKO" mice). These show ~65% reduction in cardiac GR 

mRNA and protein levels. Circulating levels of corticosterone do not differ 

between genotypes at E17.5. SMGRKO fetuses at E17.5 display a phenotype 

strikingly similar to that of global GR-/-, namely edema, impaired cardiac 

function, impaired cellular architecture within the ventricle and alterations in 

the gene expression, implying that the GR-deficient phenotype is largely due 

to the direct actions of GR within the heart and not secondary to effects on 

other systems (eg kidney or liver).    

In order to investigate the pathways by which GR stimulates cardiomyocyte 

maturation, an in vitro model of murine primary fetal (E15.5-E16.5) 

cardiomyocytes was developed. Cultures contain >98% of troponin T-

positive cells which beat spontaneously. Treatment of cardiomyocytes with 

either synthetic (dexamethasone) or physiological (corticosterone) 

glucocorticoid induces time- and dose-dependent changes in gene 

expression, consistent with glucocorticoid-dependent changes seen in vivo in 

the late gestation heart. The effects of glucocorticoids on gene expression 
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were abolished by either siRNA mediated knock-down of GR or RU486 

antagonism of GR, but were unaffected by a mineralocorticoid receptor 

(MR) antagonist. Moreover, cycloheximide pretreatment (to block protein 

synthesis) suggested PGC-1α as a direct genomic target of GR. RNAseq 

transcriptome analysis performed on cardiomyocytes treated with 

dexamethasone and cycloheximide for 2h identified >600 genes as possible 

rapid and direct glucocorticoid response targets. Among them are genes 

involved in energy metabolism, calcium handling and sarcomere assembly. 

Glucocorticoid treatment of fetal cardiomyocytes also induces striking 

structural changes – formation of stress troponin T-associated actin fibers 

and sarcomere assembly. Spontaneous contractile activity is improved by 

glucocorticoid treatment, with a decrease in both contraction and relaxation 

time (without a change in frequency) and an improvement in the relaxation 

kinetics.  

In summary, glucocorticoid signalling in cardiomyocytes is required for the 

functional, structural and transcriptional maturation of the fetal heart in late 

gestation in vivo. Glucocorticoid treatment of primary murine fetal 

cardiomyocytes replicated the contractile, transcriptional and structural 

changes seen in vivo and was dependent on GR. Thus, GR is essential in 

cardiomyocytes for the structural and biochemical changes that underlie the 

maturation of heart function around the time of birth and an inadequate 

glucocorticoid environment could potentially lead to detrimental and 

permanent changes in postnatal cardiac function. Since prenatal 

glucocorticoids are routinely used clinically, it is important to consider any 
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possible effects they might have on the heart development and its function 

later in life. 
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1.1 Fetal heart development and maturation 
The heart is the first organ to become functional during development (Sissman, 

1970). Following morphogenesis and formation of a four-chamber structure it 

undergoes extensive remodelling and maturation in order to appropriately support the 

rapidly growing fetus and prepare it for life after birth. The sequence of events that 

generate a human heart is very similar to that of other mammals, including the 

mouse, although with markedly different time frame (Figure 1.1). 

1.1.1 Structural development 

1.1.1.1 Organogenesis 

Mammalian heart development begins with a primitive tube formed by precursor 

cells originating from the cardiogenic mesoderm (Figure 1.1). The right and left 

ventricles have separate developmental origins. The left ventricle is formed from the 

primary cardiac crescent (primary heart field) (Kaufman and Navaratnam, 1981, 

Abu-Issa and Kirby, 2007), and the right ventricle is formed from the recently 

discovered second heart field (Kaufman and Navaratnam, 1981, Abu-Issa and Kirby, 

2007). Precursor cells can differentiate into both the lining of the heart chambers 

(endocardium) and the musculature (myocardium). Next, the primitive tube form 

folds right-ward and bulges along its length in a looping and ballooning process as 

the polarity changes from anterior-posterior to left-right (Figure 1.1). At that stage 

the heart can already be divided into five distinct regions: trunctus arteriosus (closest 

to the arterial end), bulbus cordis, the primitive ventricle, primitive atrium and sinus 

venosus. The endocardial cushion serves as a primitive valve. The primitive atrium is 

then divided into two parts by the septum primum that fuses with the endocardial 

cushion. Next to the septum primum is another partition, septum secundum, 
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containing an orifice called the foramen ovale. This opening only closes after birth, 

when the two septa fuse to form the final atrial septum. The primitive ventricle also 

gives rise to the intraventricular septum (Figure 1.1). 

 

 

Figure 1.1. The time line of human and mouse heart development. Overall, in 
humans, the morphogenesis stage is complete at ~6-7 weeks, although the heart 
continues to grow and mature through the remainder of gestation. A - atrium, la - left 
atrium, ra – right atrium, v - ventricle, lv – left ventricle, rv – right ventricle, ot – 
outflow track, ao – aorta, pa – pulmonary artery. Adapted from (Bruneau, 2002, 
Henderson and Anderson, 2009). 

 

The walls of the developing ventricles are thin (Webb et al., 1996, Christoffels et al., 

2000). The larger part of both ventricular chambers is occupied by an extensive 

spongy network of fine trabeculations (Challice and Virágh, 1974, Sommer and 

Johnson, 1979, Canale et al., 1986, Kaufman, 1992, Smolich, 1995). Myocardium at 

that stage (~E10,0 in a mouse, 25d in human) still lacks the coronary circulation and 

the nutrients carried by the luminal blood flow reach the trabeculae by a branching 

system of connecting sinusoids lining the endocardium. The ventricular walls 

progressively thicken as gestation proceeds and the coronary vasculature develops, 
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with the endothelial and smooth muscle cells deriving from the epicardial population 

(Smolich, 1995, Sedmera et al., 2000, Sedmera, 2005, Risebro and Riley, 2006). The 

thickening of the ventricular walls at this stage is thought to be driven predominantly 

by hyperplasia. Perinatally and after birth further growth is largely through 

hypertrophy (Oparil et al., 1984, Mandarim-de-Lacerda et al., 1997, Burrell et al., 

2003). This is associated with a decreased expression of cell cycle promoting 

molecules (cyclin dependent kinases Cdk-2,4 and 6; cyclins D1-3, A,B,E) and  an 

increase in cell cycle inhibitory proteins (p21/CIP1, p27/KIP1, pRb) increases (Kang 

et al., 1997, Kang and Koh, 1997, Ahuja et al., 2007). During the final stages of 

gestation the heart also undergoes an alteration in axis from anteroposterior to more 

oblique (Kaufman, 1992). 

After birth, when the lungs become functional, the foramen ovale closes as 

pulmonary pressure decreases and left atrial pressure increases. The ductus 

arteriosus, a blood vessel connecting the pulmonary artery to the aortic arch, 

allowing for the bypass of the non-functional fluid-filled lungs, also closes shortly 

after birth (Friedman and Fahey, 1993). 

1.1.1.2 Structural maturation 

In the mature heart, myocardial muscle fibers run in geodesic curves around ring-

shaped inner layers, forming a highly organized spiraling architecture so that during 

each cardiac cycle the fibers twist and shorten reaching optimal contraction force to 

match the systemic demand. The fibers go through the tissue from the epicardial to 

the endocardial layer at oblique angles to the surface geodesics. The right and left 

ventricles differ in this arrangement, with the left ventricle typically showing a more 
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regular organization (Lunkenheimer et al., 1984, Jouk et al., 2000, Jouk et al., 2007). 

Individual cardiomyocytes in the compacted myocardium undergo extensive 

developmental and maturational changes. Early in gestation they are roughly 

spherical with the adhesion and junctional molecules dispersed within the cell 

membrane. Later, cardiomyocytes gradually elongate and become rod-shaped 

(Hirschy et al., 2006, Buckberg et al., 2008b). The junctional protein distribution 

becomes progressively highly polarized, localizing to the highly specialized 

intercalated discs at the ends of the elongated cells and running perpendicularly to 

the direction of muscle fibers. Each intercalated disc consists of adherens junctions 

(anchoring the actin filaments), desmosomes (anchoring the intermediate filaments) 

and gap junctions. The intercalated discs allow for mechanical and electrical 

coupling, propagation of an action potential and force generation (McNutt, 1970, 

Sommer and Johnson, 1979, Kim et al., 1992). One of the most important hallmarks 

of the maturation of intercalated discs is the progressive increase in the expression of 

connexins 40 and 43, major components of cardiac gap junctions (Delorme et al., 

1997). Development of the intercalated discs is reflected in their appearance - as 

maturation progresses their interdigitation becomes more apparent (Markwald, 1973, 

Smolich, 1995, Pieperhoff and Franke, 2007).  

The ultrastructure and intracellular organization of individual cardiac myocytes also 

matures throughout gestation, including dramatic changes in the myofibrils, 

transverse tubules and sarcoplasmic reticulum, as well as in the nucleus, 

mitochondria and glycogen stores. 

In mature cardiomyocytes, myofibrils are aligned in parallel to the long axis of the 

rod-shaped cardiomyocyte and, in a longitudinal view, display a repetitive pattern of 
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dark (anisotropic, A) and light (isotropic, I) bands (Figure 1.2). A-bands consist of 

myosin-containing thick filaments interlaced with thin filaments. I bands are actin-

containing thin filaments not overlaid by thick filaments, attached to the cental 

electron-dense Z-disc. Within the A-band is a paler region (H-zone) of thick 

filaments that are not overlaid by the thin filaments. Cross-linking of thick filaments 

in the middle of the A band creates a dense M band.  The giant protein titin extends 

from the Z-disc to the M-band where it interacts with thick filaments. Actin filaments 

and titin molecules are cross-linked in the Z-disc by α-actinin (Sommer and Johnson, 

1979, Canale et al., 1986, Kim et al., 1992). The major molecules that make up the 

sarcomere are: actin, troponin and tropomyosin (thin filaments), myosin, myosin 

binding proteins (thick filaments) and desmin (intermediate filaments) (Figure 1.2). 

Asymmetric myosin molecules form dimers, with their tail portions forming the 

backbone of the thick filament and the globular heads protruding out towards the 

actin molecules. These structures cyclically connect during the contraction. Thin 

filament troponin complexes are attached to tropomyosin and the troponin complex - 

troponin T (tropomyosin binding), troponin C (calcium binding) and troponin I 

(inbibitory). In the absence of calcium, tropomyosin spatially prevents the binding of 

actin and myosin. When calcium binds to troponin C it induces allosteric changes 

causing tropomyosin to move, exposing the myosin heads and allowing them to form 

cross-bridges with actin (Metzger and Westfall, 2004, Bershitsky et al., 2009, 

Koubassova and Tsaturyan, 2011). When strongly bound, the cross-bridges cause the 

thin and thick filaments to slide in the opposite directions, producing a pulling force 

on actin and, through the thin filament, on the proteins that make up the Z-band 

(Reiser et al., 1994, Murphy et al., 1996). The desmin scaffold surrounding the Z-
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discs allows for its mechanical coupling to the other components of the cell such as 

cytoskeleton, other myofibrils and nucleus. Z-discs also couple via integrin receptors 

to the cell surface to the extracellular collagen network, thereby transmitting the 

actin-myosin produced force. All these cross-interactions help maintain the structural 

and mechanical integrity of the contracting cell, as well as aiding force transmission. 

During relaxation the myosin heads detach from actin, a process which requires ATP 

hydrolysis (Capetanaki et al., 1984). 

 

 

 

 

 

 

 

 

 

Figure 1.2. Major component of a cardiac muscle sarcomere. Top – a sarcomere 
captured by electron transmission microscopy. Bottom – a schematic representation. 
Thin filaments (composed of actin-red, troponins and tropomyosin – green) are 
anchored at the Z-disc (grey) by the crosslinking protein α-actinin. Myosin and 
myosin binding proteins form the thick filament and are centred by titin (blue). 
Details in text. Adapted from (Gregorio and Antin, 2000, Knupp et al., 2002).  
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During development, myofibril formation is initiated by an amorphous material that 

later becomes the Z-disc (Markwald, 1973). Z-discs are initially irregular in 

appearance, forming punctuate Z-bodies. They progressively grow, align and fuse to 

form Z-discs in cytoplasmic regions where the linear arrays of Z-bodies had been 

(Figure 1.3) (Dabiri et al., 1997).  These then become more defined and distinct, 

narrowing and lengthening to form a regular striation, followed by the appearance of 

a  M-band (Anversa et al., 1981). Such structural maturation is associated with 

increasing functional capacity and uniformity of contractions. 

 

 

 

 

 

 

 

 

 

Figure 1.3. Model of a mature myofibril assembly. During maturation, α-actinin-
rich punctuate Z-bodies progressively grow in size and fuse to form the lateral array 
of a mature Z-disc. Adapted from (Dabiri et al., 1997). 

 

The A and I bands are initially indistinct as the immature filaments are loosely 

packed and not completely parallel within the sarcomere. Additionally, the immature 
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myofibrils are randomly scattered throughout the cell and usually just a few 

sarcomeres long. As the heart matures, myofibrils increase in amount and relative 

volume and move from the periphery of the cell to a more central location (Sommer 

and Johnson, 1979, Canale et al., 1986, Kim et al., 1992, Henderson and Anderson, 

2009).  

Other cellular components important for postnatal heart function also undergo 

striking developmental changes. Transverse tubules (T-tubules) are deep 

perpendicular indentations of the sarcolemma which allow for action potentials to 

quickly penetrate to the interior of cardiomyocytes. T-tubules are absent in early 

gestation myocytes, but gradually develop with increasing cell size, first arising 

within sarcolemma overlying Z-discs and then forming a tubule extending into the 

cell interior. Mature T-tubules are spatially closely coupled with the sarcoplasmic 

reticulum (Forbes and Sperelakis, 1976, Sommer and Johnson, 1979, Forbes et al., 

1984, Canale et al., 1986, Kim et al., 1992). The sarcoplasmic reticulum itself, a 

major component of calcium release-uptake mechanisms, also progressively 

develops towards a complex network coupled with both the sarcolemma and 

transverse tubules. Throughout development, the volume fraction of sarcoplasmic 

reticulum increases significantly (Sommer and Johnson, 1979, Olivetti et al., 1980, 

Canale et al., 1986, Kim et al., 1992). 

Mitochondria, which will supply the postnatal heart with energy, are initially 

sparsely distributed throughout the cytoplasm of the developing cardiomyocyte. As 

maturation progresses, mitochondria locate to the rows between the myofibrils and 

the perinuclear region (Sommer and Johnson, 1979, Smith and Page, 1977, Olivetti 

et al., 1980, Canale et al., 1986, Kim et al., 1992, Smolich, 1995).  
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Another characteristic of a developing myocyte is a decrease in the intracellular 

glycogen pools, associated with a “metabolic switch” from glycolysis to more energy 

efficient fatty acid oxidation (Virágh et al., 1982, Lopaschuk and Jaswal, 2010). 

Nuclear shape also progressively changes during cardiomyocyte maturation - from 

ovoid to more cigar-like. In the fetus the nucleus occupies ~10-20% of the cell 

volume whereas in an adult myocyte it constitutes only 1-3%. As development 

progresses and hyperplastic growth gives way to hypertrophic, cells become 

binucleated as a result of nuclear division without subsequent cytokinesis 

(Mandarim-de-Lacerda et al., 1997, Burrell et al., 2003, Jonker et al., 2007). This 

transition may be an adaptive response to a high metabolic demand, when the 

capacity to generate twice the RNA for protein synthesis might be advantageous. 

1.1.2 Maturation of heart function during development 

Contractions start at the tubular stage – E8.5 in a mouse and 22 days in a human 

(Sissman, 1970). Initially they are irregular and do not properly force the blood into 

the circulation. Soon, however, they become coordinated and capable of pushing 

blood through the developing fetus to enable its further growth as the diffusion 

distance for oxygen and nutrient delivery increases. Mechanical properties of the 

heart are determined not only by the spatial parameters like the orientation and 

density of the muscle fibers but also by temporal factors - the timing of cardiac 

muscle activation and relaxation.  
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1.1.2.1 Mechanical properties 

The force-generating capacity of the cardiac muscle increases substantially during 

fetal and throughout early postnatal development (Siedner et al., 2003), probably as a 

consequence of the accumulation of contractile proteins as well as changes in their 

isoform composition and spatial distribution as myofibrils develop (Ehler and 

Perriard, 2000, Ehler and Gautel, 2008), The most important contractile proteins to 

undergo isoform changes are α-actin, myosin heavy chain (MyHC) and titin; 

regulatory proteins include tropomyosin and troponins (Lompre et al., 1981, Lompre 

et al., 1984, Saggin et al., 1989, Lyons et al., 1990, Buckingham et al., 1992, Carrier 

et al., 1992, Muthuchamy et al., 1993, Siedner et al., 2003, Posterino et al., 2011). 

Myosin exists in two major isoforms – α and β. The α (fast) isoform can perform 

much faster and has greater power generating properties than the β isoform, thus can 

generate higher tensions under strain conditions. However, the β isoform is more 

energy efficient (Rundell et al., 2005, Locher et al., 2011). In mice a marked 

developmental switch from the β to the α isoform commences at E16.5, α myosin 

becoming dominant in the adult heart (Lompre et al., 1981, Lyons et al., 1990, 

Sweeney and Kelley, 1990, Briggs et al., 1992). In contrast, in large mammals 

(including humans) the β isoform predominates with levels rising steadily in both 

atria and ventricles during development. In the mature human myocardium the β 

isoform constitutes ~90% of myosins in the ventricle and 10-50% in the atrium 

(Everett et al., 1984, Bouvagnet et al., 1987, Reiser et al., 2001). The α myosin is 

responsible for any necessary adjustments to changes in the load and is therefore a 

primary determinant of the force-velocity relationship (Fitzsimons et al., 1998, van 

der Velden et al., 1998, Herron et al., 2001, Locher et al., 2011). Changes in troponin 
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T and I expression are associated with a developmental decrease in the 

Ca2+ sensitivity of isometric tension (Reiser et al., 1994, Siedner et al., 2003). 

Changes in passive tension of the myocardium are attributable to the giant protein 

titin, responsible for generating forces that pull the Z-lines together during stretch 

(Walker and de Tombe, 2004, Krüger and Linke, 2011). Passive tension of the titin 

spring can be modulated through isoform variation, phosphorylation and 

Ca2+ binding (Lahmers et al., 2004, Miller et al., 2004, Opitz et al., 2004, Lim and 

Sawyer, 2005). 

1.1.2.2 Excitation-contraction coupling 

1.1.2.2.1 Action potential generation 

Myocytes contract in response to electrical impulses resulting from a change in 

voltage across the cell membrane. These responses (action potentials) are generated 

by the movement of ions through the transmembrane channels. At rest, an adult 

cardiac myocyte has a negative resting membrane potential (~80-85mV). Upon 

stimulation the opening of fast sodium channels causes a rapid influx of sodium ions 

and a rise of the membrane potential to ~40 mV (depolarisation) (Figure 1.4). 

Depolarisation leads to opening of the voltage-gated calcium channels and influx of 

calcium (Ca2+) ions that will eventually trigger the contraction. The plateau phase of 

the action potential is sustained by inward Ca2+ balanced by outward potassium (K+) 

flow through the delayed rectifier potassium channels.  
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Figure 1.4. A schematic representation of the action potential. Simplified view of 
specific transmembrane ion movements during de- and re-polarisation. Stages: 
depolarisation (0-1), plateau (2), repolarisation (3), steady state (4). Adapted from 
(Lodish et al., 2008).  

 

During the rapid repolarization phase, Ca2+ channels close while the outward 

potassium current continues. When the membrane potential is repolarised the 

potassium channels close (Klabunde, 2011). During late gestation, levels of voltage-

gated sodium channel subunits rise leading to an increase in current amplitude 

(Fahmi et al., 2004). There is also an increase in the voltage-gated calcium and 

potassium current density and kinetics (Masuda and Sperelakis, 1993, Davies et al., 

1996, Kato et al., 1996, Wang et al., 1996, Wetzel and Klitzner, 1996, Franco et al., 

2001, Harrell et al., 2007, Liu et al., 2010). Moreover, as cardiomyocytes mature, 

calcium currents progressively acquire the ability to respond to β-adrenergic 

stimulation, an ability absent during earlier stages (An et al., 1996) 
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Electrical impulses arise in the pacemaker cells of the sinoatrial node and propagate 

through to the atrioventricular node. The stimulus is then conducted by the bundles 

of the His and Purkinje fibers to the endocardium and finally, from the apex to the 

ventricles. Electrical impulses propagate freely between cells via gap junctions, so 

that the myocardium functions as a single contractile entity (Rohr, 2004). Although 

all of the cells in the heart have the ability to initiate an action potential, only some of 

them are designed to trigger heart beats under normal circumstances. During heart 

development, as the ventricular architecture develops, so does the sequence of 

electrical impulse propagation. As the trabeculae form, they are activated first and 

the impulse spreads from the heart interior outwards (Gourdie et al., 2003, Sedmera, 

2005, Godfrey et al., 2012).  There is a high degree of cardiac automaticity and cells 

throughout the primitive ventricles generate spontaneous action potentials. As 

development progresses, muscle contractions begin to be commanded by the 

sinoatrial node (Christoffels and Moorman, 2009). In rodents, the duration of the 

action potential decreases as the heart matures, accompanied by increased amplitude 

and negativisation of the resting potential from E16.5 onwards, attributed  to  the  

maturation  of  ionic  membrane  permeabilities and active transport  mechanisms 

(Legrand et al., 1981). 

1.1.2.2.2 Calcium handling 

The initial small Ca2+ influx that occurs through the voltage-sensitive 

calcium channels (L- or T-type) serves to gate a large and graded calcium release via 

the sarcoplasmic reticulum ryanodine receptors (RyR) that ultimately triggers the 

contraction. This process of Ca2+-induced Ca2+ release (CICR) (Figure 1.5), is the 

predominant mechanism of excitation-coupling coupling in the adult heart. 
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Mechanical relaxation depends on the rapid return of Ca2+ to the sarcoplasmic 

reticulum by the sarcoplasmic ATP-ase Ca2+ pump (SERCA2a)  which couples 

hydrolysis of ATP to active Ca2+ transport, and by the plasmolemmal 

Na+/Ca2+ exchangers (NCX1) (Escobar et al., 2004, Huang et al., 2008).  

 

 

 

 

 

 

 

 

 

 

Figure 1.5. Schematic representation of calcium-induced calcium release 
mechanism. Ca2+ influx through voltage gated calcium channels (yellow) triggers 
sarcoplasmic reticulum (SR) Ca2+ release via ryanodine receptors (RyR). Calcium is 
removed from the cytosol by sarcoplasmic ATP-ase Ca2+ pump and 
Na+/Ca2+ exchangers (NCX). Adapted from (Bers and Despa, 2006). 

 

Immature cardiomyocytes have little CICR due to the still sparse sarcoplasmic 

reticulum and a lack of transverse tubule network. Transsarcolemmal Ca2+ influx is 

predominantly responsible for excitation-contraction coupling (Cohen and Lederer, 

1988, Wetzel and Klitzner, 1996, Rapila et al., 2008). In the late gestation and 

neonatal heart, Ca2+ flows into cells equally through T- and L-type channels. As the 
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CICR matures, L-type channels become dominant and the T-type strictly limited to a 

few pacemaker cells in the adult heart. In the immature myocardium some Ca2+ can 

also enter the cell through the reverse Na+/Ca2+ exchange, a path that is of minor 

importance in adult myocardium (Ferron et al., 2002, Escobar et al., 2004, Tohse et 

al., 2004, Huang et al., 2005, Schroder et al., 2006, Huang et al., 2007). The time of 

opening/closure of the calcium channels also significantly decreases during 

maturation (Liu et al., 1999, Tibbits et al., 2002, Huang et al., 2006, Harrell et al., 

2007). Relative contribution of the RyR-mediated sarcoplasmic reticulum 

Ca2+ release to the global intracellular Ca2+ transients increases rapidly during the 

late fetal and early postnatal life (Escobar et al., 2004, Tohse et al., 2004) due to 

increasing coupling of  L-type calcium channels with RyRs (Fisher, 1995, Cohen and 

Lederer, 1988, Sedarat et al., 2000, Tohse et al., 2004).  

Ca2+ reuptake rates ride with heart maturation (Spencer et al., 2006) as a result of 

increasing amounts and efficiency of SERCA2a, becoming dominant over the 

sarcolemmal Na+/Ca2+ exchanger (Lompré et al., 1991, Huang et al., 2005). 

Apart from its role in cell contractility, Ca2+ is also an important regulator of cardiac 

gene expression during development (Porter et al., 2003).  

1.1.2.3 Systolic and diastolic function 

During each cardiac cycle, once the pressure in the ventricle falls below the pressure 

in the atrium as the contractile elements of the muscle, compressed and twisted 

during ejection, recoil (Lew, 1989, Appleton et al., 1997, Little et al., 1998), the 

atrioventricular (mitral or tricuspid) valve opens and blood enters the ventricle, at 

first passively (E-wave, early wave) and later actively (A-wave), as a result of an 

atrial contraction (the ‘atrial kick’) (Figure 1.6). Subsequently, as the ventricle fills, 
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intraventricular pressure rises, causing the atrioventricular valve to close. A period of 

isovolumetric contraction (IVCT) follows, increasing the pressure until it exceeds 

that in the aorta or pulmonary artery, causing the semilunar valve to open and blood 

to be ejected. The ventricular pressure then drops. Once it falls beneath the arterial 

pressure, the semilunar valve closes. The time interval between the semilunar valve 

closing and the atrioventricular valve opening is the isovolumetric relaxation time 

(IVRT). The atrium fills continuously throughout ventricular systole, causing a 

gradual increase in atrial pressure until it exceeds the ventricular pressure, at which 

point the valve opens and the cycle begins again (Godfrey et al., 2012). The events 

described above can be visualized using pulse wave Doppler echocardiography 

(Figure 1.6). 

As the heart matures, major changes occur in the systolic parameters. Stroke volume 

and cardiac output remain unchanged until ~20 weeks of human gestation, then 

markedly rise (Carceller-Blanchard and Fouron, 1993, Gardiner et al., 2006, Molina 

et al., 2008), with the latter increasing from 50ml/min at 18 weeks to 1200ml/min at 

term. Left ventricular output exhibits a steeper increase than that of the right 

ventricle (Allan et al., 1982, De Smedt et al., 1987, Chang et al., 2000, Gardiner et 

al., 2006, Molina et al., 2008). However, ejection fraction does not appear to change 

between weeks 20-34 in the human heart (Simioni et al., 2011). In mice, the ejection 

fraction and fractional shortening progressively increase in late gestation (after 

E14.5), with little change after birth (Corrigan et al., 2010). 
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Figure 1.6. Doppler echocardiography representation of cardiac function in the 
fetus. Left ventricular transmitral recording of systolic and diastolic outflow and 
inflow velocities, respectively. IVRT – isovolumetric relaxation time, IVCT – 
isovolumetric contraction time.  

 

Fetal diastolic heart function undergoes even more important maturational changes. 

Diastolic dysfunction is associated with an 8-fold higher risk of perinatal mortality 

compared to systolic dysfunction (Pedra et al., 2002), thus it is important to 

understand events governing the development of diastolic performance. 

During fetal development, the A-wave (Figure 1.6) predominates in diastole as the 

relaxation properties of the ventricle and its compliance are immature. As sarcomeres 

mature, relaxation occurs more rapidly and efficiently, accounting for the 

predominant force that drives diastolic filling, with atrial contraction serving only to 

provide a boost that will lead to the opening of the aortic valve (Veille et al., 1999, 

Ishiwata et al., 2003a). This is reflected in the progressive maturational increase in 

the E-wave velocity; consequently, the E/A wave ratio increases (Reed et al., 1986, 
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Harada et al., 1997, Fernández Pineda et al., 2000). In the human fetus, the peak E-

wave velocity and E/A ratio do not change before 25 weeks of gestation, then 

gradually increase towards birth and beyond (Fernández Pineda et al., 2000, Nii et 

al., 2006). The sharpest increase is seen between 32-39 weeks (Harada et al., 1997, 

Veille et al., 1999, Kim et al., 2012). Early diastolic deceleration time, a marker of 

ventricular compliance, also shows a maturational decrease (Kozák-Bárány et al., 

2000). In the mouse fetus, diastolic function progressively improves from E14.5 

onwards, with an increase in E-wave velocity and E/A wave ratio continuing in the 

immediate postnatal period (Zhou et al., 2003b, Corrigan et al., 2010). In all species, 

the developmental increase in E-wave velocity is greater in the left ventricle than in 

the right ventricle (Fernández Pineda et al., 2000, Kim et al., 2012).  

The developmental increase in E-wave velocity reflects improved ventricular 

relaxation and compliance (Veille et al., 1999) and is directly correlated with the 

increasing area of compact myocardium (Ishiwata et al., 2003a). It might also be 

related to the increasing capacity of the sarcoplasmic reticulum to efficiently 

sequester Ca2+ and thereby accelerate ventricular active relaxation. Higher myofibril 

content may also increase ventricular recoil after systole, thereby augmenting the 

peak E- wave velocity (Siedner et al., 2003).   

The Doppler-derived myocardial performance index (MPI or Tei/TEI index) is the 

sum of the isovolumetric contraction and relaxation times, divided by the ejection 

time (Figure 1.6) and therefore comprises a measure of both systolic and diastolic 

components, reflecting global cardiac function. It has the advantage of being largely 

independent of differences in heart size or morphology, cardiac load or heart rate 
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(Tei et al., 1995). In both human and mouse fetuses, the MPI of both left and right 

ventricles decreases linearly with advancing gestational age, from 24 weeks and 

E14.5, respectively (Tei et al., 1995). The index stabilises during the immediate 

postnatal period (Chen et al., 2006, Corrigan et al., 2010). When broken down into 

its three components, it is the isovolumetric relaxation time and ejection time that 

underlie the decrease in the overall index value during gestation (van Splunder and 

Wladimiroff, 1996), again reflecting a significant improvement in the relaxation 

properties of the cardiac muscle and therefore diastolic function during development 

and maturation. 

The rapidity of early diastolic filling is also reflected in the kinetics of diastolic 

function. There are two interconnected parameters that have been shown to be good 

indicators of diastolic cardiac function in adults. Mitral deceleration time (DT) is the 

time between the maximum E velocity and the time the early filling reaches the 

baseline. Abnormal DT values can reflect increased ventricle stiffness and delayed 

relaxation (Little et al., 1995, Giannuzzi et al., 1996, Cerisano et al., 1999, Tsai et al., 

1999, Schirmer et al., 2000). Despite its usefulness, DT is massively influenced by 

the loading conditions. As loading conditions are reflected by the E wave velocity, 

presenting absolute DT values in relation to peak E velocity corrects for the changes 

in atrial pressure and preload volume. The resulting parameter is a mitral 

deceleration index (MDI) (Chinali et al., 2009, Cuspidi et al., 2011, Topilsky et al., 

2011). The second useful parameter describing the early filling is the deceleration 

slope (early diastolic deceleration) reflecting how fast the relaxing ventricle fills to 

reach equilibrium between atrial and ventricular pressure (diastasis) (Labovitz et al., 

1986, Trojnar et al., 1994, Houltz et al., 1995). 
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Intrauterine growth retardation in human fetuses is associated with markers of 

impaired maturation of cardiac function in late gestation and the neonatal period, 

such as decreased E wave and E/A ratio, longer deceleration times and increased 

MPI (Reed et al., 1989, Miyake, 2001, Crispi et al., 2008).  

The fetal heart expresses and releases atrial natriuretic peptide (ANP) which, 

contrary to adult heart, is produced predominantly by the ventricles. ANP secretion is 

stimulated in response to increasing volume loading and subsequent myocardial 

stretch in the fetus, and ANP levels rise at specific points, generally believed to 

correspond to certain landmarks of cardiac development - the onset of regular 

beating of the primitive tube, septal formation, the appearance of four distinct 

chambers and alterations in the heart axis in late gestation (Cameron and Ellmers, 

2003, Das et al., 2009).   

1.1.2.4 Function-induced maturation 

Cardiac tissue is subject to dynamic mechanical stresses from very early 

development which change dramatically through gestation and which provide an 

important drive towards further structural and functional maturation (Simpson et al., 

1995, Drenckhahn, 2009). Mechanical forces are, in turn, affected by a plethora of 

factors such as physical properties of the surrounding tissue, extracellular matrix and 

hydrostatic qualities of the blood.  

The Frank–Starling law describes one of the most important properties of cardiac 

muscle - how an increase in muscle length increases contractility. According to this 

law, the stroke volume of the heart increases in response to an increase in the volume 

of blood filling the heart. The increasing volume of blood during development 



The role of glucocorticoid signalling in fetal heart development and maturation  

Chapter 1. Introduction  41 

 

stretches the ventricular wall, causing the cardiac muscle to contract more forcefully. 

This allows cardiac output to be synchronized with the venous return (Shiels and 

White, 2008, de Tombe et al., 2010). The major molecular mechanism underlying 

this phenomenon is thought to be an increase in the overlap between actin and 

myosin molecules within the sarcomere and an increase in the occurrence of cross-

bridge formation (Gordon et al., 1966). It may also involve changes in the affinity of 

troponin C for Ca2+ which aids contraction (Calaghan and White, 2004). 

Additionally, stretch of a cardiomyocyte not only increases its length, but also 

decreases its cross-sectional area, resulting in compression of the intracellular 

filament frame and closer proximity of contractile fibers, which may increase the 

probability of cross-bridge formation (Fuchs and Wang, 1996).  

Cardiac muscle constantly experiences shear stress that can be pulsatile, oscillatory 

or turbulent. Additionally, it experiences both active stretching during filling and 

self-generated mechanical force during ejection. The plastic nature of the developing 

myocardium gives it a remarkable ability to adjust to the hemodynamic load brought 

upon it by the constantly enlarging peripheral vascular system (Jacot et al., 2010). 

Intracardial blood flow is an important contributor to normal cardiac development 

and morphogenesis. Impaired atrial contractility in mice causes morphological 

defects of the ventricular myocardium, secondary to atrial dysfunction (Huang et al., 

2003). Conversely, raising the intracardiac pressure and afterload increases 

ventricular growth (Clark et al., 1989), whereas decreasing it results in smaller hearts 

(Clark et al., 1991). Even small changes in hemodynamic load can have major effects 

on the overall architecture of the muscle, especially the spiraling structure of 

cardiomyocytes in the compact myocardium. 
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Mechanical forces experienced by cells during contraction also play a crucial role in 

promoting the maturation of the mature myofibrillar structure (Eble et al., 1998). 

When spontaneously contracting cardiomyocytes experience induced cardiac arrest 

or are detached from a plate and suspended in solution, they fail to maintain or 

assemble a fully mature contractile unit (Marino et al., 1987, Simpson et al., 1995). 

Furthermore, a direct externally enforced stretch of an individual cardiomyocyte can 

induce widespread structural maturation, affect the activity of ion channels and 

increase gap junction-mediated cell coupling (Wang et al., 2000).  

In addition to the role of external physical factors in the maturation and development 

of an aligned sarcomeric structure, cell shape also plays a role. The use of geometric 

boundaries that force immature cardiomyocytes to spread into an elongated shape, 

similar to an adult cell phenotype seen in vivo, improves the alignment of sarcomeres 

and creates more proficient axes of contraction (Bray et al., 2008, Parker et al., 

2008). In a similar way, surrounding tissue properties can affect the maturation of 

cardiomycoytes. Collagen accumulation during cardiac development changes the 

kinetics of mechanical coupling between myocytes and the external matrix against 

which they ultimately contract (Carver et al., 1993, Marijianowski et al., 1994, 

Bluhm et al., 1995, Tobita and Keller, 2000, Jacot et al., 2008).  

Finally, electrical stimulation aids the maturation of an efficient excitation-

contraction coupling as well as increasing inter- and intra- cellular alignment 

(Johnson et al., 1994, Heidi Au et al., 2009).  

Thus, increased cardiac contractility feeds forward to further contribute to heart 

maturation. 
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1.1.2.5 Energy metabolism 

The developing heart undergoes a significant metabolic transformation as it adjusts 

to the higher-oxygen extrauterine environment and increasing work requirements 

after birth. The newborn heart has to drastically increase the cardiac output to both 

pulmonary and systemic circulation and operate against an increased vascular 

resistance. Early postnatal metabolism must not only meet the rising energy demands 

of the contractile machinery and sustain its mechanical activity, but also support the 

still developing heart.  

In the relatively hypoxic environment of the fetal heart carbohydrates are the 

predominant source of energy due to their greater efficiency per mole of oxygen 

consumed. Thus glycolysis and lactate and glucose oxidation are the major pathways 

of energy generation. Shortly after birth, in now an oxygen-rich environment, there is 

a rapid shift from carbohydrate to fatty acid utilization as the more efficient source of 

ATP (Lopaschuk et al., 1992, Bartelds et al., 2000). This is reflected in the high 

concentrations of lactate and very low levels of fatty acids in fetal blood.  

Under physiological circumstances, in an adult heart nearly all ATP is generated 

from the mitochondrial oxidation of fatty acids, the preferred cardiac substrate 

(Ascuitto and Ross-Ascuitto, 1996, Makinde et al., 1998). 

After birth, plasma free fatty acid concentrations increase rapidly to adult levels, as 

they are supplied by the mother’s high-fat milk (Bartelds et al., 1998, Onay-Besikci, 

2006). Additionally, as mentioned before, as the heart matures, myocardial glycogen 

pools decrease and, following the onset of fatty acid oxidation as a dominant energy 

source, the endogenous triglyceride pools rapidly expand (Virágh et al., 1982). 



The role of glucocorticoid signalling in fetal heart development and maturation  

Chapter 1. Introduction  44 

 

Although ketone bodies and amino acids can also be utilised by the heart, neither is a 

major substrate under normal physiological conditions (Fisher et al., 1980, Bartelds 

et al., 2000). 

The remarkable metabolic switch during the perinatal period is associated with major 

alterations in the expression and activity of key metabolic enzymes and pathways. 

Levels and activity of transporters and enzymes involved in fatty acid metabolism 

(such as carnitine palmitoyltransferase I (CPT I) which catalyzes the conversion of 

acyl-CoA to acylcarnitine at the outer mitochondrial membrane and is a key enzyme 

in the control of fatty acid oxidation) increase (Bartelds et al., 2004). Enzymes of the 

tricarboxylic acid cycle (TCA), the electron transport pathway and activity of the 

mitochondrial ATPase increase during the perinatal period, concomitantly with 

mitochondrial maturation and formation of mature lamellar cristae (Onay-Besikci, 

2006, Lopaschuk and Jaswal, 2010, Porter et al., 2011). Many of these processes 

seem to be mediated by the actions of nuclear receptor peroxisome proliferator-

activated receptor (PPAR)α, PPARγ and PPARγ coactivator-1α (PGC-1α). PGC-1α 

not only has a role in the induction of fatty acid oxidation pathway enzymes in the 

postnatal heart, but also plays a pivotal role in the control of cardiac mitochondrial 

number and function (Lehman and Kelly, 2002, Huss and Kelly, 2004). 

1.2 Glucocorticoids – synthesis, secretion and action 

1.2.1 Glucocorticoid synthesis 

The four major types of steroids in vertebrates are progestins, androgens, estrogens, 

and corticoids. All derive from cholesterol through the actions of an array of 

dehydrogenases and cytochrome P450 enzymes that catalyze dehydroxylation-
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oxidation reactions. The main site of glucocorticoid (cortisol/corticosterone) 

production is the zona fasiculata/reticularis of the adrenal cortex (Figure 1.7).  

 

 

Figure 1.7. Structure of the adrenal gland. Glucocorticoids are synthesised in the 
zona fasciculata and reticularis from cholesterol. Aldosterone is synthesised in the 
zona glomerulosa. Adapted from (Marieb and Hoehn, 2007) 

 

The first and rate-limiting step in steroid biosynthesis is the cleavage of the side 

chain of cholesterol by CYP11A1 to generate pregnenolone. Pregnenolone can then 

be hydroxylated by 17α-hydroxylase (17-OH), resulting in two possible parallel 

pathways of corticoid synthesis (Figure 1.8). Although expressed in the gonads 

(essential to generate sex steroids), 17-OH is not expressed in the adrenal cortex of 

rats and mice, so the major circulating glucocorticoid in these species is 

corticosterone rather than cortisol (Figure 1.8), which predominates in other species, 

including humans. In the zona glomeulosa (Figure 1.7), aldosterone synthase 

generates aldosterone from corticosterone (Figure 1.8) (McEwen, 1997, Ashwell et 

al., 2000, Boron and Boulpaep, 2003, Buckingham, 2006). 



The role of glucocorticoid signalling in fetal heart development and maturation  

Chapter 1. Introduction  46 

 

 

Figure 1.8. Biosynthesis of steroids. A simplified schematic view illustrating the 
principal enzymes and products. Adapted from (Miller and Auchus, 2011). 17α-
hydroxylase is absent from adrenal glands of rats and mice. 

 

Glucocorticoids are inactivated in the liver, by reduction, oxidisation, or 

hydroxylation, then are conjugated with sulfate or glucuronic acid to facilitate their 

excretion in urine (or feces in rats and mice). Additionally, glucocorticoid 

inactivation takes place in a limited number of other tissues (most notably the kidney 

and the placenta) by the action of 11β-HSD2 (Draper and Stewart, 2005). 
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1.2.2 Glucocorticoid secretion – the HPA axis 

Endogenous glucocorticoid release into the circulation is pulsatile and has a distinct 

circadian pattern.  In humans, glucocorticoid synthesis and release is maximal in the 

morning and nadir levels (3-5-fold lower) occur early in the sleep phase. In rodents, 

nocturnally active, the opposite rhythm is seen. Glucocorticoid release is also 

stimulated by physical or emotional stress. Synthesis and secretion of glucocorticoids 

by the adrenal glands is under the control of the hypothalamo-pituitary-adrenal 

(HPA) axis (Figure 1.9) which responds to neuronal and humoral information from 

the periphery. Corticotrophin-releasing hormone (CRH) and arginine vasopressin 

(AVP) are released from the parvocellular neurons in the paraventricular nucleus 

(PVN) of the hypothalamus. CRH and AVP then act synergistically through specific 

receptors in the anterior pituitary gland to trigger the release of 

adrenocorticocotrophic hormone (corticotrophin, ACTH), cleaved from the precursor 

polypeptide proopiomelanocortin, into the systemic circulation. At the adrenal 

cortex, ACTH activates type 2 melanocortin receptors (MC2R) to initiate the 

synthesis of corticosterone/cortisol (Simpson and Waterman, 1988, McEwen, 1997, 

Ashwell et al., 2000, Boron and Boulpaep, 2003, Buckingham, 2006).  

HPA axis activity is subject to negative feedback; through which glucocorticoids 

suppress the release of CRH/AVP and ACTH from the hypothalamus and anterior 

pituitary gland, respectively. Therefore, the magnitude of the HPA response depends 

on the pre-existing glucocorticoid tone and the individual’s previous “exposure” to 

stress. This feedback system is regulated by GR at the pituitary, but both MR and GR 

within the hypothalamus (Figure 1.9). MR mainly regulates the basal circadian 

secretion whereas GR regulates the peak circadian and stress-induced cortisol 
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secretion. Glucocorticoids can also have rapid effects on the hippocampus, again 

inhibiting the HPA axis (Keller-Wood and Dallman, 1984, Keller-Wood et al., 1984, 

Reul and de Kloet, 1985, Jones and Gillham, 1988, Buckingham et al., 1996, de 

Kloet et al., 2008). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9. Regulation of glucocorticoid secretion by the HPA axis. A simplified 
schematic view showing the principal loci involved in the hypothalamic-pituitary-
adrenal control of glucocorticoid synthesis and secretion. A forward drive (arrows) 
stimulates the production and secretion of cortisol/corticosterone from the adrenal 
glands. Glucocorticoid secretion is auto-regulated by negative feedback (blunt 
arrows) at the level of the pituitary and the hypothalamus (suppressing CRH 
expression). The negative feedback depends on the levels of GR (filled arrowheads) 
in the pituitary, hypothalamus and hippocampus and MR (open arrowhead) levels in 
the hippocampus. PVN - paraventricular nucleus, CRH - corticotrophin releasing 
hormone, AVP - arginine vasopressin, ACTH - adrenocorticotrophin, GR - 
glucocorticoid receptor, MR - mineralocorticoid receptor. Adapted from (Boonstra, 
2004). 
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1.2.3 Determinants of glucocorticoid action 

The primary determinants of glucocorticoid action are receptor density and ligand 

availability. The latter is determined by the activity of the HPA axis and pre-receptor 

metabolism. Additionally, glucocorticoid action can be modulated by various 

intracellular mechanisms, for example receptor phosphorylation etc.   

The majority (~95%) of glucocorticoid in the circulation is bound by serum proteins 

so the free glucocorticoid concentration in plasma is considerably lower than the 

total that is typically measured. The major high-capacity low-affinity carrier is 

albumin; the major low-capacity high-affinity protein is transcortin (also known as 

corticosteroid-binding globulin, CBG). In principle, only the unbound steroid has 

ready access to target cells. However, in some cases (for example in inflamed 

tissues) local serine proteases can liberate the steroid from the globulin, while in 

others (like the pituitary gland) locally expressed CBG may limit access by 

absorbing free steroids (Dunn et al., 1981, Hammond, 1988, Singer et al., 1988, 

Hammond, 1997, Ashwell et al., 2000, Petersen et al., 2006).  

The ability of systemic glucocorticoid to access target cells is also affected by 

multidrug-resistant P-glycoproteins, members of the ATP-binding cassette (ABC) 

family of transporter proteins which actively remove glucocorticoids from the cell 

thereby lowering intracellular levels (Meijer et al., 2003).  

Probably the most important factor regulating the access of glucocorticoids to their 

receptors is “pre-receptor” metabolism, by the 11β-hydroxysteroid dehydrogenase 

(11β-HSD) enzymes type 1 and 2 which interconvert active corticosterone/cortisol 

and intrinsically inert 11-dehydrocorticosterone/cortisone (Murphy et al., 1974, 

Edwards et al., 1988, Stewart et al., 1988, Edwards, 1991, Walker and Edwards, 



The role of glucocorticoid signalling in fetal heart development and maturation  

Chapter 1. Introduction  50 

 

1991, Benediktsson et al., 1993, Muneyyirci-Delale et al., 1996, Seckl and Chapman, 

1997, Gitau et al., 1998, Moore et al., 2000, Tomlinson et al., 2004, Draper and 

Stewart, 2005) (Figure 1.10). 11β-HSD1 is a low-affinity NADP(H)-dependent 

enzyme that, in vitro, is bidirectional. In vivo, however, it appears to function 

exclusively as a reductase driven by hexose-6-phosphate dehydrogenase generation 

of NADP(H). It is expressed in glucocorticoid-target tissues, including liver, adipose 

tissue and brain and is subject to regulation by a variety of factors including 

glucocorticoids themselves, stress, sex steroids and cytokines.  

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1.10. The interconversion of 11-deoxycorticosterone/cortisone to 
corticosterone/cortisol by 11β-hydroxysteroid dehydrogenases type 1 and 2. The 
active 11-hydroxy glucocorticoids are converted to inactive 11-keto glucocorticoids 
by the high affinity 11β-HSD2 enzyme. The regeneration of active glucocorticoids is 
catalysed by the lower affinity 11β-HSD1. 
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11β-HSD2 is a high-affinity, NAD+-dependent enzyme that acts exclusively as a 

dehydrogenase (Figure 1.10) and is predominantly expressed in mineralocorticoid-

target tissues (such as kidney) where it prevents glucocorticoid activation of MR 

(otherwise a high affinity glucocorticoid receptor) allowing activation by 

aldosterone, present at lower concentrations in plasma than glucocorticoids (Murphy 

et al., 1974, Edwards et al., 1988, Stewart et al., 1988, Edwards, 1991, Walker and 

Edwards, 1991, Benediktsson et al., 1993, Muneyyirci-Delale et al., 1996, Seckl and 

Chapman, 1997, Gitau et al., 1998, Moore et al., 2000, Tomlinson et al., 2004, 

Draper and Stewart, 2005). 

1.2.4 Steroid receptors 

Glucocorticoids bind to cytoplasmic receptors belonging to the nuclear receptor 

superfamily. MR (or the type I glucocorticoid receptor) has a high affinity (Kd ~ 0.5–

2 nM) for cortisol, corticosterone and the mineralocorticoid, aldosterone. It is 

restricted largely to distal renal tubule, sweat glands, parotid glands, colon, 

macrophages, brown adipose, heart and specific brain regions. Because 11β-HSD2 is 

not colocalised with MR in heart, brain, adipose tissue and macrophages it is likely 

to act as a glucocorticoid receptor in these tissues (Buckingham, 2006). The widely-

distributed GR (or the type II glucocorticoid receptor) has lower affinity (Kd ~ 10–20

nM) and does not bind physiological concentrations of aldosterone. Free levels of 

circulating glucocorticoids at the nadir phase of the circadian rhythm are ~ 0.5–1 nM 

(20–30% of peak values). From this it was reasoned that the MR in the brain and the 

heart mediates the effects of low concentrations of glucocorticoids. As glucocorticoid 

levels rise, for example in stress, MR becomes saturated and the observed biological 
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effects are attributable to GR (Arriza et al., 1987, Rupprecht et al., 1993, 

Buckingham, 2006). However, this may be an overly simplistic view. 

1.2.4.1 GR structure 

The gene encoding GR (human NR3C1, chromosome 5 or Nr3c1 on chromosome 18 

in rats and mice (Gehring, 1987)) comprises 9 exons (2-9 are protein coding), spread 

over ~124 kb (Figure 1.11). Multiple promoters have been identified, possibly 

providing a mechanism for tissue-specific actions (Strähle et al., 1992, McCormick 

et al., 2000, Breslin et al., 2001)  

GR has a modular structure containing three major domains; an N-terminal domain 

(NTD), required for target-gene activation (Giguere et al., 1986), a central DNA-

binding domain (DBD) with two highly conserved Zn2+ fingers essential for DNA 

binding (Tsai et al., 1988), nuclear translocation (Picard and Yamamoto, 1987) and 

transactivation (Hollenberg et al., 1985) and a C-terminal ligand-binding domain 

(LBD) which is responsible for ligand binding and nuclear translocation (Weinberger 

et al., 1985, Giguere et al., 1986, Picard and Yamamoto, 1987, Nicolaides et al., 

2010) (Figure 1.11).  

Additionally, the LBD is involved in heat shock protein and coactivator binding 

(Pratt, 1993a), transactivation (Hollenberg and Evans, 1988), dimerization 

(Dahlman-Wright et al., 1992) and, in the absence of the ligand, silencing of the 

receptor (Godowski et al., 1987). 

1.2.4.2 GR variants 

Apart from the classical GR (GRα), at least two splice variants exist - GRβ and GRγ. 

GRβ is generated by alternative splicing of exon 9 and is identical to GRα for the 
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first 727 amino acid (of 777 in GRα). They differ only at the C-terminus, where GRβ 

has a unique 15 amino acid sequence replacing the last 50 amino acids of GRα 

(Figure 1.11). Whether there is a rodent equivalent of GRβ is controversial   

(Hollenberg et al., 1985, Bamberger et al., 1995, Oakley et al., 1999, Yudt and 

Cidlowski, 2001, Charmandari et al., 2005). 

 

Figure 1.11. Glucocorticoid receptor gene and protein structure. Top – schematic 
representation of the hGR gene structure. Bottom – protein structure; alternative 
splicing results in two isoforms GRα and GRβ. Different domains are indicated and 
mapped to specific exons (top) and amino acid numbers (bottom). NTD- N-terminal 
domain DBD- DNA-binding domain, LBD- ligand binding domain. Adapted from 
(Vottero and Chrousos, 1999). 

 

GRβ localizes constitutively to the nucleus but it cannot bind ligand and is 

transcriptionally inactive. It has been proposed that GRβ has a dominant-negative 

effect on GRα activity by forming GRα/GRβ heterodimers or by competing for 

glucocorticoid response element (GRE) binding. GRβ actions might underlie certain 

forms of glucocorticoid resistance, particularly in cancer (Bamberger et al., 1995, 

Oakley et al., 1996, Oakley et al., 1999, Webster et al., 2001). GRγ possesses an 

additional codon (arginine) between exons 3 and 4 (between the two Zn2+ fingers of 
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the DNA-binding domain). Although widely expressed in different tissues its 

function is unknown (Rivers et al., 1999). 

GR variants can also be generated through use of alternative translation starts. GRα-

B lacks the first 27 amino acids as the translation stars at a second in-frame ATG. 

GRα-B is a more efficient transactivator but its importance is unknown (Yudt and 

Cidlowski, 2001). 

1.2.4.3 Ligand binding and nuclear translocation of GR 

Unbound GR exists as a multiprotein complex with various heat-shock proteins 

(hsp90, 70, 56, 40), immunophilins (FKBP52, Cyp40), and phosphoprotein p23 

(Pratt et al., 1992, Pratt, 1993a, Pratt, 1993b, Owens-Grillo et al., 1995). These 

chaperones retain ligand-free GR in the cytoplasm in a conformational state 

favouring high-affinity ligand binding. Additionally, by covering the sites on the 

receptor that are needed for nuclear transport they prevent its nuclear translocation 

(Hutchison et al., 1993, Hutchison et al., 1994).  

The LBD comprises 11 α-helices that generate a hydrophobic pocket for the ligand. 

Following hormone binding, helix 11 (equivalent to helix 12 in most other nuclear 

receptors) folds back, trapping the ligand in what has been called a “mousetrap” 

model (Bledsoe et al., 2002). This allosteric change triggers the dissociation of the 

complex and nuclear localisation of GR. It also generates the activating function 

(AF)-2 surface (Picard and Yamamoto, 1987, Akner et al., 1995, Bledsoe et al., 

2002).   

GR can be post-translationally modified (e.g. phosphorylated, nitrosylated), 

including in response to ligand binding. The physiological relevance of many of 

these modifications remains unknown, though GR nitrosylation has been associated 
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with GR degradation by the proteasomal pathway (Orti et al., 1992, Mason and 

Housley, 1993, Wallace and Cidlowski, 2001). 

1.2.4.4 Transcriptional actions of GR 

1.2.4.4.1 Transactivation 

In the classical model, activated GR form homodimers and bind to glucocorticoid 

response elements (GRE) in target genes through the DBD (Freedman et al., 1988, 

Luisi et al., 1991). The consensus GRE consists of two conserved 6-nucleotide half-

sites arranged in an inverted palindrome separated by three nonconserved bases 

(AGAACAnnnTGTTCT). Some GREs contain sites for other transcription factors 

embedded within them, yielding a ‘‘composite’’ response element (Scheidereit et al., 

1986, Beato, 1989, Dahlman-Wright et al., 1991, Dahlman-Wright et al., 1993, Beato 

et al., 1996, Reddy et al., 2009)  

Although this classical model of the GR-DNA interaction is well recognized, it is 

also acknowledged that this process is in fact much more complex. GR binds target 

sites within an average distance of 11 kb from the transcription start site (Reddy et 

al., 2009). GR binding sites vary around the consensus although the precise sequence 

in and around the site within a gene is highly conserved between species (Wang et 

al., 2004, So et al., 2007). The GRE sequence itself acts as an allosteric regulator of 

GR function and affinity (Meijsing et al., 2009), with the GR-DNA interaction 

possibly inducing conformational changes that expose otherwise silent 

transcriptional activation surfaces (van Tilborg et al., 2000). 

Activation of glucocorticoid-responsive genes occurs via an interaction between the 

DNA-bound GR and transcriptional co-activator molecules, such as steroid receptor 
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coactivators (SRCs), cAMP response element–binding protein (CREB)–binding 

protein/p300, p/CAF, p/CIF, SWI/SNF, and GRIP1/TIF2, activator of thyroid 

hormone and retinoid receptors (ACTR); many of which have intrinsic histone 

acetyltransferase activity and induce lysine acetylation, nucleosomal rearrangement 

and DNA unwinding. This causes further recruitment of chromatin remodelling 

complexes and subsequently RNA polymerase II resulting in gene activation (Hager 

et al., 1998, Lefstin and Yamamoto, 1998, Hager et al., 2000, Grange et al., 2001, 

Lambert and Nordeen, 2003, Li et al., 2003, Ito et al., 2006, John et al., 2008, Biddie 

et al., 2010). 

GR appears to act in a “hit-and-run” mechanism of action rather than being stably 

associated with DNA in that it rapidly dissociated and reassociates with DNA, 

resulting in the transient association of coactivators/chromatin remodelling proteins 

(Hager et al., 2000, McNally et al., 2000). The nucleosome-remodelling event not 

only facilitates the interaction of further transcription factors but also leads to 

displacement of GR from its target (Fletcher et al., 2002, Gelman et al., 2006).  

1.2.4.4.2 Protein-protein interactions of GR  

GRs may also modulate gene transcription indirectly through protein–protein 

interactions with other transcription factors. The best known are interactions between 

GR and AP-1 or NF-κB that suppress transcription evoked by these factors 

(Reichardt et al., 1998, Reichardt et al., 2001, Barnes and Adcock, 2003, Adcock et 

al., 2004, Wintermantel et al., 2005). This mechanism of transcriptional repression 

(termed “transrepression”) is reportedly independent of DNA binding by GR but 

instead involves GR monomers associating with DNA-bound AP-1 or NF-κB. 

However, in the light of recent evidence (reviewed below), some aspects of this 
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model require revision. GR may also recruit histone deacetylases, thereby 

suppressing expression of certain genes (Reichardt et al., 1998, Brogan et al., 1999, 

Chandran et al., 1999, Stahn et al., 2007, Newton and Holden, 2007, Löwenberg et 

al., 2008).  

1.2.4.4.3 DNA-binding vs protein-protein interaction in transcriptional 
repression by GR 

The “dissociation” of DNA-binding “transactivation” from “transrepressive” DNA 

binding-independent protein-protein functions has been studied in transgenic mice 

carrying a mutation in the second Zn2+ finger which disrupts the dimerization 

interface of GR (GRdim/dim) (Reichardt et al., 1998). GR binding to palindromic GREs 

is disrupted in these mice, preventing activation of a host of target genes (e.g TAT, 

classically activated by GR via well-characterised palindromic GRE), whereas 

glucocorticoid repression of pro-inflammatory genes (activated by AP-1 or NF-κB) is 

intact (Reichardt et al., 1998, Adams et al., 2003). However, transactivation of some 

genes, including that encoding PNMT, remains intact in GRdim/dim mice (Reichardt et 

al., 1998). It has since emerged that the GRE in the PNMT gene is distinct from the 

palindromic consensus, instead comprising a series of repeated half sites (Adams et 

al., 2003). The key anti-inflammatory phosphatase, MAPK phosphatase-1 (MKP-1, 

Dusp1) also remains fully inducible in GRdim/dim mice – its GRE contains 3 closely 

spaced half sites (Abraham and Clark, 2006, Tchen et al., 2010). This suggest an 

alternative mode of GR activation that presumably does not depend on the 

conventional homodimers binding to palindromic GREs. 
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1.2.4.4.4 GR and histone modifications 

Chromatin comprises genomic DNA, highly folded and compacted by histone and 

nonhistone proteins. Histones are small basic proteins with a globular domain and a 

more flexible and charged NH2-terminus (“tail”) that can be subject to various 

modifications, such as acetylation, phosphorylation, methylation, SUMOylation or 

ubiquitination. Such modification can alter the DNA packing directly (for example 

by increasing/reducing the electrostatic interaction with DNA), or they can create 

surfaces with which chromatin-binding proteins can associate. Lysine is a key 

residue in histone biochemistry and the functional outcomes of several lysine 

modifications are clear (reviewed in (Jenuwein and Allis, 2001, Berger, 2007, Wang 

et al., 2008, Wang et al., 2009, Handy et al., 2011). Two abundant histone marks 

known to be associated with transcriptional activation are trimethylation of lysine 4 

in histone H3 (H3K4me3) and acetylation of lysine 9 in histone H3, both usually 

locating towards the 5’ end of the transcription start site, with enrichment of 

H3K4me3 and H3K9ac between 500 bp downstream and 100bp upstream of the 

transcription start site significantly correlated with gene expression levels. 

Additionally, chromatin regions tagged with H3K4me3 are targets for histone 

acetylation to further reinforce gene expression (Ha et al., 2011). H3K9ac and 

H3K4me3 correlate with variations in gene expression during development, 

differentiation and aging (Cheung et al., 2010, Zhou et al., 2010, Asp et al., 2011).  

GR interacts with various co-activator proteins that enhance local histone 

acetyltransferase activity and ATP-dependent chromatin remodelling (Lambert and 

Nordeen, 2003, Li et al., 2003, Adcock et al., 2004) (see 1.2.4.4.1). GR was shown 

to recruit p300 to DUSP1 and increase local histone H3 and H4 acetylation (Shipp et 
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al., 2010). Dexamethasone also enhances histone H3 lysine 9/14 acetylation at the 

GLUT5 gene, as well as its expression in colon cancer cells (Mochizuki et al., 2008). 

On the other hand, GR was shown to increase the recruitment of histone deacetylases 

to Sp-A (surfactant protein-A) in fetal lung cells, resulting in decreased H3K9 

acetylation, closing of chromatin structure and inhibition of transcription (Islam and 

Mendelson, 2008).  

1.2.4.4.5 Non-genomic actions of GR 

Whether the “transrepressive” effects of GR are truly independent of DNA-binding 

has recently been called into question. Nevertheless, glucocorticoids exert rapid 

actions that appear independent of new gene transcription. However, any underlying 

mechanisms or physiological consequences remain unclear. For example, activation 

of eNOS is apparently dependent on GR-induced stimulation of PI3K-Akt, in 

contrast to the genomic transcriptional inhibitory actions of on iNOS (Steiner et al., 

1988, Steiner et al., 1989, Hafezi-Moghadam et al., 2002, Molnar et al., 2008, Kfir-

Erenfeld et al., 2010, Lee et al., 2012). 

Glucocorticoids can also act through regulation of mRNA stability (Dhawan et al., 

2007), an effect mediated at least in part via tristetraprolin (TTP). 

1.2.4.4.6 GR/MR heterodimers 

GR is capable of forming DNA-binding heterodimers with MR (GR/MR). Such 

heterodimers were shown to regulate gene transcription in a manner distinct from GR 

and MR homodimers, but possibly in a cell- and gene- specific manner (Trapp et al., 

1994, Liu et al., 1995). Interestingly, interaction of GR with MR is mediated by LBD 

of GR rather than DBD, responsible for the association of GR/GR homodimers 
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(Savory et al., 2001). The exact physiological relevance is currently uncertain, 

although GR/MR heterodimers may be of relevance to inflammatory responses 

(Nixon et al., 2012). 

1.2.5 Physiological and pathological actions of GR 

Consistent with the widespread distribution of GR, glucocorticoids affect most cells 

and tissues, though exact effects depend on cell type and context. Physical or 

emotional stress increases glucocorticoid secretion. In the short term, this promotes 

survival by ensuring energy availability and limiting potentially threatening 

processes such as inflammation. Glucocorticoids regulate the formation and retrieval 

of memories associated with strong emotions and impact on vigilance, cognitive 

performance, mood and behaviour (Seckl and Olsson, 1995, McEwen, 1997, 

Buckingham, 2006, Kim and Haller, 2007, McEwen and Kalia, 2010). 

1.2.5.1 Metabolism 

Glucocorticoids have a major role in the regulation of nutrient homeostasis 

(metabolism of carbohydrates, lipids and proteins). Even their name derives from 

their role in the regulation of the metabolism of glucose, their synthesis in the adrenal 

cortex, and their steroidal structure (glucose + cortex + steroid). During fasting they 

stimulate pathways to maintain blood glucose levels, including hepatic 

gluconeogenesis, protein breakdown (mainly from muscle) and lipolysis (from 

adipose tissue stores) (Garland, 1986, Slavin et al., 1994, Hanson and Reshef, 1997, 

Buckingham, 2006, Mattsson and Olsson, 2007, Vegiopoulos and Herzig, 2007). 

Glucocorticoids also inhibit glucose uptake by muscle and adipose tissue (Horner et 

al., 1987) and reduce brown adipose tissue thermogenesis (Soumano et al., 2000). 
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After food intake, glucocorticoids promote energy storage (Laloux et al., 1983, 

Dallman et al., 1993). 

1.2.5.2 Immune responses 

Glucocorticoids are widely prescribed to treat a range of allergic, autoimmune and 

inflammatory conditions, including asthma, rheumatoid arthritis, inflammatory 

bowel disease and multiple sclerosis. They are also used in treatment of certain 

leukemias and in immunosuppressive management following organ transplant. 

Glucocorticoids inhibit many of the initial events of an inflammatory reaction and 

promote the resolution of inflammation ((Barnes and Adcock, 2003, Buckingham, 

2006, Coutinho and Chapman, 2011).  

The essential role of glucocorticoids in dampening innate immune responses was 

demonstrated in adrenalectomised animals, which were more sensitive to endotoxin 

of pro-inflammatory cytokines, an effect reversed by glucocorticoid replacement and 

dependent on GR in macrophages (Abernathy and Spink, 1957, Bertini et al., 1988, 

Bhattacharyya et al., 2007). They also affect dendritic cell maturation, thereby 

affecting adaptive responses (Piemonti et al., 1999) and modulate adaptive immunity, 

skewing towards a Th2 response and promoting the development of regulatory T 

cells (Ramírez et al., 1996, Barrat et al., 2002, Franchimont et al., 2002, Galon et al., 

2002, Mittelstadt et al., 2002, Coutinho and Chapman, 2011). Additionally, 

glucocorticoids inhibit the increase in vascular permeability and vasodilatation that 

accompany inflammatory insults and they decrease leukocyte emigration into 

inflamed sites (Perretti and Ahluwalia, 2000). 
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1.2.5.3 Cardiovascular system 

Glucocorticoids most likely contribute to maintaining cardiac activity, possibly via 

regulation of membrane Ca2+ and K+ currents (Penefsky et al., 1986, Bhaskar et al., 

1989, Stith and Reddy, 1992, Wang et al., 1999, Whitehurst et al., 1999, Narayanan 

et al., 2004). Adrenalectomy reduces contractile force generation in rat papillary 

muscle - an effect reversed by exogenous glucocorticoids (Penefsky et al., 1986). 

Exogenous glucocorticoid treatment can lead to cardiomyopathy (Zecca et al., 2001, 

Walker, 2007), although they are also proposed to be cardioprotective during 

ischemia-reperfusion injury (Libby et al., 1973, Valen et al., 2000). 

One of the most common effects of glucocorticoids (whether endogenous or 

exogenous) is increased blood pressure (Whitworth, 1994, Dodic et al., 1999, Brem, 

2001, Whitworth et al., 2001, Ferrari, 2003, Baid and Nieman, 2004, Zhang et al., 

2010) yet the underlying mechanisms are unclear. Glucocorticoids alter vascular 

sensitivity to catecholamines, through, for example, an increase in the number of β-

adrenergic receptors (Ullian, 1999, Magiakou et al., 2006). They may also raise 

blood pressure by exerting aldosterone-like actions via activation of MR in the 

kidney (Brilla and Weber, 1992). Additionally, they can increase plasma 

erythropoietin levels which, in turn, have vasoconstricting effects (Kelly et al., 

2000). GR is also required for erythroid progenitor proliferation, essential during 

stress erythropoiesis following, for example, erythrolysis or hypoxia (Bauer et al., 

1999). Glucocorticoids can also restrict membrane uptake of L-arginine and repress 

both endothelial and inducible nitric oxide synthase (e/i NOS) and NOS cofactor 

tetrahydrobiopterin synthesis, all of which will impairs peripheral vasodilation, hence 
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leading to blood pressure elevation (Hattori et al., 1997, Mangos et al., 2000, Brem, 

2001, Magiakou et al., 2006). Glucocorticoids may also directly act on heart to 

induce hypertrophy via α-adrenoreceptor-mediated hypertrophic signaling (Lister et 

al., 2006), though whether this is mediated by GR or MR is still subject to debate. 

Interestingly, the expression of both angiotensin type I and type II receptor (AT1R 

and AT2R, respectively) can be regulated by glucocorticoids as both genes contain 

glucocorticoid response elements (Dasgupta and Zhang, 2011).  

Given their anti-inflammatory effects, glucocorticoids have been used to reduce 

tissue damage after myocardial infarction. However, as noted above, their actions are 

complex. On the one side, glucocorticoids may reduce tissue damage (e.g. during 

coronary ischaemia or following cardiopulmonary bypass) (Alisky, 2006, Enc et al., 

2006), but on the other, may adversely influence long-term cardiac remodelling via 

MR activation, leading to cardiac fibrosis and vascular inflammation (Pitt et al., 1999, 

Young et al., 2007, Young, 2008, Young et al., 2010). In addition, GR activation 

prevents angiogenesis - a key process in recovery from infarction which ensures 

restoration of the circulation and reperfusion (Folkman and Ingber, 1987).  

1.2.5.4 Conditions of altered glucocorticoid levels 

Conditions of sustained and pronounced elevations in circulating glucocorticoids, 

due either to hypersecretion of endogenous steroids (Cushing's syndrome) or 

prolonged administration of exogenous steroids are associated with many unwanted 

pathologies. These include hypertension, redistribution of adipose depots, protein 

wasting and muscle weakness, hyperglycaemia and diabetes, dyslipidaemia, altered 

lipid profile, salt and water retention, immunodeficiency, poor wound healing and 
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loss of connective tissue, impaired growth and development, osteoporosis, menstrual 

irregularities, infertility, depression, memory deficits and impaired cognitive 

function. Prolonged use of oral glucocorticoids is also associated with increased risk 

of cardiovascular disease such as premature atherosclerosis, coronary artery disease, 

heart failure and stroke (Cohen, 1980, Starkman and Schteingart, 1981, Seckl and 

Olsson, 1995, McEwen, 1997, Tomlinson and Stewart, 2004, Buckingham, 2006, 

Magiakou et al., 2006, Kim and Haller, 2007, Walker, 2007, Castinetti et al., 2010, 

Cicala and Mantero, 2010, McEwen and Kalia, 2010).  

Conversely, adrenal insufficiency (Addison's disease) is characterised by 

hypotension, weight loss and hypoglycaemia, weakness/lethargy, white blood cell 

excess, lymphoid tissue hypertrophy and vulnerability to stress and mood 

disturbances. It can be fatal following trauma or certain infections (Oelkers, 1996, 

Buckingham, 2006).  

1.3 Genetic models of altered glucocorticoid action 
1.3.1 Human GR polymorphisms and glucocorticoid resistance 

Polymorphisms in the glucocorticoid receptor gene are associated with altered 

sensitivity to glucocorticoids. Those associated with increased glucocorticoid 

sensitivity (N363S located in exon 2 and BclI in the intron following exon 2, 

see1.2.4.1) are associated with an unfavourable cardiometabolic profile: increased 

abdominal obesity and cholesterol levels, insulin hypersensitivity and high blood 

pressure (Dobson et al., 2001, Di Blasio et al., 2003, Manenschijn et al., 2009, 

Voorhoeve et al., 2009). Polymorphisms associated with relative glucocorticoid 

resistance are ER22/23EK (located in the transactivation domain of the GR) and 
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exon 9β polymorphism (associated with increased expression and stabilization of the 

dominant negative splice variant GRβ) (Manenschijn et al., 2009). Carriers of 

ER22/23EK exhibit a favorable metabolic status: improved plasma cholesterol 

profile, better insulin sensitivity and improved muscle-to-fat ratio (van Rossum et al., 

2004). In elderly subjects this polymorphism is associated with longevity and 

decreased risk of dementia (van Rossum et al., 2008). However, GR exon 9β 

polymorphism is also associated with increased susceptibility to inflammatory 

diseases and higher risk of myocardial infarction, coronary heart disease and systolic 

dysfunction (Otte et al., 2010). It is also associated with higher blood pressure and 

left ventricular mass in children (Geelhoed et al., 2011). 

In the cases of the polymorphisms described above, the effects of the polymorphism 

on GR levels and function are compensated by increased glucocorticoid secretion. 

However, inactivating mutations in the GR gene cause primary generalized 

glucocorticoid resistance, a rare familial or sporadic condition. The clinical 

manifestations of glucocorticoid deficiency include adrenocortical hyperplasia, 

increased cortisol production, hypertension and fatigue (Chrousos et al., 1982, 

Charmandari et al., 2004, Charmandari, 2011). One case-report describes a 

glucocorticoid resistant neonate with little or no functional GR and severe 

hypoglycaemia and excessive fatigability with feeding and repeated hospitalisation 

for sepsis (McMahon et al., 2010). Recently, a case of generalised glucocorticoid 

resistance has been reported in which two nucleotide deletion in exon 9α (predicted 

to cause a frameshift mutation) eliminates both ligand binding and transactivation by 

GR in vitro. The mutation was associated with premature death from coronary heart 

disease (Donner et al., 2012).  
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1.3.2 Genetic alterations of GR in mouse models 

The essential role for glucocorticoids in fetal development is demonstrated in mice 

deficient in GR. These mice die neonatally. The original GR “knock-out” line was 

created by an insertion in exon 2, subsequently shown to be a hypomorphic allele, 

with expression of a trunctated receptor retaining 35-60% of GR activity allowing for 

10-20% survival of GRhypo/hypo mice (Cole et al., 1995a, Cole et al., 2001). A null 

allele, generated by deleting exon 3 encoding the first zinc finger of the DNA 

binding domain, resulted in 100% neonatal lethality (Tronche et al., 1998).  

Lung 

Homozygous mice from both lines exhibit very similar phenotypes. They die at or 

shortly after birth with severe lung atelectasis, probably due to impaired epithelial 

sodium transport and removal of fluid from the lungs. Impaired development of 

terminal bronchioles and alveoli is evident from E15.5 (Caspi et al., 1975, Gonzales 

et al., 1990, Cole et al., 1995a, Berger et al., 1996, Tronche et al., 1998, Boland et al., 

2004, Cole et al., 2004, Grier and Halliday, 2004, Nemati et al., 2008). 

Glucocorticoids are now known to accelerate lung maturation by inducing alveolar 

development and maturation, fluid absorption and surfactant synthesis (Caspi et al., 

1975, Gonzales et al., 1990, Boland et al., 2004, Grier and Halliday, 2004). Until 

recently GR in lung epithelial cells was thought to be crucial for this maturational 

effect of glucocorticoids. However, epithelium-specific (under the control of 

surfactant-associated protein c, Spc) GR deletion did not recapitulate the pulmonary 

phenotype seen in GR-deficient mice. In contrast, GR in the mesenchyme-derived 

cells (fibroblast lineage, collagen type (I)-α-2 driven) was necessary for 

glucocorticoid-induced lung maturation (Habermehl et al., 2011). Interestingly, the 
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offspring of mice homozygous for a disrupted corticotrophin-releasing hormone 

(CRH) gene display a similar alteration in lung maturation and die within hours of 

birth. In contrast to GR-deficient mice, however, they have very low circulating 

levels of glucocorticoids (Muglia et al., 1995). 

Brain 

The first GR-transgenic model generated used antisense RNA under the control of 

neurofilament promoter in order to reduce GR expression in the brain. However, GR 

was reduced by 30-70% across a range of tissues, including brain and liver (Pepin et 

al., 1992). These mice displayed HPA axis hyperactivity and late onset obesity, 

associated with high food intake and lower energy expenditure. Additionally, heart 

and muscle mass were decreased (Richard et al., 1993). Deletion of GR from specific 

brain regions was achieved using nestin- (neurons and glial cells) (Tronche et al., 

1999, Kellendonk et al., 2002), CAMKIIa- (forebrain) (Boyle et al., 2005, Erdmann 

et al., 2008) or POMC- (pituitary) (Schmidt et al., 2009) driven Cre recombination. 

All show elevated plasma corticosterone and ACTH levels and reduced body mass. 

GRCAMKIIaCre mice die at 6-10 days with severe growth retardation and histological 

abnormalities in the skin, thymus and spleen (Erdmann et al., 2008). GRNestinCre mice 

show reduced food intake and energy expenditure, impaired behavioural responses 

and reduced anxiety (Tronche et al., 1999, Kellendonk et al., 2002). Maturation of 

hippocampal cholinergic neurons was also delayed in these mice (Guijarro et al., 

2006). In contrast, mice overexpressing GR (additional 2 copies of YAC encoded 

GR) had elevated corticosterone and reduced ACTH plasma levels, displayed a 

weaker response to restraint stress and increased resistance to endotoxic shock 

(Reichardt et al., 2000, Ridder et al., 2005). 



The role of glucocorticoid signalling in fetal heart development and maturation  

Chapter 1. Introduction  68 

 

Liver 

GR-deficient mice display impaired gluconeogenesis (reduced glucose-6-

phosphatase, phosphoenolpyruvate carboxykinase, tyrosine aminotransferase and 

sorbitol dehydrogenase) (Cole et al., 1995). Additionally, hepatocyte-specific 

disruption of GR (driven by α-fetoprotein promoter) shows ~50% neonatal lethality, 

attributed to severe hypoglycaemia. Surviving adult mice show reduced body weight, 

triglyceride levels and hypoglycemia following prolonged starvation (Kellendonk et 

al., 2000, Opherk et al., 2004). 

Adrenal glands 

The adrenal glands of GR-deficient mice are enlarged and disorganized (Cole et al., 

1995a, Tronche et al., 1998, Cole et al., 2001). Chromaffin cells, although present 

within the adrenal medulla, lack the expression of adrenaline-synthesising enzyme 

PNMT. Consequently, adrenal glands of these mice lack adrenaline. They also have 

reduced levels of noradrenaline (Finotto et al., 1999). Plasma corticosterone and 

ACTH in GR-deficient mice are highly elevated, indicating a disrupted HPA axis 

(Cole et al., 1995a, Berger et al., 1996, Tronche et al., 1998). GRdim/dim mice (see 

1.2.4.4.3), that carry a point mutation abolishing GR dimerization, have normal 

adrenal (and lung) development but increased plasma corticosterone levels and 

upregulated POMC mRNA expression in the pituitary (Reichardt et al., 1998). 

Pancreas 

GR deficiency is also associated with disrupted pancreatic development (Gesina et 

al., 2006), with β-cell specific Cre-mediated GR deletion driven by the pancreatic 

Pdx (pancreatic precursor cells) promoter or the rat insulin promoter. In these mice 
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conditional GR deficiency was associated with increased β-cell fraction and islet 

number, as well as with decreased glucose levels (Gesina et al., 2006). Pancreatic β-

cell-specific (under rat insulin promoter) GR overexpression leads to impaired 

glucose tolerance, reduced insulin secretion and diabetes in later life (Delaunay et al., 

1997, Davani et al., 2004). 

Skin 

Interestingly, GR loss results in abnormal skin development, with incomplete 

epidermal stratification, dramatically abnormal differentiation and edematous basal 

and spinous cell layers, severely compromising skin barrier competence (Bayo et al., 

2008, Sevilla et al., 2010). In contrast, transgenic mice overexpressing GR under the 

control of keratin K5 promoter show epidermal hypoplasia and underdeveloped hair 

follicles (Pérez et al., 2001).  

Cardiovascular system 

Because glucocorticoid excess is associated with elevated blood pressure, the 

contributions of vascular smooth muscle cells (using Sm22α-Cre) and endothelial 

cells (using Tie-1-Cre) to dexamethasone-induced hypertension were investigated. 

Sm22α-Cre-mediated GR deletion attenuated whereas Tie-1-Cre-mediated GR 

deletion abolished the hypertensive response to acute dexamethasone (Goodwin et 

al., 2008, Goodwin et al., 2011). In contrast, GR deletion in the distal nephron (using 

Ksp-cadherin-Cre) did not affect the hypertensive response to dexamethasone 

(Goodwin et al., Goodwin et al., 2010). Conditional GR overexpression (under 

Hoxb7 promoter) in renal collecting duct increases α-epithelial sodium channel 

expression (Nguyen Dinh Cat et al., 2008).  
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To study the direct effects of GR overexpression in the heart, a transgenic line was 

generated by crossing tetracycline-inducible hGR mice (tetO-hGR) with MyHCα-

τTA mice that express the τTA transactivator under the control of the cardiac-

specific MyHCα promoter (Sainte-Marie et al., 2007). Untreated transgenic mice l 

survived normally with unaltered circulating corticosterone levels and blood 

pressure, and showed no changes in cardiac structure. However, induction of cardiac 

GR overexpression was associated with abnormalities in the cardiac conduction 

system: long PQ interval, increased QRS and QTc duration as well as an 

atrioventricular block, concurrent with ion channel remodeling and changes in 

calcium handling (Sainte-Marie et al., 2007).  

Heterozygous GR+/- mice have increased plasma corticosterone and triglyceride 

levels, adrenal hypertrophy and elevated blood pressure. Interestingly, GR+/- mice are 

resistant to high-fat diet induced HPA axis activation and hypertension (Michailidou 

et al., 2008). Additionally, male GR+/- mice have exaggerated corticosterone response 

to restraint stress, indicating a disinhibited HPA axis, though, interestingly, female 

GR+/- mice show a normal stress response (Ridder et al., 2005, Michailidou, 2007).  

1.4 Determinants of glucocorticoid action in utero 
In gestation, glucocorticoids are crucial for the integrity and continuation of 

pregnancy and the proper fetal development, maturation, homeostasis in preparation 

for the survival of the neonate. Fetal glucocorticoid exposure is tightly regulated by 

the joint actions of the fetal and maternal hypothalamic-pituitary-adrenal (HPA) 

axes.  
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1.4.1 Development of the fetal adrenal function 

During human pregnancy, the maternal adrenal glands become hypertrophic as 

cortisol production increases, resulting in a steady rise in plasma cortisol levels that 

peak during the third trimester at 2-3 fold non-pregnant levels (Donaldson et al., 

1991, Magiakou et al., 1997, Mastorakos and Ilias, 2003). In addition, the half-life of 

plasma cortisol is increased, probably because the degradation rates of free and 

albumin-bound cortisol by the liver decrease during pregnancy (Assali et al., 1955, 

Christy et al., 1959, Migeon et al., 1968). 

During the latter two thirds of gestation in humans and higher primates, the fetal 

adrenal glands also become disproportionately enlarged. The fetal adrenal gland is 

characterized by the presence of a unique “fetal zone”, which occupies 80-90% of 

the cortical volume and atrophies after birth. It is the principal location of the 

dehydroepiandrosterone sulphate (DHEA-S) synthesis, the substrate for placental 

estrogen synthesis (McNutt and Jones, 1970, Jaffe et al., 1981, Mesiano and Jaffe, 

1997, Jaffe et al., 1998). The definitive zone is the main site of mineralocorticoid 

synthesis and at term in humans, 80% of the aldosterone in the fetal blood originates 

from the fetal adrenals (Bayard et al., 1970). Additionally, ultrastructural studies 

have demonstrated a third zone, the cells of which have intermediate characteristics – 

named the transitional zone. It becomes the site of de novo cortisol synthesis around 

and after the 28th week of pregnancy (Jaffe et al., 1981, Mesiano and Jaffe, 1997, 

Jaffe et al., 1998, Gitau et al., 2001, Mastorakos and Ilias, 2003). The drive to de 

novo cortisol synthesis by the fetal adrenal comes from fetal hypothalamic and 

placental corticotrophin releasing hormone (CRH) leading to the secretion of 

adrenocorticotropic hormone (ACTH) from the fetal pituitary, driving adrenocortical 
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development, including expression of steroidogenic enzymes (Winters et al., 1974, 

Gray and Abramovich, 1980, Mastorakos and Ilias, 2003) (see 1.2.1, 1.2.2).  

Some controversy still surrounds the question of when the human fetal adrenal cortex 

first produces cortisol. Studies conducted on infants with congenital adrenal 

hyperplasia suggest that the fetal adrenal cortex produces cortisol early in gestation 

(8-10 weeks) (Morel and Miller, 1991). This is also the time when fetal ACTH is 

first secreted (Asa et al., 1986). However, the expression patterns of the key 

steroidogenic enzymes suggest that de novo production of cortisol from cholesterol 

does not occur until around week ~28-30 of gestation. Most studies agree that 

expression of the crucial 3β-hydroxysteroid dehydrogenase (3β-HSD) is undetectable 

in any of the cortical zones of the human fetal adrenals before then (Doody et al., 

1990, Dupont et al., 1990, Pepe and Albrecht, 1990, Voutilainen et al., 1991, Parker 

et al., 1995, Narasaka et al., 2001). However, this does not preclude the possibility 

that cortisol is produced from maternal progesterone earlier in gestation. Studies in 

late gestation primates, however, show that conversion of placental progesterone to 

cortisol by the fetus is minimal (Ducsay et al., 1985). The period of early cortisol 

production is sometimes suggested to be necessary to ascertain normal sexual 

development of the female fetus (Goto et al., 2006). 

In mice, adrenal glucocorticoid synthesis, negligible before E14.5, increases rapidly 

from E15.5 to peak at E17.5 (Michelsohn and Anderson, 1992b). Maternal 

corticosterone levels rise only slightly during the first half of pregnancy but then 

rapidly increase to peak at E16.5, with levels 60-fold higher than in non-pregnant 

females (Montano et al., 1991, Montano et al., 1993, Dupouy et al., 1975).  
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Perinatal survival is dependent on the timely initiation of labor when all organ 

systems necessary for extrauterine life are sufficiently mature. Thus, in a number of 

species, cortisol was suggested to be responsible for the regulation of fetal 

maturation and the timing of parturition (Liggins, 1976, Korebrits et al., 1998). It is 

proposed that increasing placental CRH levels (further increased by a positive 

feedback loop from fetal glucocorticoids) in late gestation promote parturition by 

increasing myometrial activity as well as synthesis and release of prostaglandins and 

oxytocin (McLean et al., 1995, Challis et al., 2001, Jaffe, 2001, Beshay et al., 2007). 

However, most studies are observational and the exact mechanism remains uncertain. 

Additionally, some studies suggest the importance of 5α-reduced steroids (via 

actions of cervical 5α-reductase type 1) in timely parturition (Mahendroo et al., 

1999).  

1.4.2 Placental glucocorticoid metabolism 

Levels of intracellular glucocorticoids are modulated by the intracellular enzymes 

11β-hydroxysteroid dehydrogenase (11β-HSD) types 1 and 2 (see 1.2.3). In the 

placenta, 11β-HSD2 activity protects the fetus from maternal glucocorticoids. In 

humans, maternal cortisol levels are at least 10-fold higher than fetal at all stages of 

gestation, suggesting substantial (80–90%) metabolism of maternal cortisol during 

passage through the placenta (Murphy et al., 1974, Benediktsson et al., 1993, 

Muneyyirci-Delale et al., 1996, Gitau et al., 1998).  

In humans, placental 11β-HSD2 activity is maintained, or slightly declines, towards  

the end of gestation, a proposed mechanisms of accelerating fetal maturation 

(Murphy and Clifton, 2003). However, during murine development, 11β-HSD2, 
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highly expressed in the placenta until ~E16.5, is rapidly silenced and undetectable at 

birth, allowing for the transfer of maternal glucocorticoid to the fetus (Brown et al., 

1996b, Thompson et al., 2002). 

1.5 Glucocorticoids and heart development 
Cardiac development and maturation is modulated by both intrinsic (mechanical 

loading, sarcomere length) and extrinsic (hormonal) factors, such as glucocorticoids. 

During gestation, glucocorticoids can derive from the fetal adrenal glands or be 

supplied via transplacental passage from the mother in an active or inactive form 

which then can be converted into active metabolites by enzymes present in the 

placenta and/or the fetus (see 1.4.2). 

Fetal glucocorticoid exposure can be modulated through endogenous mechanisms 

(prematurity at birth, maternal stress or altered nutritional status, alterations in 

placental metabolism, adrenal disease) or administration of exogenous 

glucocorticoids. Deviations from the normal fetal glucocorticoid environment (and 

timing) can force the heart to adapt its course of maturation, provoking changes 

which may be detrimental to long-term cardiovascular health. Additionally, the 

relationship between in utero glucocorticoid action and heart development and 

maturation appears to follow an inverted U-shaped pattern, with both low and 

excessively high glucocorticoid action having a detrimental impact on cardiovascular 

outcomes. However, whether these effects share a common mechanism remains 

unknown, as most reported studies are purely observational, making it difficult to 

dissect glucocorticoid-dependent from independent effects. 
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1.5.1 Conditions associated with insufficient glucocorticoid 
action in utero 

1.5.1.1 Prematurity at birth  

According to the World Health Organization (WHO), every year an estimated 15 

million babies are born preterm (before 37 completed weeks of gestation), an average 

of 1 in 10 births across 184 countries studied, a number that is steadily rising. The 

exact triggers for preterm birth are unknown but may relate to uterine or placental 

abnormalities, multiple fetuses within the pregnancy or maternal factors including 

previous obstetric/gynaecological surgery, preeclampsia, nutritional status, diabetes, 

hypertension, psychological disorders such as anxiety or depression, substance abuse 

and infections (WHO, 2012). There is no routine test to assess risk of preterm 

parturition. 

1.5.1.1.1 Adrenal insufficiency in preterm infants 

Preterm birth inevitably means that the baby is born before complete maturation of 

organs and endocrine systems. Amongst these, adrenal insufficiency in severely 

preterm infants is considered a contributing factor to hemodynamic instability and 

increased mortality. Many ill preterm newborns have either serum cortisol 

concentrations lower than term neonates or “normal” levels that are inappropriately 

low for their degree of illness (Hanna et al., 1993, Haley et al., 2006, Nykänen et al., 

2007, Fernandez and Watterberg, 2009, Bagnoli et al., 2013). 

In the extremely premature infant, developmental immaturity might easily result in a 

limited adrenal reserve. Although the fetal adrenal cortex demonstrates remarkable 

hypertrophy during gestation it does not synthetise cortisol de novo from cholesterol 

until ~28-30 weeks of gestation (see 1.4.1) and placental progesterone (as a 
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precursor) is no longer available after birth. Preterm infants often have markedly 

elevated basal levels of steroid precursors, such as 17-hydroxypregnenolone, 17-

hydroxyprogesterone, DHEA-S, 11-deoxycortisol and cortisone, suggesting that 

capacity to generate cortisol remains immature (Hingre et al., 1994, Watterberg et al., 

2001, Masumoto et al., 2008). Premature infants are unable to mount an appropriate 

cortisol response to exogenous ACTH or CRH, again indicating an inability to 

respond to the inevitable stress associated with the neonatal transition (Watterberg 

and Scott, 1995, Bolt et al., 2002, Fernandez et al., 2008). Low cortisol levels are 

strongly correlated with the incidence of chronic lung disease and hypotension in 

preterm infants (Watterberg et al., 2000, Ng et al., 2001, Watterberg et al., 2001, Ng 

et al., 2004).  

Under normal conditions, aldosterone concentrations increase linearly with gestation, 

reaching adult levels at term. In contrast to glucocorticoids, plasma aldosterone 

levels in preterm infants are increased compared to term neonates, with levels further 

increasing with severe illness (Doerr et al., 1988, Ville et al., 1994, Bourchier, 2005).  

1.5.1.1.2 Short and long-term risks associated with preterm birth 

Complications resulting from preterm birth are the leading cause of death in the first 

month of life of an estimated 1.1 million babies and are major risk factors for sudden 

infant death syndrome, with peak vulnerability at 4-6 weeks of age (Malloy and 

Hoffman, 1995b, Rattihalli et al., 2011, Malloy, 2013). Premature newborns face 

many physiological challenges associated with the necessary adaptations to the 

extrauterine environment, and their poor ability to properly adjust to the rapidly 

changing conditions can result in severe medical complications during the immediate 
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neonatal period. Most common and detrimental are respiratory distress syndrome 

(usually caused by lung immaturity), patent ductus arteriosus, encephalopathy, 

retinopathy, cerebral palsy, intraventricular hemorrhage, feeding difficulties, 

necrotizing enterocolitis, anaemia, thrombocytopenia and life-threatening infections 

such as sepsis, pneumonia and urinary tract infections (WHO, 2012).  

Survival of preterm babies past the neonatal period has improved significantly over 

the decades (Malloy and Hoffman, 1995b, Rattihalli et al., 2011). However, this 

improvement in the number of preterm survivors however highlighted the long-term 

detrimental consequences of immaturity at birth. Numerous follow-up studies have 

shown that prematurity is associated with neuro-motor disabilities and cognitive 

dysfunction (already seen at school age) (Wariyar et al., 1989, Johnson et al., 1993, 

Tin et al., 1998, Saigal et al., 2006, Larroque et al., 2008, Roberts et al., 2011b, 

Roberts et al., 2011a, Quigley et al., 2012), metabolic disorders such as insulin 

insensitivity and diabetes (Hofman et al., 2004); and renal failure, possibly a 

consequence of fewer functional nephrons, lower glomelular filtration rates and 

microalbuminuria seen in immature infants (Gubhaju et al., 2011, Sutherland et al., 

2011). 

1.5.1.1.2.1 Cardiovascular consequences of prematurity at birth 

Cardiovascular complications in premature infants include the persistence of ductus 

arteriosus, a delay in the physiological decrease in the pulmonary vascular pressure 

and a delay in the necessary increase in cardiac output required to manage the 

additional volume load after birth (Huhta, 2005). Inadequate cardiac function may 

decrease blood/oxygen delivery to organs resulting in their subsequent permanent 

damage. Hypotension and low systemic blood flow in the immature infant are often 
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recognized in the first days of life (Ng et al., 2004, Kluckow, 2005) and, if not 

resolved, can persist into infancy and adult life (Leon et al., 2000, Johansson et al., 

2005, Keijzer-Veen et al., 2005). Neonatal hypotension itself is associated with 

increased mortality, intraventricular haemorrhage, and neurodevelopmental 

morbidity (Ibrahim et al., 2011).  

Diagnosing fetal heart failure is a major clinical challenge. As the loading conditions 

progressively change during the perinatal period, it is difficult to assess how well the 

fetal myocardium is performing under the rapidly changing conditions. Most studies 

use systolic function (cardiac output, fractional shortening, ejection fraction and left 

ventricular mass and diameters) to assess preterm heart function. All of these 

parameters are inferior in the preterm fetus compared to term neonates (Harada et al., 

1999, Kozák-Bárány et al., 2001, Ciccone et al., 2011).  

However, impaired diastolic function is increasingly being recognised as an equally, 

if not more, important determinant of postnatal outcome. The preterm diastolic 

patterns represent the transition between fetal pattern and that of the term baby, and 

lack of the normal maturational improvement of ventricular relaxation and 

compliance properties. In a series of clinical studies, diastolic function parameters, 

such as the early filling E-wave velocity and early-to-atrial filling (E/A) ratios were 

significantly lower in preterm infants (Kozák-Bárány et al., 2001, Schmitz et al., 

2004b, Schmitz et al., 2004a, Schmitz et al., 2004c, Yates et al., 2008, Ciccone et al., 

2011, Hernandez-Andrade et al., 2012).  

A significant postnatal improvement in systolic and diastolic function occurs in some 

preterm infants, with certain parameters reaching levels similar to term infants within 
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the first two months of life (Schmitz et al., 2004b). However, whereas the atrial 

filling phase parameters often normalise in preterm infants within this period, the E-

wave peak velocity inadequacy persists, suggesting the maturation of diastolic 

function is delayed. Additionally, the atrial filling fraction remains higher in preterm 

than term infants for the first two months, suggesting a persistentl high dependence 

of diastolic filling on atrial contraction (Kozák-Bárány et al., 2001, Schmitz et al., 

2004b).  

Other parameters used to assess diastolic ventricular function are MPI and IVRT (see 

1.1.2.3). MPI is higher in preterm infants and strongly correlates with the severity of 

pulmonary dysfunction and poor outcomes (Yates et al., 2008). The IVRT is also 

augmented in preterm neonates, reflecting decreased active ventricular relaxation and 

elastic recoil abilities (Schmitz et al., 2004a, Schmitz et al., 2004c, Ciccone et al., 

2011, Hernandez-Andrade et al., 2012).  

Electrical properties of the heart can also be permanently affected by prematurity, as 

adults born premature show a prolonged QT interval and QT dispersion, making 

them more likely to develop ventricular arrhythmias (Bassareo et al., 2011). 

Additionally, as mentioned before, prematurity is often associated with persistence of 

ductus arteriosus and pulmonary hypertension (Evans and Archer, 1990, Randala et 

al., 1996). 

1.5.1.2 Maternal adrenal disease 

Adrenal insufficiency in pregnancy is uncommon as it severely affects a woman’s 

fertility. Usually, it results from Addison’s disease; or originating from hypothalamic 

or pituitary disease, autoimmune adrenalitis or steroid suppression due to external 
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glucocorticoid administration and, if left untreated, poses a higher risk of intrauterine 

fetal death, preterm labor and severe postpartum adrenal crisis. One of the most 

commonly reported outcomes for the neonate is growth retardation and low birth 

weight. However, long-term consequences have not been described (O'Shaughnessy 

and Hackett, 1984, Mathur et al., 1998, Björnsdottir et al., 2010, Lekarev and New, 

2011). Low birth weight itself is associated with poor outcomes (1.5.2.1.1). 

1.5.2 Excessive glucocorticoid levels and heart development 

1.5.2.1 Increased endogenous glucocorticoid levels  

1.5.2.1.1 Nutritional programming 

Altered glucocorticoid signalling is plausibly linked to environmental factors such as 

maternal nutrition or stress, with consequent impaired fetal growth and increased risk 

of postnatal disease. Growth restriction and low birth weight (as a result of 

nutritional restraint) are strongly associated with increased fetal glucocorticoid levels 

(Goland et al., 1992, Goland et al., 1993, Phillips et al., 1998, Lesage et al., 2001) 

and subsequent adverse outcomes in later life. Offspring of Second World War 

Dutch famine survivors (who were in utero at the time of the nutritional constraint) 

subsequently were at greater risk of obesity and glucose intolerance, hypertension, 

coronary artery disease and renal dysfunction than individuals born before or after 

the famine (Barker and Osmond, 1988, Barker et al., 1989, Hales et al., 1991, Barker, 

1993, Barker et al., 1993b, Barker et al., 1993c, Barker et al., 1993a, Leon et al., 

1998, Ravelli et al., 1998, Roseboom et al., 1999, Roseboom et al., 2001, Thompson 

et al., 2001, Law et al., 2002, Indredavik et al., 2004). Accelerated catch-up growth 

in childhood is also associated with adverse adult outcomes (Eriksson et al., 1999, 

Eriksson et al., 2001, Osmond et al., 2007, Fall et al., 2008).    



The role of glucocorticoid signalling in fetal heart development and maturation  

Chapter 1. Introduction  81 

 

In animal studies, maternal undernutrition results in fetal glucocorticoid 

overexposure and growth restriction (Lesage et al., 2001) through mechanisms 

independent of altered 11β-HSD2 activity but instead a result of premature activation 

of fetal HPA axis (Cottrell et al., 2012). The reliance of this nutritionally restricted 

phenotype on glucocorticoid action was confirmed when metyrapone (steroid 

synthesis blocker) ameliorated the unfavourable outcomes following low protein diet 

(Langley-Evans, 1997, Habib et al., 2011). Maternal dietary restriction leads to 

hyperphagia, hyperinsulineamia, impaired glucose tolerance, hypertension and 

obesity in the offspring (Langley-Evans et al., 1994, Ozanne et al., 1996, Woodall et 

al., 1996, Ozanne et al., 1997, Vickers et al., 2000). At the individual organ level, 

nutritional challenges have negative effects on the development and maturation of 

fetal pancreas (Snoeck et al., 1990, Dahri et al., 1991, Garofano et al., 1997), kidney 

(Langley-Evans et al., 1999, Nwagwu et al., 2000, Vehaskari et al., 2001), vascular 

system (Goodfellow et al., 1998, Martin et al., 2000), skeletal muscle (Mallinson et 

al., 2007), and brain (Bennis-Taleb et al., 1999). The hearts of offspring of mothers 

fed a low protein diet during pregnancy were smaller and contained fewer 

cardiomyocytes (Corstius et al., 2005). The cardiac output was also impaired in later 

life (Cheema et al., 2005). Chronotropic effects of isoprenaline become blunted, with 

significant delays to a maximal response, shorter duration of response and delayed 

return to baseline. This is also associated with decreased cardiac β1-adrenergic 

receptor expression (Fernandez-Twinn et al., 2006). Interestingly, fetal 

undernutrition followed by accelerated catch-up growth is associated with increased 

cardiac nitrosative and oxidative-stress, with increased levels of xanthine oxidase and 

NADPH oxidase (sources of reactive oxygen species) and concurrent reduction in 
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levels of mRNAs encoding antioxidant enzymes. This is accompanied by elevated 

levels of DNA single-strand breaks (Tarry-Adkins et al., 2012).  

1.5.2.1.2 Placental insufficiency 

Uteroplacental insufficiency is one of the most common causes of fetal growth 

restriction, usually triggered by abnormalities in placental structure and function, 

maternal smoking or pre-eclampsia. In humans, the placenta likely plays an 

important role in regulating cardiovascular development, with alterations in placental 

size and function associated with increased risk of coronary heart disease and 

hypertension (Thornburg et al., 2010).  

Placental insufficiency can be modeled in animals by vascular occlusion/ligation, 

reducing uterine blood flow. Fetal growth restriction caused by uterine artery ligation 

is associated with elevated fetal glucocorticoid levels (Bubb et al., 2007) and 

increased risk of type 2 diabetes and associated metabolic disorders in later life 

(Jansson and Lambert, 1999, De Blasio et al., 2007, Gatford et al., 2008, Baschat, 

2011, Yuan et al., 2011, De Blasio et al., 2012). Additionally, offspring show 

enhanced coronary artery responsiveness to angiotensin II and a decreased 

proportion of binucleated cardiomyocytes within the heart (Bubb et al., 2007, 

Morrison et al., 2007), suggesting delayed or impaired cardiac maturation. 

1.5.2.1.3 Impaired placental 11β-HSD2 barrier 

Increased fetal glucocorticoid exposure results from reduced placental 11β-HSD2, 

allowing more maternal glucocorticoids to enter the fetal circulation. In humans, 

placental 11β-HSD2 activity is associated with impaired fetal growth (McTernan et 

al., 2001, Kajantie et al., 2006, Dy et al., 2008, Börzsönyi et al., 2012). In animal 
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models, inhibition of placental 11β-HSD2 results in low birth weight and glucose 

intolerance and hypertension in later life (Lindsay et al., 1996a, Lindsay et al., 

1996b, Langley-Evans, 1997, Saegusa et al., 1999). However, these are all 

observational studies and do not address cause and effect where 11β-HSD2 is 

concerned. 

1.5.2.1.4 Maternal Cushing’s syndrome 

Cushing's syndrome describes a group of disorders associated with chronic exposure 

to inappropriately high levels of glucocorticoids.  The causes are usually excessive 

ACTH secretion (due to a tumor) or autonomous adrenal hypersecretion of cortisol 

independent of ACTH. Cushing’s syndrome is very rare in pregnancy as it interferes 

with normal ovulation. The consequences of Cushing’s syndrome in both the mother 

and the fetus are extremely severe. The mother may experience hypertension, 

preeclampsia, diabetes, infection and cardiac failure. The most common 

complication of maternal Cushing’s syndrome for the fetus is premature labour, 

intrauterine growth restriction and death (spontaneous abortion or stillbirth), fetal 

adrenal suppression and hypoadrenalism and, likely secondary to the above, 

respiratory distress, hydrops fetalis and intraventricular hemorrhage (Cabezón et al., 

1999, Hána et al., 2001, Lindsay et al., 2005, Lekarev and New, 2011). 

1.5.2.2 Perinatal glucocorticoid therapy in humans  

The benefits of exogenous perinatal glucocorticoid therapy in preterm infants include 

30-40% relative reduction in the incidence (and severity) of respiratory distress 

syndrome, a 40-50% relative reduction in intraventricular cerebral hemorrhage and a 

~30% relative reduction in neonatal mortality (Crowther and Harding, 2003, Roberts 

and Dalziel, 2006, Crowther and Harding, 2007, Crowther et al., 2011, McKinlay et 
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al., 2012, WHO, 2012). In doing so, glucocorticoids are superior to any other 

available therapy. They are also an effective treatment for refractory systemic 

hypotension in preterm infants, either alone or in combination with other volume 

expansion/ionotropic agents (Moïse et al., 1995, Gaissmaier and Pohlandt, 1999, Ng 

et al., 2006, Noori et al., 2006, Ibrahim et al., 2011). Glucocorticoids also 

significantly improve the outcome of a congenital atrioventricular block, improving 

the electrical conductance (Yamada et al., 1999, Jaeggi et al., 2004, Vesel et al., 

2004, Adams et al., 2008, Hayashi et al., 2009, Rein et al., 2009), as well as 

accelerating the closure of persistent ductus arteriosus in premature infants (Eronen 

et al., 1993, Morales et al., 1998, Kopelman et al., 1999, Watterberg et al., 2000, 

Smrcek et al., 2005, Crowther et al., 2011, McKinlay et al., 2012).  

The most common protocol for prenatal steroid therapy in women at risk of a 

preterm labour is at least one course of glucocorticoids (dexamethasone or 

betamethasone) after 23-24 weeks of gestation (considered the threshold for 

viability), administered intramuscularly in two doses, 24h apart. However, much 

controversy still surrounds the most beneficial protocol for perinatal steroid 

treatment. Most clinical trials suggest that sustained exposure or repeated doses of 

corticosteroids are more effective in improving fetal outcomes (Abbasi et al., 2000, 

Ring et al., 2007, Murphy et al., 2008, Asztalos et al., 2010, Wang et al., 2012) but a 

considerable body of evidence also suggests that multiple dosing does not carry any 

additional respiratory or cardiovascular benefits for the infant and is more 

detrimental for fetal growth and postnatal neurodevelopment, as well as adrenal 

function, compared to a single dose (Banks et al., 1999, Spinillo et al., 2004, Nair 

and Omar, 2009, Bontis et al., 2011, Murphy et al., 2012).  
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Timing of glucocorticoid administration is also a matter of controversy. It has been 

suggested that antenatal corticosteroid therapy is ineffective in preventing respiratory 

distress if administered before 28 weeks of gestation (Smrcek et al., 2005). Postnatal 

use of glucocorticoids also remains a debated subject. Some studies suggest that 

early (within the first 96 hours of life) administration might have a more detrimental 

impact on neonatal health than starting 1-2 weeks after birth (Halliday and 

Ehrenkranz, 2001, Halliday et al., 2003a, Halliday et al., 2003b, Halliday et al., 2009, 

Halliday et al., 2010).  

Several studies assessed the benefits of dexamethasone versus betamethasone. 

Compared to dexamethasone, betamethasone has a longer half-life in plasma, lower 

protein binding affinity and a higher genomic potency. Most studies do not find any 

significant differences between the two synthetic steroids (Elimian et al., 2007, 

Brownfoot et al., 2008), but some indicate betamethasone is better at reducing 

neonatal respiratory distress and mortality, though dexamethasone is more potent in 

reducing the risk of intraventricular cerebral hemorrhage (Crowther et al., 2011). A 

few recent studies suggest cortisol is an equally effective yet safer alternative to the 

synthetic glucocorticoids (Karemaker et al., 2006, de Jong et al., 2011). Additionally, 

the interpretation of many of the studies is problematic. Many are not randomised 

and are instead retrospective; there is therefore a significant risk of publication bias. 

Because of the obvious ethical implications (e.g. it is not ethical to withhold 

potentially life-saving antenatal glucocorticoid therapy) some studies also do not 

include what might be considered proper controls. This is especially the case in the 

studies aimed at establishing the benefits of repeated doses of glucocorticoids, where 

the control group consists of neonates already exposed to steroids. As the 
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methodologies are not always consistent between studies (e.g. time of 

exposure/outcome evaluation) it is usually impossible to extract useful information. 

Additionally, it cannot be excluded that the effects observed in the neonate are a 

consequence of the underlying clinical problem for which the glucocorticoids were 

prescribed, rather than the therapy itself.  

1.5.2.2.1 Reported outcomes of perinatal exogenous steroid exposure 

Numerous studies report short-term effects with very little known about long-term 

outcomes of perinatal glucocorticoid administration. As perinatal glucocorticoid 

therapy to treat neonatal respiratory distress has only been used for the last 50 years 

such studies have not been conducted yet.  

In the short-term, a considerable body of recent evidence has associated antenatal 

steroid therapy with low birth weight and intrauterine growth restriction (French et 

al., 1999, Abbasi et al., 2000, Norberg et al., 2011, Murphy et al., 2012). However, 

there is much heterogeneity across the studies (Crowther et al., 2011, Battin et al., 

2012, Crowther et al., 2012, McKinlay et al., 2012). No differences in body size or 

composition, as well as metabolic profile, were found in children or young adults 

(Hasbargen et al., 2001, Dalziel et al., 2005b, Wapner et al., 2007, Eriksson et al., 

2009, Peltoniemi et al., 2009, Crowther et al., 2012, McKinlay et al., 2012).  

In most studies no convincing correlation was found between perinatal steroid 

administration and incidence of impaired neurodevelopment, anxiety, depression, 

cognitive dysfunction, sleep problems, attention disorders or aggressive behavior in 

children or adolescents (Doyle et al., 2000b, Hasbargen et al., 2001, Dalziel et al., 

2005a, Lee et al., 2008, Eriksson et al., 2009, Peltoniemi et al., 2009). Some studies, 

however, suggest hyperactivity and aggressiveness in children treated with 
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glucocorticoids antenatally (Barrington, 2001, Murphy et al., 2001, French et al., 

2004, Crowther et al., 2007). Similarly, although in the short-term, synthetic 

glucocorticoids can disturbe the HPA axis (Ng et al., 1997, Karlsson et al., 2000, Ng 

et al., 2008), most studies do not find any long term adverse effects (Battin et al., 

2007).  

Additionally, several studies suggest steroids increase renal glomerular filtration, 

urinary flow and sodium homeostasis in the neonatal period (Omar et al., 1999, 

Cattarelli et al., 2002, Dimitriou et al., 2005). 

1.5.2.2.1.1 Cardiovascular outcomes following steroid therapy 

Most studies do not report any deleterious effects of glucocorticoid therapy on blood 

pressure, heart rate or overall cardiac performance (systolic or diastolic) in neonates, 

children or adolescents (Dalziel et al., 2004, Dalziel et al., 2005b, Jones and Group, 

2005, Vural et al., 2006, de Vries et al., 2008, Mildenhall et al., 2009, Wong et al., 

2011). A few follow up studies report that children exposed to antenatal 

corticosteroids have moderately heightened systolic and diastolic blood pressures at 

the age of 7 (Wilson et al., 2006) and 14 (Doyle et al., 2000a). However, none were 

reported to have blood pressure values in the hypertensive range. Sometimes, short-

term left ventricular hypertrophy is reported in infants treated postnatally with 

steroids. However, it resolves spontaneously following the discontinuation of steroid 

therapy (Evans, 1994, Skelton et al., 1998, Zecca et al., 2001) and no hypertrophic 

changes have been reported in an 8 year follow-up study (Mieskonen et al., 2003). 
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1.5.2.3 Exogenous perinatal glucocorticoid administration in animals 

Maternal exposure to synthetic glucocorticoids in animals reduces offspring birth 

weight (Benediktsson et al., 1993, Nyirenda et al., 1998b, Langdown et al., 2001b, 

Dodic et al., 2003) and increases the risk of developing hypertension (Dodic et al., 

1998, Tangalakis et al., 1992, Benediktsson et al., 1993, Levitt et al., 1996, Unno et 

al., 1999, Jensen et al., 2002, Ortiz et al., 2003), hyperglycemia and hyperinsulinemia 

(Nyirenda et al., 1998a, Langdown et al., 2001a, Langdown and Sugden, 2001, de 

Vries et al., 2007), associated with changes in HPA axis and stress responses (Levitt 

et al., 1996, de Vries et al., 2007).  

Observational studies have associated prenatal dexamethasone exposure with 

alterations in the activity of several hepatic enzymes, such as phosphoenolpyruvate 

carboxykinase and glucose-6-phosphatase, the rate-limiting and final step in 

gluconeogenesis, respectively (Nyirenda et al., 1998a, Sloboda et al., 2005), as well 

as with increased hepatic glycogen content (Tye and Burton, 1980, Fowden et al., 

1995, de Vries et al., 2007). Together with a reported decrease in pancreatic β-cell 

numbers (de Vries et al., 2007) this could underpin the alterations in glucose 

homeostasis following prenatal dexamethasone exposure.   

Antenatal glucocorticoid treatment is also associated with changes in kidney 

function, such as decreased filtration and sodium excretion rates (Celsi et al., 1998, 

Ortiz et al., 2001, Moritz et al., 2003, Wintour et al., 2003, Moritz et al., 2011). 

However, dexamethasone was also shown to be associated with accelerated 

maturation of the proximal tubule Na+/H+ exchanger (Guillery et al., 1994, Guillery 

et al., 1995) and Na+-K+-ATPase in late gestation (Petershack et al., 1999). 
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Exogenous glucocorticoid administration is also associated with delayed maturation 

of astrocytes and capillary tight junctions in the brain and decreased myelination 

(Gumbinas et al., 1973, Huang et al., 2001). 

1.5.2.3.1.1 Exogenous glucocorticoids and the heart 

Conflicting data exists regarding the impact of glucocorticoid signalling on the 

developing heart, possibly reflecting the inverted U-shaped relationship often seen 

for glucocorticoid-induced effects. Numerous studies have examined the effects of 

excessive glucocorticoids, but almost none have addressed the consequences of 

inadequate fetal exposure to steroids. Such studies are difficult to conduct, as 

lowering maternal glucocorticoid levels, for example by adrenalectomy, leads to the 

induction of the fetal HPA axis (Montano et al., 1993). 

In rats and sheep, modest perinatal glucocorticoid administration increases heart 

weight and heart/body weight ratio (Torres et al., 1997, La Mear et al., 1997) (Jensen 

et al., 2002), but higher levels decrease heart weight (de Vries et al., 2002, Bal et al., 

2005, Bal et al., 2009). Late gestation glucocorticoid treatment also increases 

myocardial protein/DNA ratio and cardiomyocyte size, indicating cardiomyocyte 

hypertrophy as a mechanism underlying increased heart weight (Slotkin et al., 1991, 

Bian et al., 1993b, La Mear et al., 1997, Torres et al., 1997, Rudolph et al., 1999, 

Muangmingsuk et al., 2000, de Vries et al., 2002, Bal et al., 2009). Other studies 

report a higher proliferative index in hearts following prenatal glucocorticoids, 

suggesting persistent hyperplasia rather than hypertrophy as the mechanism of 

glucocorticoid-induced heart enlargement (Torres et al., 1997, Giraud et al., 2006b). 

Dexamethasone affects the maturational transitions of myosin heavy chains. 

However, the reports are conflicting, with some studies reporting a positive effects of 
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dexamethasone on the MyHCα-to-β switch (Muangmingsuk et al., 2000), and others 

showing an opposite effect (Torres et al., 1997). A potential mechanism by which 

glucocorticoids could affect MyHC transitions is proposed to be membrane coupling 

and activity of adenylate cyclase (Navarro et al., 1991, Bian et al., 1992a, Bian et al., 

1992c, Adigun et al., 2009, Tsuzuki et al., 2009).  

Strong differences in study outcomes are likely to result from different steroid 

regimes (dose, steroid used and/or timing) rendering comparisons very difficult and 

again illustrating the complexity of glucocorticoid signalling during development. 

Most studies use high doses of exogenous glucocorticoids - although this might 

accentuate the otherwise possibly subtle phenotypes, it also raises questions as to the 

physiological relevance of the findings. Additionally, fundamental differences exist 

between human and animal models regarding the timing of heart maturation. Late 

gestation animal (especially rodent) heart is not necessarily equivalent to the late 

gestation human heart. 

Nonetheless, prenatal dexamethasone is proposed to accelerate the maturation of 

energy metabolism, increasing the levels of ATP synthase β-chain and α-enolase, 

creatine kinase (supplying the myofibrils with ready-available ATP) and ATP itself 

(Tsuzuki et al., 2009, Mizuno et al., 2010). Glucocorticoid administration also 

increases cardiac pyruvate levels as well as maternal and fetal blood lactate 

concentrations (Jensen et al., 2002, Tsuzuki et al., 2009). It accelerates maturation of 

electrical coupling, with increased levels of the SCN1b and SCN5a sodium channels, 

an effect abolished by fetal adrenalectomy (Fahmi et al., 2004). Fetal decapitation to 

suppress the development of the adrenal gland suppressed the maturation of 

ventricular action potential (increasing the amplitude and gradual negativisation of 
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the resting potential), further accentuated by maternal adrenalectomy and prevented 

by exogenous glucocorticoid administration (Legrand et al., 1981). 

Prenatal dexamethasone treatment was additionally shown to cause abnormalities of 

the cardiac noradrenergic innervation, disrupting the coupling of β receptors to 

ornithine decarboxylase (Bian et al., 1990, Bian et al., 1993b).  

 

1.6 Summary and aims 
As outlined above, the fetal heart is highly susceptible to both inadequate and 

excessive glucocorticoid exposure. This is consistent with the inverted U-shaped 

glucocorticoid response curve, where the appropriate glucocorticoid environment is 

intricately regulated by a plethora of factors and any alterations have the potential to 

induce potentially detrimental effects.  

Taken altogether, the data regarding the exact role and importance of glucocorticoids 

in the fetal heart development and maturation are scarce and very often 

contradictory. Of the two extremes, excessive glucocorticoid exposure has been more 

extensively studied. Relatively little is known of how glucocorticoids affect the 

physiological processes of fetal heart growth and maturation.  
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The aim of my thesis was to use both in vivo and in vitro models to try and define the 

role of glucocorticoid signaling in heart maturation, specifically: 

 

1) Investigate the consequences of global GR-deficiency on cardiac 

development and maturation  in late gestation mouse, with focus on cardiac 

function, structure and gene expression 

2) Investigate the importance of GR specifically in the cardiomyocytes in the 

late gestation mouse  

3) Identify potential genomic targets of GR during glucocorticoid-induced 

changes in cardiomyocyte biology 
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2.1 Materials 
Unless stated otherwise, all chemicals were purchased from Sigma (suppliers’ 

addresses in Appendix I) 

2.1.1 General chemicals 

Table 2.1. General chemicals  

Anti-cardiac MHC antibody, mouse monoclonal 
[BA-G5] 
Anti-troponin T antibody, mouse monoclonal 
[1F11] 
Anti-troponin T antibody, rabbit polyclonal 
Anti-sarcomeric α-actinin antibody, mouse 
monoclonal [EA-53]  

Abcam 

Anti-CD68 antibody, rat monoclonal AbD Serotec 
Fix&Perm Cell Permeabilisation Kit ADG Bio Research GMBH 
Agilent 600 RNA Nano Kit Agilent Technologies 
Nr3c1 Silencer® Select siRNA s67065 
Ppargc1a Silencer® Select siRNA s72015 
Silencer® Select Negative Control No. 1  

Ambion 

[1,2,6,7-3H]-corticosterone 
Anti-goat beads 

Amersham Biosciences 

TaqMan® Gene Expression Assays 
Tropix® galacto reaction buffer diluent 
Tropix® Accelerator II 
Tropix® GALACTON 

Applied Biosystems  

Dc protein assay 
Protein assay standard III 
Blotting-grade Blocker Non-fat dry milk 

Bio-Rad Laboratories Ltd. 

Normal goat serum Biosera 
GelRed Nucleic Acid Gel Stain Biotium, Inc. 
Sodium standard solution 10000mg/l 
Potassium standard solution 10000mg/l 
Brij-35 diluent concentrate 

BWB Technologies 

Anti-cleaved caspase 3, rabbit polyclonal [Ab-2] Calbiolchem 
Liquid DAB+ Chromogen System  Dako 
Fixable Viability Dye eFluor® 660 eBioscience, Inc. 
RainbowTM Full-Range Molecular Weight Marker GE Healthcare 
Cellstar conical polystyrene tubes 
ELISA 96-well plates 

Greiner Bio-One 

PureLinkTM RNA Mini kit 
SuperScript® III Reverse Transciptase 

Invitrogen 
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1kB DNA ladder 
LipofectamineTM 2000  
BLOCK-iTTM fluorescent oligos 
Lyophilized desalted primers (25 nmole) 
L-glutamine 
Penicillin-streptomycin 
Trizol® Reagent 
DynaBeads® Protein A 
Alexa Fluor® 488 goat anti-mouse IgG 
Alexa Fluor® 555 goat anti-mouse IgG 
Alexa Fluor® 488 goat anti-rabbit IgG 
Alexa Fluor® 546 goat anti-rabbit IgG 
Alexa Fluor® 700 goat anti-rabbit IgG 
Alexa Fluor® 680 donkey anti-sheep IgG 
OPTIMEM I 
NuPage® LDS Sample Buffer 
NuPage® Transfer Buffer 
NuPage® MES SDS Running Buffer 
NuPage® Antioxidant 
NuPage® Sample reducing agent 
NuPage® 4-12% Bis-Tris Gels 
SYTO60 red fluorescent nucleic acid stain 
Hank’s Balanced Salt Solution 
Zero Blunt® TOPO® PCR cloning kit 
One Shot® TOP10 chemically competent E.coli 
IRDye® goat anti-rabbit 800CW IgG 
IRDye® goat anti-mouse 800CW IgG 
IRDye® goat anti-mouse 680 IgG 

LI-COR Biosciences 

SeaKemTM LE agarose 
NuSieve® GTG® agarose 
Dulbecco’s Modified Eagle Medium (DMEM), 
without l-glutamine 
Fetal Calf Serum 
DPBS, without Ca2+ and Mg2+ 

PBS 

Lonza 

NucleoBond® BAC 100 kit Macherey-Nagel 
Disposable L-shaped microbiological spreaders Microspec Ltd. 
Anti-β-tubulin antibody, mouse monoclonal 
[KMX-1]  
Normal mouse IgG 
Anti-phosphohistone H3 (H3S10p), rabbit 
polyclonal 
Anti-histone H3, mouse monoclonal 
Anti-trimethyl histone H3 (H3K4me3), rabbit 
polyclonal 
Anti-acetyl histone H3 (H3K9ac), rabbit 
polyclonal 

Millipore 
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100bp DNA ladder 
Alkaline phosphatase, calf intestinal 
T4 DNA ligase 

New England Biolabs 

NovoMix® 30 Penfill 100 U/ml insulin aspart Novo Nordisk 
Aquasonics® 100 Ultrasound gel Parker Laboratories 
dNTPs 
RNAseIN® Plus 
Random Primers 
GoTaq® DNA Polymerase 
1kb DNA ladder 
X-gal 
Beetle luciferin, potassium salt 
JM109 competent E.coli 
HB101 E.coli 
pGL3-basic luciferase reporter vector 
pGEM®-T 
Pst I 
PvuII 
NdeI 
EcoRV 
BamHI 
EcoRI 
BglII 
XmaI 
HpaI 
BclI 

Promega  

RNeasy® Mini kit 
DNeasy® Blood&Tissue kit 
RNase-free DNase set 
Plasmid MaxiPrep 
Qiaprep® spin miniprep kit 

Qiagen 

LightCycler® 480 Probes Master 
LightCycler® SYBR Green I Master 
Universal Probe Library probes 
Mae II 
In Situ Cell Death detection kit 
cOmplete protease inhibitor cocktail 

Roche Applied Science 

IRDye800 Conjugated Affinity Purified anti-
mouse IgG 

Rockland Scientific 

Anti-GR antibody, rabbit polyclonal [M-20] Santa Cruz Biotechnology 
Cryo-M-Bed embedding medium TAAB Laboratories Equipment 
Perma-Fluor mounting medium 
Dimethyl adipimidate-2HCl 
Phusion® High Fidelity DNA Polymerase 
Fisherbond borosilicate glass tubes 

Thermo Fisher Scientific 

Fluorescein-wheat germ agglutinin 
Vectastain Elite ABC Reagent 

Vector Labs 
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Avidin/Biotin Blocking kit 
Goat anti-rabbit biotinylated IgG BA-1000 
DirectPCR  ViaGen Biotech 
DPX mountant 
Disposable inoculating loops 
BDH silica gel 

VWR International Ltd. 

Collagenase Type II Worthington Biochemical 
Corporation 

BAC (RP23-62B24) www.bacpac.chori.org 
Immersion oil Zeiss 
 

2.1.2 Miscellaneous equipment 

Table 2.2. Miscellaneous equipment 
 
Agilent 2100 bioanalyser Agilent Technologies 
Graduated microtubes 2.0 ml Anachem Ltd. 
LSR Fortessa® cell analyser 
12x75mm polystyrene FACS tubes 

BD Biosciences 

Ultracentrifuge J2-MC Beckman Coulter 
Orion II microplate luminometer Berthold Detection Systems 
BD gravity convection incubator Binder Inc. 
Decloaking chamber BioCare Medical 
Power Pack 200 agarose gel system Bio-Rad 
Avance spectrometer (MRI) Bruker Medical 
Flame photometer BWB Technologies 
BioMat Class II microbiological Safety cabinet Contained Air Solutions 
Costar® Spin-X® cellulose acetate filter 
centrifube tubes 0.22µm  
Stripette® plastic pipettes 
Cell scrapers 
6,12,24,48-well cell culture clusters 
Round cell culture dishes 100mmx20 mm 
75cm2 cell culture flasks 
Round 35mm non-treated suspension dishes 

Corning Incorporated 

pH meter BASIC 
AA-160 balance 

Denver Instrument 

MRX microplate reader Dynatech Laboratories 
Eppendorf 5415 R centrifuge  
Eppendorf 5810 R centrifuge 

Eppendorf 

Phillips CM120 Transmission electron microscope FEI UK 
Surgical instruments Fine Science Tools Inc. 
CO2

 water jacketed incubator Forma Scientific Inc. 
Gatan Orius® CCD camera Gatan UK 
Corex®  centrifuge tubes Gentaur 
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Hund Wetzlar Wilovert water bath 
LMC-3000 low speed centrifuge 

Grant Instruments Ltd. 

ORCA-ER digital camera Hamamatsu Photonics 
Improved Neubayer chamber Hawksley Cristalite 
Labofuge 400 R 
Biofuge PICO 

Heraeus Instruments 

Rotamixer vortex Hook&Tucker Instruments 
Pipetboy IBS Integra Biosciences 
T10 Ultra-Turrax® basic homogenizer 
VIBRAX-VXR tube shaker 

IKA 

XCell SureLockTM Mini-Cell Electrophoresis 
System 
Nitrocellulose Membrane Filter Paper Sandwich 
pore size 0.45 um 
Dynal MPC-S magnetic rack 

Invitrogen 

MyoCam CCD camera 
MyoCam-S camera 

Ionoptix 

3510 pH meter Jenway 
Leica CM1900 cryostat 
Leica TCS SP5 microscope 
Leica ASP3005 automated tissue processor 

Leica 

Wetzlar 1512 rocking microtome Leitz  
Odyssey® Infrared Imager LI-COR Biosciences 
11.7-Tesla (500 MHz) vertical magnet (MRI) Magnex Scientific 
Rainin EDP3-Plus Electronic Multichannel pipettes Mettler Toledo 
Milli-Q® integral water purification system 
Syringe 0.2 µm filters 

Millipore 

OPTImax tunable microplate reader Molecular Devices 
GeneClean® Turbo kit MP Biochemicals 
Nano-Drop ND-1000 spectrometer NanoDrop Technologies 
Nikon Diaphot 2 inverted microscope with heated 
stage 

Nikon Instruments 

Olympus CK40 Inverted microscope  
Olympus AX70 Provis microscope 

Olympus 

β-scintillation 145 microβPLUS counter ParkinElmer 
MicroPublisher 3.3 RTV camera  QImaging 
LightCycler® 480 
384-well qPCR plates and plastic covers 

Roche Applied Science 

Soniprep150 MSE sonicator 
InCu saFeTM CO2

 incubator 
Sanyo 

0.5ml, 1.5ml tubes 
Microvette® CB300 K2E EDTA-coated tubes 

Sarstedt 

EXTEND balance Sartorius Mechatronics 
0.2ml strip-tubes with lids StarLab 
Stuart® heat-stir CB 162 platform 
Stuart® gyro-rocker SSL3 platform 
Stuart® SB2 rotator 

Stuart Equipment 
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Disposable scalpels Swann-Morton 
Ori-Block DB-3 heating block 
HB-1D Oven Hybridiser 
Thermal Cycler TC-412 
Thermal Cycler TC-512 

Techne 

Savant DNA110 SpeedVac® concentrator 
Denley Vortemp shaker incubator 
HistoStar embedding workstation 
MB35 Premier microtome blades 
NunclonTM surface 96-well plate 
Shandon Sequenza racks 
Microscopic slides 
Cover Glass Round 22x22mm Thickness No.1 
ThermanoxTM coverslips 
Tissue floatation bath 
Sterilin® 90mm Petri dishes 

Thermo Scientific 

UviPro System UviTec 
TFX-35LC UV box Vilber Lourmat 
Vevo® 770 ultrasound biomicoscope Visualsonics 
Vacuum gas pump 
SuperFrost® Plus microscopic slides 
Cover Glass Rectangular 22x50mm Thickness No.1 

VWR International Ltd. 

Separation Module 2695 
Sunfire 3.5 um C18 column 
2475 Multi Wavelenght Fluorescence Detector 
Sep-Pak® Classic C18 cartridges 
SPE glass vacuum chamber 

Waters 

IOX 400XX2 shaking orbital incubator  Weiss-Gallenkamp 
Whatman® paper no.1 Whatman 
Zeiss Axioscop mot “plus” microscope 
Zeiss Axioscop microscope 
Zeiss LSM 710 Meta confocal microscope 
Zeiss AxioCam HRC camera 

Zeiss 

 

2.1.3 Software  

Table 2.3. Analysis software 

Mean of acquisition Software 
2475 Multi Wavelenght Fluorescence 
Detector 

EmpowerTM  Quick Start (Waters) 

Agilent 2100 bioanalyser 2100 Expert Software (Agilent 
Technologies) 

Image processing Photoshop CS5 (Adobe) 
LightCycler® 480 LightCycler® 480 release 1.5 O SP3 (Roche) 
LSR Fortessa® cell analyser FACSDiva v6.1.3 (BD Biosciences) 
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FlowJo (TreeStar) 
Magnetic resonance imaging AmiraTM 4.0 (Mercury Systems) 
Nano-Drop ND-1000 spectrometer ND-1000 v3.3.0 (NanoDrop Technologies) 
Nikon TS100 inverted microscope 
MyoCam CCD camera 

Ionwizard (Ionoptix)  
Origin6.1 (Originlabs Corporation) 
Pinnacle Studio (Pinnacle) 

Odyssey® Infrared Imager Odyssey v3.0 (LI-COR Biosciences) 
Olympus AX70 Provis microscope AxioVision 4.2.8 (Zeiss) 
OPTImax tunable microplate reader SoftMax Pro 4.8 (Molecular Devices) 
Orion II microplate luminometer Simplicity (Berthold Detection Systems) 
Phillips CM120 Transmission 
electron microscope 

GATAN DigitalMicrographTM (Gatan, Inc) 

Statistical analysis GraphPad Prism 5 (GraphPad) 
UviPro System UviPro 12.4 (UviTec) 
Vevo® 770 ultrasound biomicoscope Vevo® 770 (Visualsonics) 
Zeiss Axioscop mot “plus” 
microscope 
Zeiss Axioscop microscope 
 
 
Zeiss LSM 710 Meta confocal 
microscope 
 
Leica TCS SP5 microscope  

OpenLab 4.0.1 (ParkinElmer) 
 
KSM 300 3.0 (Zeiss) 
MCID Basic 7.0 (InterFocus Imaging Ltd) 
QCapture Pro (QImaging) 
ZEN 2010 (Zeiss) 
Huygens Essential (Scientific Volume 
Imaging) 
AF LAS (Leica Microsystems) 

β-scintillation 145 microβPLUS 
counter 

MicroBeta Windows Workstation 
AssayZap (Biosoft) 

 

2.1.4 Solutions and buffers 

All solutions were prepared with Milli-Q® water unless stated otherwise. 

74OP: 99.5% v/v ethanol, 0.5% v/v methanol  

Acid alcohol: 1% v/v hydrochloric acid (37% HCl) in 74OP   

Alkaline tap water: Drop of ammonia (NH3) per 100ml of tap water 

Blocking buffer (immunohistochemistry/immunofluorescence): 20% v/v normal 

goat serum, 5% w/v bovine serum albumin in PBS 

Blocking buffer (western blot): 5% w/v Blotting-grade non-fat dry milk in TBST 
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Blocking buffer (flow cytometry): 10% normal mouse serum in PBS (without 

calcium/magnesium) 

Blocking buffer (ELISA): 0.5% bovine serum albumin in 0.2X PBS 

Borate buffer: 133.4 mM boric acid (H3BO3), 67.5 mM sodium hydroxide (NaOH), 

0.5% w/v bovine serum albumin, 1% v/v methanol; pH 7.4   

Brij-35 diluent: 0.1% v/v Tween-20 in Brij-35 concentrate 

Citrate acetate buffer (HPLC): 110 mM citric acid, 100 mM sodium acetate 

trihydrate (CH3COONa3H2O), pH 3.5 

Citrate buffer (10X, immunohistochemistry): 0.1M citric acid, pH 6 

Coomasie stain: 45% v/v methanol, 10% v/v acetic acid, 0.25% w/v Coomassie blue 

dye 

Coomassie destain solution: 45% v/v methanol, 10% v/v acetic acid  

Culture medium - BWTG3 cells: 10% v/v heat-inactivated fetal bovine serum, 1% 

v/v (100 IU/ml) penicillin-streptomycin, 1% (2 mM) l-glutamine, 44 mM sodium 

bicarbonate, 1mM sodium pyruvate, 0.1 mM non-essential amino acids in DMEM 

(phenol red, 4.5 g/l glucose) 

Culture medium – 3T3-L1, A549 cells: 10% v/v heat-inactivated FBS, 1% v/v (100 

IU/ml) penicillin-streptomycin, 1% (2 mM) l-glutamine in DMEM (phenol red, 4.5 

g/l glucose) 

Culture medium – primary cardiomyocytes: 10% v/v heat-inactivated FBS, 1% 

(100 IU/ml) penicillin-streptomycin, 1% (2 mM) l-glutamine, 0.1% v/v non-essential 

amino acids in DMEM (phenol red, 4.5 g/l glucose) 

DAB chromogen solution: 1 drop of liquid DAB+ substrate per 1 ml PBS 
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DEPC-water: 1 drop of diethylpyrocarbonate (DEPC) per 100ml, leave for 1-24h, 

autoclave 

Differentiation medium – 3T3-L1 cells: 10 nM insulin, 0.5 mM 3-isobutyl-1-

methylxanthine (IBMX), 1 µM dexamethasone in 3T3-L1 culture medium 

DNA ladder: 25% v/v 1kb DNA ladder (Promega), 25% v/v TE buffer, 50% v/v 

Orange G loading dye 

DNA/RNA loading buffer: 0.3% w/v Orange G, 40% v/v glycerol 

Dry acetone: Filter acetone through No.1 Whatmann paper filled with sodium 

sulphate 

ELISA wash buffer: 0.05% Tween-20 in 0.1X PBS 

ELISA assay buffer: 0.1% bovine serum albumin in 0.4X PBS 

ELISA substrate mix: 10mg/ml tetramethylbenzadine in DMSO 

ELISA substrate solution (for ~11ml): Mix 11ml of 0.2M citric acid pH 3.0 with 

300µl of substrate mix and 60µl of 30% H2O2 

Elution buffer (ChIP): 20 mM Tris pH 7.5, 5 mM EDTA, 50 mM NaCl 

Elution buffer – complete (ChIP): 20 mM sodium butyrate, 1% w/v SDS, 50 µg/ml 

proteinase K in Elution buffer (ChIP) 

Enzyme buffer for cardiomyocyte isolation: 0.8% w/v NaCl, 0.2% w/v D-(+)-

glucose. 0.02% w/v KCl, 0.000575% w/v NaH2PO4xH2O, 0.1% w/v NaHCO3, pH 

7.4. Add 0.125% w/v porcine pancreatin and 0.03% w/v collagenase type 2, filter 

sterilise through 0.22 µm syringe filter before use. 

Fetal bovine serum (FBS) – heat inactivated: Place at 56oC for 20 min, aliquot and 

freeze. 
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Gelatin 1%: 1% w/v porcine gelatine; autoclaved  

Isolation medium (primary cardiomyocytes): 0.025% w/v fetuin, 0.002% ascorbic 

acid, 1% v/v heat-inactivated FBS, 1% penicillin-streptomycin, 1.176 g/l NaHCO3 in 

Ham’s F-12 nutrient medium 

LB agar: Dissolve 1 tablet of LB (Luria broth) agar in 50ml H20, autoclave 

immediately. 

LB broth: 20g/l LB broth (5g yeast extract, 10g tryptane, 5g NaCl) in H20, autoclave 

immediately. 

Lysis buffer (cells, western blot): 0.125M Tris pH 6.8, 2% w/v SDS, 10% v/v 

glycerol, 1X PIC 

Lysis buffer (ChIP): 50 mM Tris pH 8.0, 10 mM EDTA, 1% w/v SDS, 20 mM 

sodium butyrate*, 1 mM PMSF*, 1X PIC* in PBS; *-add just before use 

Lysis buffer (tissue, GR/11β-HSD2 SDS-PAGE): 25 mM HEPES, 68.5 mM NaCl, 

0.5 mM MgCl2, 0.5 mM CaCl2, 5 mM NaF, 1 mM EDTA, 5 mM sodium 

pyrophosphate, 1% NP-40, 10% glycerol, 1X PIC 

Lysis/sample buffer: 50 mM Tris pH 6.8, 10% v/v glycerol, 2% w/v SDS, 20 mM 

DTT, 2 mM EDTA, 1X PIC, 0.01% w/v bromophenol blue  

Lysis buffer (luminometry): 25 mM Tris-Phosphate pH 7.8, 2 mM DTT, 1% v/v 

Triton X-100, 10% v/v glycerol 

Luciferase assay buffer: 40 mM Tricine, 66 mM DTT, 0.2 mM EDTA, 2 mM 

magnesium carbonate, 5 mM magnesium sulphate, 0.2 mg/ml coenzyme A; pH 7.8 

MOPS (10X): 0.4M 3-(N-morpholino)-propanesulfonic acid (MOPS), 0.1M sodium 

acetate, 10 mM EDTA; pH 7.0  



The role of glucocorticoid signalling in fetal heart development and maturation  

Chapter 2. Materials and methods  104 

 

Paraformaldehyde (4%): Bring water/PBS to 80oC, add 4% w/v paraformaldehvde 

and stir at 80oC until dissolved. 

PBS-BPFA: 1% w/v paraformaldehyde in PBS-B 

PBS-B: 20 mM w/v sodium butyrate, 1 mM PMSF, 1X PIC in PBS 

Phosphate buffered saline – PBS: 1 PBS tablet per 200 ml  

Potassium buffer (steroid extraction): 5 mM potassium phosphate (equal volumes 

of KH2PO4 and K2HPO4); pH 7.0  

PIC (Protease Inhibitor Cocktail, 25X): Dissolve a tablet of complete protease 

inhibitor cocktail in 2ml  

RIPA (radioimmunoprecipitation assay) buffer: 10 mM Tris pH 7.5, 140 mM 

NaCl, 1 mM EDTA, 0.5 mM EGTA, 1% v/v Triton X-100, 0.1% w/v SDS, 0.1% w/v 

sodium deoxycholate 

RIPA-ChIP buffer: 20 mM sodium butyrate, 1 mM PMSF, 1xPIC in RIPA buffer 

Running buffer (SDS-PAGE): 1X NuPAGE® MES SDS Running buffer 

(Invitrogen), 0.05% v/v NuPAGE® Antioxidant 

Scott’s tap water: 24 mM sodium bicarbonate, 166 mM magnesium sulphate in tap 

water 

Silane 2%: 2% v/v silane in dry acetone 

Solvent Solution (steroid extraction): 92.25% v/v ethanol, 0.3% v/v glacial acetic 

acid 

Stripped serum: 2% w/v dextran-coated charcoal in heat-inactivated FBS. Stir at 

4oC overnight, filter twice through 5 µm, 0.45 µm and 0.22 µm filters. 

TBE (10x): 0.9M Tris, 0.9 boric acid, 12.5 mM EDTA  
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TBS (10X): 0.2M Tris, 1.37M NaCl; pH 7.6 

TBST: 0.1% v/v Tween-20 in 1xTBS   

TE: 10 mM Tris pH 8.0, 1 mM EDTA 

TEM buffer: 3% v/v glutaraldehyde, 0.01% w/v sodium cacodylate; pH 7.3 

Transfer buffer (western blot): 1X NuPAGE® Transfer buffer, 20% v/v methanol, 

0.1% NuPAGE® Antioxidant 

Tris-Phosphate buffer: 0.1M Tris, 32 mM phosphoric acid; pH 7.8 

TVP: 1% v/v trypsin, 1% v/v chick serum, 3.12% w/v EDTA in PBS; filter sterilised 

Tyrodes’ salts: 1X Tyrodes’ salts, 0.1% sodium bicarbonate  

X-gal fixative: 4% w/v paraformaldehyde, 2 mM MgCl2, 5 mM EGTA, 0.02% v/v 

NP-40 (igepal), 0.01% w/v sodium deoxycholate in PBS. Bring the PBS to 80oC, add 

paraformaldehyde and stir at 80oC until dissolved. Cool down and add the remaining 

ingredients. 

X-gal reaction buffer: 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 

2mM MgCl2, 0.02% v/v ND-40 (igepal), 0.01 w/v sodium deoxycholate, 1 mg/ml X-

gal in PBS 

X-gal washing solution: 2 mM MgCl2, 0.02% v/v NP-40 (igepal), 0.01% w/v 

sodium deoxycholate in PBS 
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2.2 Methods 
2.2.1 Animals  

All animal experimentation was carried out in strict accord with the accepted 

standards of humane animal care under the auspices of the Animal (Scientific 

Procedures) Act UK 1986 after prior approval by the University of Edinburgh 

Animal Ethical Review Committee. 

2.2.1.1 Maintenance and husbandry 

For the experiments conducted during preparation of this thesis the following strains 

of mice were used: wild-type C57BL/6J mice, B6N92 mice heterozygous for a null 

allele of the glucocorticoid receptor (GR) gene (full name Nr3c1gtESK92MRCHGU, also 

referred to as GRβgeo) (Michailidou et al., 2008), Sm22α-Cre mice  heterozygous for a 

Cre transgene under the control of the Sm22α (transgelin) promoter (Welsh et al., 

2010), ROSA26 containing a lacZ reporter gene (Soriano, 1999), GRfl/+ (B6.129P2-

Nr3c1tm2Gsc/Ieg, purchased from The European Mouse Mutant Archive, EM:02124) 

(Tronche et al., 1999) and SMGRKO mice (see 2.2.1.1.1.2).  

B6N92 mice were generated previously from an ES cell line (ESKN92) in which a β-

galactosidase-neomycin phosphotransferase (βgeo) reporter cassette containing 

integrated within the GR gene between exons 3 and 4 (Sutherland et al., 2001, 

Michailidou et al., 2008) (Figure 2.1). This created a chimeric mRNA encoding a 

non-functional GR-βgeo fusion protein lacking the second Zn2+ finger of the DBD 

and the entire LBD. The ESKN92 cells were injected into a C57BL/6J blastocyst; 

chimeras generated this way were backcrossed with C57BL/6J mice (>12 

generations) to obtain a congenic line. In order to generate GR+/-
 mice used to 

subsequently generate GR-/-
 embryos, mice were bred by mating GR+/+

 females with 
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GR+/-
 males. This approach avoided any impact of high maternal corticosterone 

plasma levels (Michailidou et al., 2008) on the developing fetuses.  

 

Figure 2.1. A schematic representation of the functional domains of GR (upper), 
the GR cDNA, showing the regions encoded by individual exons (middle) and 
the predicted structure of the fusion transcript (lower). NTD – N-terminal 
domain, DBD – DNA binding domain, LBD – ligand binding domain   

 

All mice were housed in standard cages upon controlled lighting (12h:12h, lights on 

at 700), were fed a standard chow and given water ad libitum.  

For the generation of embryos, male and female mice were mated overnight and 

plugs recorded the following morning. The day a vaginal plug was found was 

designated E0.5. For measurement of heart corticosterone levels and RNA analysis, 

mice were time-mated between 1800-2300. Pregnant females were sacrificed at 

designated time points by cervical dislocation and fetuses were dissected. Unless 

stated otherwise, fetal tissues were dissected in PBS and snap frozen on dry ice. An 

additional piece of tissue (tail or limb) was collected for genotyping. Frozen tissue 

was stored at -80oC for further analysis. 

Blood was collected from decapitated fetuses into EDTA-coated tubes on ice. To 

separate plasma, the tubes were centrifuged at 4,000g, 4oC for 10 min. The plasma 

was transferred to a fresh tube and stored at -20oC. 
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2.2.1.1.1 Generation of SMGRKO mice 

2.2.1.1.1.1 SM22α-Cre-ROSA26 cross 

To test the specificity of SM22α-Cre, mice were crossed with ROSA26 reporter 

mice. This strain contains a lacZ reporter gene that is transcriptionally silenced by a 

floxed stop sequence immediately upstream of lacZ. Upon expression of Cre 

recombinase in target tissues, the stop sequence is excised, and the β-galactosidase 

reporter is transcribed. The ROSA-promoter is active in virtually all cell types 

(Soriano, 1999). Offspring of SM22α-Cre x ROSA26 were collected at postnatal day 

1 and culled by decapitation. The body and head were snap frozen on dry ice.  

 
2.2.1.1.1.2 SMGRKO mice 

GRfl/+ mice were obtained as frozen embryos from The European Mouse Mutant 

Archive, EM:02124) and were transferred into pseudopregnant recipients. GRfl/fl 

mice were obtained by crossing GRfl/+ mice, where exon 3 of one of the alleles of the 

GR gene is flanked by loxP sites allowing Cre-driven recombination (Figure 2.2). 

SMGRKO mice were created by crossing SM22α-Cre and GRfl/fl mice.  

 

Figure 2.2. A schematic representation of the Cre-mediated recombination at 
the GR allele (with exons 2-4 indicated), leading to deletion of “floxed” exon 3. 
Adapted from (Tronche et al., 1999). 
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2.2.1.2 Wet and dry weight measurements 

Wet weight of fetuses was recorded upon collection of the tissues. To measure the 

dry weight, whole bodies were placed in an open-lid glass container and incubated in 

an oven at 60oC with hygroscopic silica granules and activated charcoal in separate 

beakers. At the end of day 3, embryo weight was recorded over a further three 

consecutive days to ensure no further changes in mass.    

2.2.2  Molecular biology methods 
2.2.2.1 RNA isolation and analysis 

2.2.2.1.1 RNA isolation from tissue 

Total cellular RNA was extracted from snap-frozen tissue using an RNeasy® kit. 

Tissues were homogenised in RLT buffer (supplied with the kit) supplemented with 

1% v/v β-mercaptoethanol (350µl for single fetal hearts, 300µl for fetal kidney, 

600µl for fetal liver and lung). The volume of the sample was then adjusted to 890µl 

with DEPC-water and 10µl of proteinase K solution (supplied with the kit) added. 

Samples were then incubated at 55oC in a heating block for 10 min, then centrifuged 

at 10,000g, room temperature for 5 min. The supernatant was transferred to a fresh 

tube and mixed thoroughly with 0.5xvolumes 96% ethanol by pipetting. Samples 

were then transferred (up to 700µl) to a spin column placed in a 2ml collection tube 

and centrifuged at 10,000g, room temperature for 30s. Flow-through was discarded 

and the remained of the solution was passed through the column as above. 350µl of 

RW1 (supplied with the kit) buffer was added to the column and the tube was 

centrifuged as above. The flow through was discarded.  

Prior to elution of the RNA from the column, RNAse-free DNase I solution was 

prepared by injecting 550µl of sterile water into the vial containing lyophilized 
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enzyme (supplied with the kit) and gently mixed. This solution was then combined 

with RDD buffer (supplied with the kit) (1:7) and 80µl was placed directly onto the 

spin column. Columns were then incubated for 15 min at room temperature then 

washed with 350µl of RW1 buffer. The flow through was again discarded and the 

columns were washed twice with 500µl of ethanol-containing RPE buffer (supplied 

with the kit). After the final wash, the column was placed in a new 2ml collection 

tube and centrifuged at maximum speed for 1 min to ensure no ethanol carry-over in 

the sample. Columns were then placed in 1.5ml tubes, 30µl of RNase-free water 

added directly to the column then centrifuged at maximum speed for 2 min to elute 

the RNA. RNA was then processed immediately or stored at -80oC. 

 
2.2.2.1.2 RNA isolation from cells 

RNA was extracted from cells using Trizol® reagent and a PureLinkTM Mini kit. 

Medium was aspirated and the cells washed with PBS and drained thoroughly. 

Trizol® was added to each well (1ml for a 6-well plate, 0.5ml for a 12-well plate). 

Cell lysates were scraped using sterile cell scrapers and transferred to fresh 1.5ml 

tubes for immediate processing or stored at -80oC.  

To extract RNA, 200µl of chloroform was added to each sample and vigorously 

shaken, then centrifuged at 20,000g, 4oC for 15 min. The top, aqueous phase was 

then transferred to a fresh tube and mixed thoroughly with an equal volume of 70% 

ethanol. Samples were then transferred (up to 700µl) to a spin column placed in 2ml 

collection tube and centrifuged at 10,000g, room temperature for 30s. The flow 

through was discarded. The remainder of the solution was then passed through the 

column as above. 700µl of wash buffer 1 (supplied with the kit) was then added to 
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the columns and the tubes centrifuged as before. Columns were then paced in a new 

2ml collection tube and washed twice with 500µl of ethanol-containing wash buffer 

2 (supplied with the kit). After the final wash, the column was placed in a new 2ml 

collection tube and centrifuged at maximum speed for 1 min to ensure no ethanol 

carry-over in the sample. Columns were then placed in 1.5ml tubes, 25µl of RNase-

free water added to the column and then centrifuged at maximum speed for 2 min to 

elute the RNA. RNA was processed immediately or stored at -80oC. 

2.2.2.1.3 RNA quantification and quality control 

RNA concentration was measured using a Nano-drop spectrophotometer at a 

wavelength of 260nm. 2µl of RNA eluate was placed on the platform. The values for 

RNA concentration, 260/280nm and 230/260nm ratios were recorded.    

RNA integrity was routinely analysed by gel electrophoresis in 1% agarose (see 

2.2.2.7). The quality of RNA was assessed by the presence of two distinct bands, 

corresponding to 28S and 18S rRNA at the approximate intensity ratio of 2:1, no 

additional smears or high-molecular weight genomic DNA contamination (Figure 

2.3).  

To assess the quality of liver, kidney and lung RNA, the samples were 

electrophoresed on a denaturing gel (see 2.2.2.7). 

 

Figure 2.3 Representative RNA agarose gel. Distinct 28S and 18S bands can be 

seen, with intensity ratio 2:1, respectively.  
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Additionally, when in doubt, samples were analysed using Agilent 2100 Bioanalyser. 

Gel-dye solution was prepared by mixing 65µl of gel matrix with 1µl of dye and 

centrifuged at 13,000g, room temperature for 10 min. The chip was placed into the 

priming station and 9µl of the gel-dye mix was placed in the well marked “G”. The 

chip priming station was closed, plunger positioned at 0.7ml and pressed. After 5 

min the plunger was pulled back and 5µl of the sample marker was placed in each 

well of the chip. 1µl of ladder/RNA sample was then loaded onto the chip, vortexed 

and placed in the analyser. Good quality total RNA was characterized by two distinct 

18S and 28S peaks, and an RNA Integrity Number (RIN), incorporating the entire 

electrophoretic trace analysis, higher than 9.   

2.2.2.2 cDNA synthesis 

RT-PCR was carried out using the SuperScript® III Reverse transcriptase system. 

Each 20 µl reaction used 1µg (tissues, cell lines) or 150-200ng (primary cells) of 

total RNA. First, RNA was denatured for 5 min at 65°C with 25ng random primers 

and dNTPs at 0.5 mM final concentration. Tubes were then immediately placed on 

ice, incubated for 1 min and briefly centrifuged to collect the contents. 4µl of 5xFirst 

Strand buffer, 1µl 0.1 mM DTT, 1µl SuperScript® Reverse Transcriptase and 1µl 

RNAseIN® were then added to each sample. Reactions were incubated at 25oC for 5 

min, followed by 50oC for 60 min and 70oC for 15 min. Control reactions with no 

enzyme or no RNA were included to ensure no contamination of reagents was 

present. cDNA was stored at -20°C for further analysis. 
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2.2.2.3 Quantitative (q, real-time) PCR 

Quantitative PCR (qPCR) was used to measure mRNA levels in both tissues and 

cells. qPCR analysis of chromatin immunoprecipitation samples is described below 

(2.2.2.4.3). Reactions were carried out in a LightCycler® 480 thermocycler using 480 

Probes Master mix or SYBR Green I Master mix and either Taqman® primer/probe 

sets or custom-made primers with the Universal Probe Library system. Details of 

each assay can be found in Table 2.4. 

 

Table 2.4. qPCR primer sequences and probe numbers/TaqMan assay numbers.  

primer 
name 

forward 5’-3’ reverse 5’-3’ probe 
# 

11βHSD1 ggagcccatgtggtattgac ttcaaggcagcgagacacta 69 

11βHSD2 TaqMan ABI Mm01231104_m1 
ANP cacagatctgatggatttcaaga cctcatcttctaccggcatc 25 

BMP10 cggagcttcaagaacgaaga tggtgagggatagacacattga 55 

Bnip3 ttgtggagcatgattctgga tttcgtctccctcagtaggtg 29 

Cav1.2 cctgcacaagggctctttc agatgagggacacgctaacc 62 

cyclophilin TaqMan ABI Mm02342429_g1 
DIO2 ctgcgctgtgtctggaac ggaattgggagcatcttcac 69 

FKBP5 aaacgaaggagcaacggtaa tcaaatgtccttccaccaca 97 

GATA-4 ggaagacaccccaatctcg catggccccacaattgac 13 

GILZ tccgttaaactggataacagtgc tggttcttcacgaggtccat 49 

Glut-1 TaqMan ABI Mm00441473_m1 
GR caaagattgcaggtatcctatgaa cttggctcttcagaccttcc 91 

hexokinase-1 tcccagatgggactgagc ggactcggaaattcgttcct 72 

HIF-1α gcactagacaaagttcacctgaga cgctatccacatcaaagcaa 95 

MKP-1 gtgcctgacagtgcagaatc cactgcccaggtacaggaag 17 

MR ccctaccatgtcctagaaaagc agaacgctccaaggtctgag 109 

MyHCα cgcatcaaggagctcacc cctgcagccgcattaagt 6 

MyHCβ gcatctggaaattccgttagg ggctcgtcatccttattagacc 16 

NCX1 gtcagccttcagagctggtc gacttccaactgctccaacc 42 

PFKFB2 ttgaggaacccttcaccatt tcttctgcaccagatgttcaa 80 

PGC-1α gaaagggccaaacagagaga gtaaatcacacggcgctctt 29 

PNMT agcatgcctgcctcattg aggcaggactcgcttcac 2 

RyR2 ttcaacacgctcacggagta tgccaggctctgctgatt 81 

SERCA2a tcgaccagtcaattcttacagg cagggacagggtcagtatgc 94 

TBP gggagaatcatggaccagaa gatgggaattccaggagtca 97 

VEGF-α ttaaacgaacgtacttgcagatg agaggtctggttcccgaaa 4 
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βADR1 TaqMan ABI Mm00431701_s1 
human PGC-1α tgagagggccaagcaaag ataaatcacacggcgctctt 13 
human GILZ ccgttaagctggacaacagtg atggcctgttcgatcttgtt 36 

human 
cyclophilinA 

atgctggacccaacacaaat tctttcactttgccaaacacc 48 

 

A standard curve was prepared by serially diluting a mix of equal volumes of all 

cDNA samples (standard curve range was from 1 to 1:512 for all gene expression 

assays). cDNA samples were diluted prior to assay (1:15 for fetal hearts and kidneys, 

1:30 for fetal liver and lung, 1:5 for cell lines and 1:3 for primary cells) in sterile 

water. The reaction mix was prepared as follows: for Taqman® ABI assays, 5µl 

Lightcycler® 480 Probes Master mix, 0.5µl primer-probe, 2.5µl sterile water per 

sample; for primer-UPL based assays 5µl Lightcycler 480 Probes Master mix, 1µl 

probe (1pmol final concentration), 0.1µl of each primer (final concentration 

0.2pmol), 2.7µl sterile water per sample. Reaction mix was added to a 384-well 

plate, followed by 2µl of cDNA sample/standards. Each sample was analysed in 

triplicate. A negative control reaction (no cDNA) was included to detect reagent 

contamination. Plates were sealed and centrifuged (2,000g, room temperature, 2 min) 

to ensure all solutions were in the wells. The relative amplification levels for each 

sample were measured. Reaction conditions were as follows: 95oC for 5 min; 50 

cycles of 95oC for 10s, 60oC for 30s, 72oC for 1s; cooling 40oC for 30s. Data were 

analyzed using the 2nd derivative maximum method, where a fractional cycle (Cp) is 

determined from the amplification curve’s second derivative max indicating the 

cycle at which exponential amplification can no longer be sustained and starts to 

decline towards linear growth (Figure 2.4A).The efficiency of each assay was ~2.  
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Figure 2.4. Representative amplification and melting curves. (A) Representative 
amplification curves and (B) melting curve, showing a single peak (and thus one 
product) obtained by qPCR.  

 

Each custom primer set was tested for the presence of one product of expected size 

by gel electrophoresis (see 2.2.2.7). For reactions performed with SYBR Green I 

Master mix, a melting curve was constructed to assess the specificity of the primers 

(Figure 2.4B). 

2.2.2.3.1 Validation of internal controls 

The internal control was used to correct for differences in RNA concentrations 

between samples. Additionally, the amount of RNA used to generate cDNA was 

equalized across the samples based on the Nano-drop spectrophotometer readings. 

No correction was however made to account for possible differences in cell number 

within the tissue/cell culture sample used to generate RNA.  

Initially, three candidate internal controls, TBP, cyclophilinA (Ppia) and actin-β 

were tested. All three had similar Cp values and cycle-amplification profile between 

experimental groups for both in vitro and in vivo experiments.  
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Based on the availability, TBP (Figure 2.5) was chosen and used routinely to 

normalize the results in mouse experiments, whereas cyclophilinA was used in 

experiments with human A549 cells. 

Figure 2.5.  Validation of qPCR internal control gene. Representative experiments 
demonstrating lack of differences in TBP mRNA levels with gestational age or 
genotype in fetal mouse tissues (A,C) or (D) between in vitro treatments in primary 
murine fetal cardiomyocytes. (B)  Within one experimental group (E17.5 GR+/-) 
absolute levels of mRNA encoding gene of interest (GR) correlated positively with 
mRNA levels of TBP. Detailed descriptions of the experiments can be found in 
Chapters 4,5 and 6. 
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2.2.2.4 Chromatin immunoprecipitation 

2.2.2.4.1 Chromatin preparation 
2.2.2.4.1.1 Chromatin isolation from tissues 

Analysis was performed on frozen fetal hearts from C57BL/6J (collected at E14.5 

and E17.5) and B6N92 (E17.5) mice. Hearts of the same age and genotype were 

pooled to obtain sufficient tissue (20-30 mg). Frozen tissue was cut into < 1mm3 

fragments using a sterile scalpel on dry ice and transferred to a new tube. 1ml of 

PBS-BPFA was then added before vortexing at medium speed for 5s and incubating 

at room temperature for 5 min. Following that, the sample was again vortexed as 

above and left to incubate for a further 5 min. To quench the formaldehyde, 114µl of 

1.25M glycine was added and the contents mixed. The sample was then centrifuged 

briefly to pellet the tissue. The supernatant was removed and the pellet washed three 

times with 500µl PBS-B, each time followed by a brief centrifugation and removal of 

the supernatant. After the final wash, the supernatant was discarded. Crosslinked 

tissue was processed immediately or stored at -80oC. The tube was placed on ice and 

300µl of lysis buffer was added, then vigorously pipetted up and down to dissociate 

the tissue before incubation on ice for 5 min. The sample was then sonicated on ice 

using a probe sonicator with 1x10s burst at 75% power (amplitude 15 microns). The 

lysate was then centrifuged at 12,000g, 4oC for 10 min, and the supernatant 

transferred to a new tube. A further 30µl of lysis buffer was added to the pellet, 

vortexed at high speed for 5 sec and centrifuged as above. The supernatants were 

pooled and 400µl of RIPA-ChIP buffer was added. Samples were then sonicated on 

ice, with 7 x 8s bursts at 75% power. Between the sonication steps tubes were always 

kept on ice to avoid overheating. Samples were then centrifuged at 12,000g, 4oC for 
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10 min. The supernatant was transferred to a new tube and kept on ice. 400µl of 

RIPA-ChIP buffer was added to the pellet, vortexed and centrifuged as before and 

the supernatants pooled. The resulting chromatin was aliquoted equally into new 

tubes (as input sample or for precipitation with IgG and each antibody) and 

processed immediately or stored at -80oC.  

The optimised sonication protocol should result in chromatin fragments of 200-

700bp length. Before proceeding further, small aliquots of chromatin samples were 

processed as described below (2.2.2.4.3) and electrophoresed on a 1% agarose gel to 

confirm fragment size (2.2.2.7).  

2.2.2.4.1.2 Chromatin isolation from cells 

Chromatin was isolated from BWTG3 cells grown on 10cm dishes. Medium was 

removed and replaced with 10ml of PBS with 2.45mg/ml of dimethyl adipimidate 

x2HCl (DMA). Plates were incubated for 30 min at room temperature in the dark. 

PBS/DMA was then replaced with 10ml of medium and 270µl of 37% formaldehyde 

was added and mixed thoroughly. Plates were then incubated at room temperature for 

10 min then 1ml of 1.25M glycine added. Plates were incubated for a further 5 min, 

placed on ice then washed twice with ice-cold PBS. Cells were then scraped into 1ml 

of PBS containing 1XPIC, transferred into a tube and centrifuged at 700g, 4oC for 5 

min. The pellet was re-suspended in 500µl of lysis buffer and sonicated using a 

probe sonicator, 6 x 10s bursts at full power (amplitude 15-20 microns) on ice. 

Samples were then centrifuged at 12,000g, 4oC for 10 min. The supernatant was 

mixed with equal volume of RIPA-ChIP buffer. Chromatin was aliquoted and treated 

as described above (2.2.2.4.1.1). 
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2.2.2.4.2 Antibody-protein-DNA complexes 

A mixture of antibody and Dynabeads®-protein A slurry was prepared. Dynabeads® 

were briefly vortexed immediately before pipetting. The total amount of Dynabeads® 

required per antibody (20µl x number of samples) was placed in a 1.5ml tubes which 

were then placed in a magnetic rack. Beads were captured and buffer was removed 

without disturbing the beads. Beads were then washed twice with 500µl RIPA buffer. 

Each time tubes were vortexed, placed back in the magnetic rack and supernatant 

removed. Finally, a volume of RIPA buffer equal to the original volume of 

Dynabeads® was added to each tube before placing on ice, and 4µg of the 

appropriate antibody per sample added to each tube (rabbit polyclonal anti-trimethyl 

histone H3 (H3K4me3), anti-acetyl histone H3 (H3K9ac); or normal mouse IgG) 

before incubation for 2-3h on a nutator at 4oC. 

After the incubation beads were captured and the buffer removed. An equal volume 

of fresh RIPA buffer was added and the beads re-suspended. 20µl of the mixture was 

then added to each chromatin sample (excluding the input) before incubation 

overnight on a nutator at 4oC.  

Still at 4oC, beads were captured and supernatant removed. Beads were then washed 

three times with 500µl RIPA buffer, each time followed by 5 min incubation on a 

nutator. The fourth wash was performed with TE buffer. The entire contents were 

transferred to a fresh tube, beads captured and the supernatant discarded.  
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2.2.2.4.3 DNA fragment isolation and analysis  

To each tube of beads 1.5 x volume of the original chromatin sample of complete 

elution buffer was added. To the input samples, 1.5 x volume of elution buffer 

supplemented with 150µg/ml proteinase K.  All samples were then incubated for 2 h 

at 68oC with agitation (in a hybridisation oven), then samples (excluding input) were 

put on a magnetic rack, beads captured and supernatant transferred to a new tube. 

Beads were then incubated with 50µl of complete elution buffer as above for a 

further 5 min, captured and the supernatants combined. If necessary, elution buffer 

was added to samples as well as input fractions to bring the total volume to 500µl.  

DNA was extracted as described in 2.2.2.5.1.3 and analysed by qPCR using a 

Lightcycler® 480 and SYBR Green I Master mix. Primers were custom designed to 

span promoter regions within 500bp of the transcription start site. Sequences can be 

found in Table 2.5. 

A standard curve was constructed using the input fraction (dilution range 1-1/10000). 

Input samples were diluted 1:20 prior to adding to the reaction mix. For the reaction 

mix 5µl of Lightcycler® 480 SYBR Green I Master mix was added to 0.1µl forward 

and reverse primer (final concentration 0.2pM) and 2.7µl sterile water per sample. 

Reaction mix was added to the 384-well plate, followed by 2µl of sample/standards. 

Each sample was analysed in duplicate. A negative control reaction (no cDNA) was 

included to detect reagent contamination. Plates were sealed and centrifuged (2,000g, 

room temperature for 2 min) to ensure all solutions were in the wells. The relative 

amplification levels for each sample were measured. Reaction conditions were as 

follows: 95oC 5 min; 50 cycles of 95oC for 5s, 60oC for 10s, 72oC for 10s; melting 

curve 95oC for 5s, 65oC for 1 min; cooling 40oC for 10s. Data were analyzed using 
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the 2nd derivative maximum method (2.2.2.3). To test the specificity of the primers, a 

melting curve, allowing assessment of the dissociation characteristics of double-

stranded DNA during heating, was generated (Figure 2.4B). 

Table 2.5. ChIP primer sequences 

primer name and amplicon location forward 5’-3’ reverse 5’-3’ 
MyHC6 downstream +294-(+389)bp gaagtggggttcaggccgg gccactgagaacttcccag 
MyHC6 downstreamB +420-(+520)bp tttaggcagcaggcatatgg gaaactccctcttacctggg 
ANP promoter -34-(+29)bp tgccttctcaaagagctgg actgtctcctagctgccag 
ANP promoterB -170-(-70)bp tgagtggagctgctcaagg gataaagcgatggagtgagg 
ANP promoterC -112-(-14)bp aaaagggcatcttctgctgg agctctttgagaaggcaggg 
PGC promoter +31-(+121)bp tctgcactccagcagaatgag acataccagcagcatagtgg 
PGC downstream +278-(+380)bp tcatgcgtggctgtcaagtcat atgcaaagaatgctagactgcag 
GILZ downstream +171-(+221) gctgtcttacatggtcaccttg ggcggaggtatagtgaaagg 
 

2.2.2.5 DNA isolation and analysis 

2.2.2.5.1 DNA extraction 

2.2.2.5.1.1 Tissue DNA extraction using direct lysis 

A frozen piece of tissue (tail or a limb from fetal collection, ear clips from weaned 

animals) was digested in Direct PCR lysis reagent (150µl for ears and 200µl for tails) 

supplemented with 0.4 mg/ml proteinase K. Samples were incubated at 55oC 

overnight with rotation in a hybridization oven. Proteinase K was inactivated by 45 

min incubation at 85oC. Lysates were then centrifuged at full speed, 4oC for 1 min. 

The supernatant was used directly for analysis.  

 
2.2.2.5.1.2 Tissue DNA extraction using spin-column protocol 

For mitochondrial DNA analysis, DNA was extracted from frozen samples using a 

DNeasy® Tissue&Blood kit. Tissue was incubated with 180µl of AL buffer (supplied 

with the kit) supplemented with 20µl of proteinase K solution (supplied with the kit) 

at 55oC with rotation until completely lysed (usually ~4h). Tubes were then vortexed 
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and a further 200µl of AL buffer was added, followed by 200µl of 96% ethanol. 

Contents were thoroughly mixed and transferred into a spin column placed in a 2ml 

collection tube. Tubes were centrifuged at 8,000g, room temperature for 1 min. The 

column was then placed into a new 2ml collection tube and 500µl of AW1 buffer 

(supplied with the kit) was added, followed by centrifugation as above. The column 

was again placed into a new 2ml collection tube and 500µl of buffer AW2 (supplied 

with the kit) was added, followed by centrifugation at 15,000g, room temperature for 

3 min. The column was then placed into a 1.5ml tube and 200µl of buffer AE 

(supplied with the kit) was added. Samples were incubated at room temperature for 1 

min and then centrifuged at 8,000g for 1 min to elute the DNA. DNA was processed 

immediately or stored at -20oC. 

2.2.2.5.1.3 DNA extraction using phenol-chloroform method 

DNA was extracted by mixing samples with an equal volume of phenol-chloroform-

isoamyl alcohol (25:24:1). Tubes were shaken vigorously then centrifuged at 

15,000g, room temperature for 5 min. The top, aqueous phase was transferred to a 

new tube and mixed with an equal volume of chloroform-isoamyl (24:1) alcohol to 

remove traces of phenol. Tubes were shaken and centrifuged as above, then the top 

layer transferred to a fresh tube. Ammonium acetate pH 5.5 was added to a final 

concentration of 0.2M and ethanol to a concentration of 70%. The contents were 

thoroughly mixed and incubated at -80oC overnight. Samples were thawed, 

centrifuged at 15,000g, 4oC for 20 min, the supernatant removed and the pellet 

washed with 1ml of 70% ethanol pre-chilled to -20oC. Samples were centrifuged as 

above, the supernatant discarded and the DNA pellet vacuum-dried at medium speed. 
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DNA was resuspended in 50µl of TE buffer, processed immediately or stored at -

20oC. 

2.2.2.5.1.4 Bacterial DNA extraction 

2.2.2.5.1.4.1 BAC DNA isolation 

DNA was isolated using a NucleoBond® BAC 100 kit. The bacterial cell pellet was 

carefully resuspended in 27ml Buffer S1 (supplied with the kit) supplemented with 

RNaseA (supplied with the kit) using plastic Pasteur pipette. 24ml of buffer S2 

(supplied with the kit) was then added, mixed by inversion and incubated at room 

temperature for 3 min. 24ml of pre-cooled buffer S3 (supplied with the kit) was then 

added, mixed immediately and incubated on ice for 5 min before centrifugation at 

10,000g, 4oC for 30 min. The supernatant was filtered through sterile gauze to 

remove the precipitate and added to a NucleoBond® column (pre-equilibrated with 

6ml of buffer N2, supplied with the kit) placed over a glass beaker; the column 

flowed under gravity. The eluate was discarded and the column washed twice with 

18ml of buffer N3 (supplied with the kit). The DNA was then eluted into a fresh tube 

with 15ml of buffer N5 (supplied with the kit), preheated to 50oC and 11ml of 

isopropanol added and the tube centrifuged at 15,000g, 4oC for 30 min. The 

supernatant was discarded and the pellet washed with 5ml of 70% ethanol, vortexed 

then centrifuged at 15,000g, room temperature for 15 min. The ethanol was removed 

and the pellet left to air dry. DNA was reconstituted in 350µl of TE buffer and 

processed immediately or stored at 4oC. The desired region of BAC DNA was 

amplified by PCR as described in 2.2.2.5.2. 
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2.2.2.5.1.4.2 Plasmid DNA isolation 

For small preparations, a Qiaprep® Spin kit was used. An overnight bacterial culture 

was centrifuged in 2ml tubes at full speed, room temperature for 3 min. The 

supernatant was discarded and the pellet resuspended in 250µl of buffer P1 

supplemented with RNaseA (both supplied with the kit). 250µl of buffer P2 

(supplied with the kit) was then added to each tube and the contents mixed gently by 

inversion, until no solid precipitate was visible. 350µl of buffer N3 (supplied with 

the kit) was then added, mixed then centrifuged at 17,000g, room temperature for 10 

min. The supernatant was then transferred to a spin column and centrifuged at full 

speed, room temperature for 1 min. The flow through was discarded and the column 

washed with 500µl buffer PB (supplied with the kit), centrifuged as above and 

washed with 750µl of buffer PE (supplied with the kit), then centrifuged again. The 

empty column was then centrifuged for 1 min, and transferred to a fresh collection 

tube. DNA was eluted with 50µl of EB (supplied with the kit) buffer by 

centrifugation as above and processed immediately or stored at -20oC.  

For large preparations, a MaxiPrep® kit was used. The bacterial pellet was carefully 

resuspended in 10ml of buffer P1 containing RNAseA (both supplied with the kit), 

followed by buffer P2. The tube was vigorously shaken and incubated at room 

temperature for 5 min. 10 ml of pre-chilled buffer P3 (supplied with the kit) was 

added and mixed by inversion. The sample was then incubated on ice for 20 min then 

centrifuged at 16,000g, 4oC for 30 min. The supernatant was passed through sterile 

gauze into a Qiagen tip-500 column (pre-equilibrated with 10 ml of buffer QBT, 

supplied with the kit). The column was allowed to empty under gravity then washed 

twice with 30ml of buffer QC (supplied with the kit). DNA was eluted into a fresh 
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tube with 15ml of buffer QF (supplied with the kit), precipitated with 10.5ml of 

isopropanol and collected by centrifugation at 15,000g, 4oC for 30 min. The 

supernatant was carefully removed, the pellet washed with 5ml of 70% ethanol then 

centrifuged at 15,000g, room temperature for 10 min. The supernatant was discarded 

and the pellet air-dried, then resuspended in 500µl of TE buffer and analysed 

immediately or stored at -20oC. 

2.2.2.5.1.5 DNA extraction from agarose gel 

DNA was extracted from low-melting point agarose gels using GeneClean® spin-

columns. The desired DNA fragments were excised from the gel using clean scalpels 

under UV light (λ=365nm) and placed in a tube. 100µl of Turbo salt solution 

(supplied with the kit) was added per 100mg of agarose, incubated at 56oC, then 

vortexed. The solution was then passed through a spin cartridge by centrifugation at 

14,000g, room temperature for 10s and the flow-through discarded. The column was 

washed twice with 500µl wash buffer (supplied with the kit) and centrifuged as 

above. The empty column was then centrifuged as above and placed into a fresh 

tube. DNA was eluted with 30µl of elution solution (supplied with the kit), following 

5 min incubation at room temperature and centrifugation at full speed for 1 min. 

DNA was analysed immediately or stored at -20oC. 

 

2.2.2.5.2 Genotyping and non-quantitative PCR  

Animals were sexed and genotyped by polymerase chain reaction using DNA 

obtained by direct lysis of frozen tissues. Non-quantitative PCR was carried out on 

reverse-transcribed cDNA. Amplifications were carried out on 0.5 µl of DNA with 
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0.15 µl GoTaq® polymerase in 1x GoTaq® buffer with 0.2 mM dNTPs and 0.5 pM 

forward and reverse primers.  

For amplification of PGC-1α genomic DNA from a bacterial artificial chromosome, 

high fidelity Phusion polymerase was used. Amplifications were carried out on 1µl 

of template in Phusion buffer, with 0.25 mM dNTPs, 0.5 pM forward and reverse 

primer, 3% DMSO and 0.2µl of polymerase.  

Primer sequences, reaction conditions and expected product lengths are listed in 

Table 2.6. 

PCR products were detected by native agarose electrophoresis as described in 

(2.2.2.7). 

 

Table 2.6. PCR primer sequences, programs and product lengths 

name primers 5’-3’ program product length 
GR  tgttccaactggtgaactgactg 

tgttaccaacttctagccactgg 
 

95oC 5 min 
32 cycles   96 oC 30s 
                  56 oC 1 min 
                  72 oC 1 min  
72 oC 5 min 

465bp 

lacZ gagttgcgtgactacctacgg 
gtaccacagcggatggttcgg 
 
 

as for GR 470bp 

X/Y tgaagcttttggctttgag 
ccactgccaaattctttgg 
 
 

95 oC 3 min 
35 cycles 

95 oC 30s 
50 oC 30s 
72 oC 30s 

72 oC 5 min 

300bp (female) 
or 300+280bp 
(male) 

cre gatcgctgccaggatatacg 
aggccaggtatctctgacca 

94 oC 3 min 
30 cycles 

94 oC 30s 
59 oC 1 min 
72 oC 1 min 

72 oC 2 min 

300bp 

GR flox ggcatgcacattactggccttct 
gtgtagcagccagcttacagga 

95 oC 5 min 
35 cycles  95 oC 30s 

63 oC 1 min 

250bp (fl) 
220bp (wt) 
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ccttctcattccatgtcagcatgt 72 oC 1 min 
72 oC 10 min 

PGC-1α 
exon1 

ggactgtagtaagacagg 
gcagaatgagtgacatgg 
tctgggcaaagaggctgg 

96 oC 5 min 
32 cycles 

96 oC 30s  
59 oC 30s 
72 oC 30s 

72 oC 10 min 

215bp (variant 
A) 
90bp (variant B) 

BAC 
PGC-1α 
 

ctaagaagggcttttcaagatctgg 
ccagatctgagagtgaactgaaggcacc 

98 oC 30s 
35 cycles 

98 oC 10s 
55 oC 2 min 
72 oC 2 min 

72 oC 10 min 

4053bp 

 

2.2.2.5.3 Mitochondrial DNA quantification 

To quantify the relative amount of mitochondrial DNA, levels of DNA encoding 

intronless genomic (C/EBPα) and mitochondrial (CO1, CO3, ND2) genes were 

measured in DNA samples (obtained as described in 2.2.2.5.1.2) by qPCR as 

described in 2.2.2.3. Primer sequences can be found in Table 2.7. Reaction 

conditions for mitochondrial genes were as described in 2.2.2.3; for C/EBPα, 

conditions were as follows: 95oC for 15 min; 60 cycles of 95oC for 30s, 60oC for 1 

min; cooling 40oC for 30s. 

Table 2.7. Primer sequences for intronless genomic and mitochondrial genes 

primer 
name 

forward 5’-3’ reverse 5’-3’ probe 
# 

mt-CO1 cagaccgcaacctaaacaca ttctgggtgcccaaagaat 25 

mt-CO3 tagcctcgtaccaacacatga agtggtgaaattcctgttgga 66 
mt-ND2 caaatttacccgctactcaactc gctataatttttcgtatttgtgtttgg 101 

C/EBPα TaqMan ABI Mm_00514283_s1 

2.2.2.6 Plasmid preparation and bacterial transformation 
2.2.2.6.1 Fragment amplification using BAC 

A bacterial artificial chromosome (RP23-62B24) containing ~45kb of the mouse 

Ppargc1a gene, propagated in DH10B E.coli, was obtained as an LB-stab and stored 
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at 4oC.  Bacterial colonies were inoculated into 2ml of LB broth containing 25µg/ml 

chloramphenicol and incubated at 37oC with agitation (250rpm) until the growth 

reached late log phase. The culture was then suspended in 500ml of LB broth 

containing 25µg/ml chloramphenicol and incubated at 37oC with agitation (180rpm) 

overnight. Bacteria were harvested by centrifugation at 6,000g, 4oC for 15 min. DNA 

was extracted and amplified as described in 2.2.2.5.1.4.1. 

2.2.2.6.2 Construct preparation and transformation into E.coli 

2.2.2.6.2.1 Intermediate construct preparation  

A PGC-1α genomic fragment (4053bp, -4002/+51 in relation to the transcription start 

site, sequence in Appendix II) was amplified with primers designed to flank it with 

BglII restriction sites as described in 2.2.2.5.2 and isolated from a gel as described in 

2.2.2.5.1.5. The DNA product was subject to restriction digest to confirm its identity. 

Digests were carried out on 4µl DNA in 20µl reactions in appropriate buffers 

supplied with the enzymes, with 0.5µl restriction enzyme, at 37oC for 2h. Enzymes 

used to test the fragment and expected product lengths were: PvuII (3288+765bp), 

NdeI (3060+993bp), EcoRV (2274+1779bp) and BamHI (3483+570). Products were 

visualised on agarose gels as described in 2.2.2.7.  

The fragment was then subcloned into pCR-BluntII-TOPO® using a Zero Blunt 

TOPO® kit with 4µl PCR product, 1µl of salt solution and 1µl of the plasmid (both 

supplied with the kit). Reactions were incubated at room temperature for 30 min, 

then placed on ice and used to transform cells.    
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2.2.2.6.2.2 Transformation of OneShot® TOP10 E.coli 

50µl OneShot® TOP10 chemically competent E.coli cells (stored at -80oC) were 

thawed on ice and 2µl of Zero Blunt TOPO® reaction mix (2.2.2.6.2.1) added. The 

tubes were gently mixed and incubated on ice for 30 min. Bacteria were then placed 

in a hot block at 42oC for 30s and immediately placed on ice. 200µl of SOC medium 

was added and bacteria incubated for 30 min at 37oC with agitation (200rpm) before 

plating on LB agar plates containing 50µg/ml kanamycin and incubation at 37oC 

overnight. Single colonies were “patched” onto a fresh plate using sterile loops and 

incubated at 37oC overnight. Bacteria were transferred into 2ml of LB broth 

(containing 50µg/ml kanamycin) and incubated at 37oC with agitation (250rpm) 

overnight. DNA was then isolated from cells as described in 2.2.2.5.1.4.2.  

2.2.2.6.2.3 Construction of pEARZ1  

The PGC-1α genomic fragment was excised from pCR-BluntII-TOPO® plasmid 

using BglII restriction enzyme (as described in 2.2.2.6.1). To aid DNA isolation, the 

pCR-BluntII-TOPO® backbone (size 3519bp) was digested with XmaI (product sizes 

1990+1550bp). The desired fragment (4053bp) was isolated from the gel as 

described in 2.2.2.5.1.5.  

To generate pEARZ1, the fragment isolated from the pCR-BluntII-TOPO® plasmid 

was subcloned into pGL3-basic vector linearised using BglII as described in 2.2.2.6.1 

(1 µl template in 20µl reaction) and resolved on an agarose gel. The linearised pGL3-

basic was isolated from an agarose gel as described in 2.2.2.5.1.5. To remove 5’-

phosphate groups to prevent vector re-ligation, calf intestinal phosphatase was used 

(4µl of DNA in 10µl reaction, with 1µl 10x buffer and 1µl enzyme, room 

temperature for 1h). The phosphatase was inactivated at 70oC for 15 min and the 
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DNA purified using a GeneClean® column. The reaction was mixed with 5 x volume 

of Turbo salt solution and processed as described in 2.2.2.5.1.5. 

The vector and fragment were ligated using T4 DNA ligase, at ratio of insert:vector 

1µl:4µl. The reaction was carried out in 10µl, with 1µl of buffer (containing ATP, 

supplied with the enzyme) and 1µl enzyme at room temperature for 1h, then 4oC 

overnight. 

2.2.2.6.2.4 Transformation of competent E.coli HB101 

To prepare competent HB101 cells, colonies were innoculated into 2ml of LB broth, 

incubated at 37oC with agitation (250rpm) overnight then 500µl used to innoculate 

50ml of LB broth for growth to late log phase at 37oC with agitation (250rpm). Cells 

were collected by centrifugation at 7,000g, room temperature for 5 min, resuspended 

in 20ml of ice-cold 0.1M CaCl2, left on ice for 30 min and centrifuged as before. 

Cells were resuspended in 2ml ice-cold 0.1M CaCl2, incubated on ice for 24h then 

stored on ice and used within 3-4 days. 

Cells (200µl) were transformed with 4µl of ligated construct as described before 

(2.2.2.6.2.2) and grown on LB agar plates containing 100µg/ml ampicillin. Single 

colonies were then patched onto a fresh plate using sterile loops, incubated at 37oC 

overnight, then used to innoculate 2ml of LB broth (100µg/ml ampicillin) and 

incubated at 37oC with agitation (250rpm) overnight. DNA was isolated from cells as 

described in 2.2.2.5.1.4.2.  

To determine the orientation of the fragment within the plasmid, DNA was restricted 

with HpaI, 2h at 37oC. The presence of 5516bp and 3244bp bands indicated the right 
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orientation, whereas fragments of 6676bp and 2084bp indicated that the insert 

integrated in the wrong orientation.  

Bacterial colonies containing the desired construct were inoculated into 2ml of LB 

broth containing 100µg/ml ampicillin and incubated 37oC with agitation (250rpm) 

until growth reached late log phase, then used to innoculate 500ml of LB broth 

containing 100µg/ml ampicillin and incubated at 37oC with agitation (180rpm) 

overnight, before harvesting by centrifugation at 6,000g, 4oC for 15 min. DNA was 

extracted and amplified as in 2.2.2.5.1.4.2. 

To ascertain that the construct contained the transcriptional start site of Ppargc1a 

gene, BigDye® Sanger sequencing was carried out on a reaction mix, containing 5µl 

of DNA and 1µl of LUC primer (primer sequence 5’-ggaaccagggcgtatctcttcatag-3’) 

at a final concentration 0.5pmole/µl by www.genepool.ed.ac.uk. The output (850bp) 

sequence was then compared to the predicted pEARZ1 sequence. 

2.2.2.7 Agarose gel electrophoresis 

Agarose gels were prepared with, and electrophoresed in, 0.5xTBE buffer. For 

genotyping PCR products: GR, lacZ, cre, PGC-1α exon A and B, 1.5% agarose gel 

was used; for GRfl/fl and sexing, 2.5%; for primer specificity testing, 3.5%; for 

separation of large restriction fragments and for testing chromatin fragmentation 

(ChIP), 0.8-1%; for RNA integrity analysis, 1%. If DNA was to be isolated from the 

gel following separation, low melting point agarose was used.  

Agarose was melted in the buffer using a microwave. GelRed Nucleic acid Dye was 

added to molten agarose (0.005% final concentration) before pouring into a tray. 

Samples (excluding PCR samples already containing loading concentrate) were 
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mixed with Orange G loading dye (2:10) and loaded onto the gel together with a 

DNA ladder.  

For denaturing electrophoresis (sometimes used for RNA samples), a 1.2% agarose 

gel was prepared in MOPS buffer with 0.8% formaldehyde. RNA samples were 

mixed with 400U/ml RNaseIN®, 10 mM DTT and DEPC-water in a final volume of 

10µl.  2.5µl of 37% formaldehyde, 2.5µl of 10xMOPS and 10µl of deionized 

formamide were added. Samples were then heated at 65oC for 15 min, rapidly chilled 

and mixed with Orange G loading buffer before electrophoresis on a denaturing gel 

in 1xMOPS buffer.  

Gels were electrophoresed at ~80-120V and visualized under UV light (λ=260nm) on 

a transilluminator. For DNA isolation gels were visualized using 365nm UV light. 

Protective eye shield was worn throughout. 

 

2.2.3 Protein extraction and analysis 

2.2.3.1.1 Protein extraction  

2.2.3.1.1.1 Protein extraction from tissues  

Total protein was extracted from frozen tissue. For GR and 11βHSD-1, tissues were 

homogenized in lysis buffer and incubated for 1h, 4oC with rotation before 

centrifugation at 10,000g, 4oC for 5 min. The supernatant was transferred into a fresh 

tube and processed immediately or stored at -20oC. For MyHCα, tissues were 

homogenized directly in the lysis/sample buffer then centrifuged at 12,000g, 4oC for 

5 min. The supernatant was collected into a fresh tube and analysed immediately or 

stored at -20oC.  
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2.2.3.1.1.2 Protein extraction from cells 

For protein isolation from cell cultures, the medium was aspirated and the cells 

washed with PBS. Lysis buffer was added to each well (150µl for 12-well plates, 

300µl per 6-well plate) and lysate harvested using scrapers and collected into a tube. 

Samples were then immediately placed at 100oC for 10 min, then centrifuged at 

10,000g, 4oC for 5 min. The supernatant was collected into a fresh tube and 

processed immediately or stored at -20oC.   

2.2.3.1.2 Protein quantification 

Total protein concentration was measured by colorimetric assay. Sample 

concentration was determined from a standard curve created from a series of BSA 

dilutions ranging from 0-1.4 mg/ml. All samples were diluted 1:2 and 1:10 and 

analysed in duplicate. 5µl of sample/standards were added to the wells of a 96-well 

plate, followed by 50µl of Dc protein assay reagent A’ (5% v/v reagent S in reagent 

A) and 200µl of reagent B. The plate was then incubated for 15 min and A450nm at 

room temperature recorded using a plate reader. 

2.2.3.1.3 Protein resolution 

2.2.3.1.3.1 SDS-PAGE 

Protein samples (10-40µg) (excluding MyHCα) were adjusted to 14µl with water, 

5µl of NuPAGE® LDS sample buffer was then added followed by 2ul of sample 

reducing agent. All samples (including MyHCα) were then incubated at 70oC for 10 

min to denature the protein. Bis-Tris Novex® 4-12% pre-cast gels were locked to the 

buffer core in a vertical XCell SureLock® electrophoresis tank. The inner chamber 

was then filled with 1x running buffer. Samples and 5µl of Full-Range Rainbow 
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marker were then loaded into wells. The outer chamber was filled with buffer and 

0.5ml of NuPAGE® antioxidant was added to the inner chamber. Samples were 

electrophoresed at ~125 V on ice until the sample front reached the bottom of the 

gel. 

2.2.3.1.3.2 Coomassie gel staining 

Following electrophoresis, the gel tank was dissembled and the gel transferred into a 

dish containing Coomasie staining solution and agitated gently overnight until 

uniformly blue. The gel was then placed in de-stain solution and agitated as above. 

The solution was changed, when appropriate, until the gel became translucent with 

visible protein bands and no further blue dye transferred into the destain solution.  

2.2.3.1.4 Western blot 

Following electrophoresis, the gel tank was dissembled, and the gel transferred into a  

transfer sandwich (from the bottom: sponge-paper-gel-membrane-paper-sponge). 

Sponges were pre-soaked for 1h in cold (40C) transfer buffer. The sandwich cassette 

was then placed in the tank and all chambers filled with transfer buffer. Proteins 

were transferred at ~30V on ice for 75min (MyHCα was transferred overnight at 4oC 

at 20V). Following the transfer the membrane was placed into the Ponceau Red 

solution or directly into blocking buffer and incubated under agitation for 1h at room 

temperature. The blocking solution was then removed and the membrane incubated 

with primary antibody diluted into blocking buffer. Antibody dilutions were as 

follows: rabbit polyclonal anti-GR 1:400, mouse monoclonal anti-MyHCα 1:200, 

sheep polyclonal anti-11βHSD-1 (raised in sheep, gift from Scott Webster) 1:1000, 

mouse polyclonal α/β-tubulin 1:1000. The membrane was incubated overnight at 4oC 
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under agitation, then washed three times (5 min each) in TBST buffer, at room 

temperature under agitation. The membrane was then incubated for 1h at room 

temperature under agitation in the dark with the appropriate IRdye® secondary 

antibodies diluted 1:10000 in blocking solution. Finally, the membrane was rinsed 

with TBST three times as described above and analysed using a Licor® Odyssey 

infrared scanner (2.2.3.1.4.2).    

2.2.3.1.4.1 Ponceau Red staining 

To assess transfer efficiency, the membrane was placed into a dish containing 

Ponceau Red solution, swirled for 2 min and the membrane washed with water until 

no more red dye eluted and the protein bands were clearly visible. The membrane 

then was blocked and processed as above. 

2.2.3.1.4.2 Analysis and quantification 

Protein levels were measured using an infrared Licor® Odyssey scanner. Membranes 

were scanned at two wavelengths, 800nm (green channel) and 700nm (red channel). 

The protein of interest and internal control were detected and analysed within the 

same membrane by drawing equal size rectangles around each band with the scanner 

calculating optical density. 

2.2.4 Histology and tissue staining 

2.2.4.1 Slide preparation 

Slides were prepared by submersion in 2% 3-aminopropyl-trietoxysilane. Slides were 

washed in 0.2M HCl for 3 min, followed by 3 min in water, then placed in 2% silane 

solution for 10s and washed twice in dry acetone for 3 min. Slides were then left to 

dry at 50oC overnight and stored wrapped in tinfoil for up to 6 months.  
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2.2.4.2 Tissue processing and sectioning 

2.2.4.3 Processing and sectioning of paraffin-embedded tissue 

Embryos were collected at E10.5, E12.5, E14.5, E15.5, E16.5 (C57BL/6J); E14.5, 

E15.5, E16.5, E17.5 and E18.5 (B6N92) and E17.5 (SMGRKO), fixed in 10% 

neutral buffered formalin solution for 24h and then transferred to 70% ethanol and 

stored until further processing. Using an automated processor, tissues were passed 

overnight through increasing ethanol concentrations from 50%-100%, then xylene 

and finally paraffin wax at 60oC. Tissues were then embedded in paraffin blocks for 

subsequent sectioning. Using a rocking microtome, the embryos were coronally 

sectioned at 7µm and collected onto electrostatic slides, which were then incubated 

at 37oC overnight.  

2.2.4.4 Cryosectioning 

C57BL/6J embryos were collected at E10.5, E12.5, E14.5, E15.5 and E16.5; B6N92 

at E18.5 and ROSA26-Sm22α-Cre at postnatal day 1 and snap frozen on dry ice. 

Tissues were then stored at -80oC. For sectioning, tissues were secured on the 

embedding holder using Cryo-M-Bed and 15µm thick sections cut using a cryostat at 

-20oC and collected onto electrostatic slides. Slides were then stored at -80oC.  

2.2.4.5 Hematoxilin and eosin staining and morphometry 

Slides were first dewaxed using two xylene washes (20 min and 1 min), then 

rehydrated by 1 min incubations in decreasing concentrations of ethanol (100%, 

90%, 70%) and finally were left under running tap water for 2 min.  Slides were then 

placed in Harris’ hematoxylin for 5 min, washed under running tap water and placed 

in alkaline tap water for 1 min. Nuclei were differentiated by dipping slides in acid 



The role of glucocorticoid signalling in fetal heart development and maturation  

Chapter 2. Materials and methods  137 

 

alcohol. Slides were then washed under running tap water then placed in 74OP for 1 

min, in alcoholic Eosin Y for 30s then again washed under tap water. Sections were 

then dehydrated by 1 min incubations in increasing concentrations of ethanol (70%, 

90% and 100%) and finally placed in xylene. Sections were then mounted in DPX, 

covered with coverslips and left to dry.  

Sections were visualized and recorded using a Zeiss Axioscop microscope and 

QCapture Pro software. Images were captured using MicroPublisher 3.3 RTV. For 

morphometrical analysis, MCID Basic® 7.0 software was used. 

2.2.4.6 X-gal staining 

2.2.4.6.1 X-gal staining of slides 

X-gal (5-bromo-4-chloro-3-indolyl-B-d-galactopyranoside) staining was used to 

detect β-galactosidase activity in frozen sections. Sections were transferred directly 

from -80oC into ice-cold X-gal fixative for 15 min, washed twice in X-gal washing 

solution and stained overnight at 37oC in X-gal reaction buffer. Sections were then 

washed twice in PBS for 5 min, dehydrated by passing through 20%, 40%, 60%, 

80% and 100% ethanol (5 min each), and left to air dry. They were then placed in 

Eosin Y for 20s and washed with absolute ethanol before mounting in DPX, covering 

with coverslips and drying. Analysis was performed using a Zeiss Axioscop 

microscope and QCapture Pro software. Images were captured using MicroPublisher 

3.3 RTV (QImaging).  

2.2.4.6.1 Whole mount X-gal staining 

Tissues were dissected in PBS, immediately dropped into X-gal reaction buffer and 

incubated at 37oC until blue staining was observed. The tissue was then washed with 

PBS until the solution was clear and the staining patterns were recorded. 
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2.2.4.7 Immunohistochemistry 

Paraffin embedded formalin fixed sections were first dewaxed and rehydrated as 

described above. Antigen retrieval was performed by boiling the slides for 20-30 min 

in 0.01M citrate buffer pH 6.0. After boiling, slides were left in the buffer to cool 

down and then transferred into PBS. For immunohistochemistry using horseraddish 

peroxidase (HRP) reaction, the slides were incubated in 3% hydrogen peroxide for 

30 min and washed extensively in tap water and PBS. Slides were then placed in 

Sequenza racks and incubated for 10 min with avidin blocking solution, washed with 

PBS and incubated with biotin blocking solution (both supplied with the kit). The 

slides were then washed with PBS.  

Frozen sections were brought to room temperature and fixed in pre-cooled acetone (-

20oC) and left to air dry for ~30s. Slides were then extensively washed in tap water 

and PBS. 

To block non-specific antibody binding, 250µl of blocking solution was added and 

slides were incubated for 30 min at room temperature. Primary antibody was diluted 

in blocking solution (rabbit polyclonal anti-GR or mouse monoclonal anti-troponin 

T, 1:200 for flurescent detection and 1:1000 for HRP; rabbit polyclonal anti-caspase-

3, 1:40, rat polyclonal anti-CD68, 1:100) applied and slides left at 4oC overnight. The 

racks were then brought to room temperature and the slides extensively washed with 

PBS.  

For immunohistochemistry using fluorescence, appropriate fluorophore-conjugated 

AlexaFluor 488/546 secondary antibodies, diluted 1:200 in PBS were added and the 

sections incubated at room temperature for 1 h in the dark. Sections were then 

washed with PBS and nuclear counterstain was added (DAPI, Sytox Green, 
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propidium iodide, all diluted 1:1000 in PBS) and the sections incubated in the dark 

for 10 min at room temperature. Slides were then extensively rinsed with PBS and 

immediately mounted using PermaFluor® and covered with coverslips. Slides were 

stored in the dark at 4oC and analyzed within 48 h using a fluorescent Zeiss 

Axioskop mot plus microscope and Hamamatsu ORCA-ER digital camera with 

OpenLab 4.0.1 software. Alternatively, a confocal Zeiss Meta 710 and ZEN 2009 

software or Leica TCS SP5 microscope and AF LAS software were used. A negative 

control was used (no primary antibody) to exclude unspecific binding of the 

secondary antibody. 

For immunohistochemistry using HRP reaction, the slides were incubated with goat 

anti-rabbit biotinylated secondary antibody diluted 1:500 in PBS, for 1 h. The slides 

were then washed with PBS, incubated with ABC reagent for 30 min and washed 

again. DAB chromogen solution was then applied and incubated for 2 min, slides 

then washed extensively with PBS and tap water. For nuclear conterstaining, slides 

were placed in Harris’ hematoxilin for 45 s, washed under running tap water and 

placed in Scott’s tap water for 10 s. Slides were then washed under running tap water 

and dehydrated by 1 min incubations in increasing concentrations of ethanol (70%, 

90% and 100%) and finally placed in xylene. Sections were then mounted in DPX, 

covered with coverslips and left to dry.  

Analysis was performed using Olympus AX70 Provis microscope and Zeiss 

AxioVision 4.2 software. Images were captured using Zeiss AxioCam HRC camera. 

2.2.4.8 Immunofluorescence 

Cells were grown on gelatin-covered round coverslips placed at the bottom of the 

wells. Cells were fixed with formaldehyde (100µl of 37% formaldehyde per 1ml 
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medium) for 30 min at room temperature, then washed three times with PBS for 5 

min, under agitation. Cells were then permeabilised with 0.3% Triton-X100 in PBS 

for 10 min, extensively washed with PBS and incubated with blocking solution for 

30 min at room temperature. Primary antibodies (rabbit polyclonal anti-GR, rabbit 

monoclonal anti-troponin T, mouse monoclonal anti-α-actinin, rabbit polyclonal anti-

phosphohistone H3) diluted 1:200 in blocking solution were then added and the plate 

incubated overnight at 4oC under gentle agitation. The plate was then brought up to 

room temperature and washed 3 times with PBS, each for 5 min, under agitation. The 

appropriate fluorophore-conjugated Alexa Fluor® 488/546 secondary antibody 

diluted 1:200 in PBS were then added and the plate incubated in the dark for 1 h at 

room temperature with agitation. Cells were then washed with PBS and counterstain 

applied (DAPI, Sytox Green, propidium iodide, all diluted 1:1000 in PBS). After 10 

min cells were again washed in PBS and immediately mounted onto slides using 

PermaFluor® mounting medium. Slides were stored in the dark at 4oC and analyzed 

within 48 h using a confocal Zeiss Meta 710 microscope and ZEN 2009 software. A 

negative control was used (no primary antibody) to exclude unspecific binding of the 

secondary antibody. 

2.2.4.8.1 Quantification and image scoring 

Sarcomere length and Z-disc width were quantified using the ruler tool in Adobe 

Photoshop CS5. Measurements were performed blind to genotype, 10-15 randomly 

chosen sarcomeres were measured for each representative picture. Scoring was 

performed on α-actinin stained cells, blind to treatment. A score of 1-3 was given 

based on the appearance of the sarcomeres, with 1, randomly scattered punctuate or 

fuzzy staining; 2-clearly visible striation, but not well organized, indistinct Z-discs; 
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3, clearly visible distinct striation and wide discrete Z-discs, high degree of myofibril 

alignment. 

2.2.4.9 Wheat germ agglutinin (WGA) staining 

Slides were processed as above. Following incubation with secondary antibody, 

slides were incubated for 1 h with 50µg/ml FITC-WGA (fluorescein isothiocyanate-

WGA) in PBS, in the dark. Slides were then washed three times with PBS, nuclear 

counterstain added (DAPI/propidium iodide diluted 1:1000 in PBS) then incubated in 

the dark for 10 min at room temperature. Slides were then extensively rinsed with 

PBS and immediately mounted using PermaFluor® and covered with coverslips. 

Slides were stored in the dark at 4oC and analyzed within 48 h using a confocal Zeiss 

Meta 710 microscope and ZEN 2009 software. 

2.2.4.10 TUNEL 

TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) staining 

was performed on formalin-fixed wax embedded sections. Prior to staining, the 

sections were dewaxed and rehydrated as described above TUNEL staining was 

performed using an In Situ Cell Death Detection® kit. Sections were incubated with 

40µg PCR grade proteinase K in 10 mM Tris-HCl pH 7.5 at room temperature for 30 

min then rinsed three times with PBS. 50µl TUNEL mix was added (prepared by 

diluting Enzyme Solution 10x in Labelling Solution, both supplied with the kit). 

Sections were incubated in a humidified chamber at 37oC in the dark for 1 h, then 

washed 3 times with PBS and DAPI nuclear counterstain diluted 1:1000 in PBS was 

applied. Sections were incubated in the dark for further 10 min at room temperature, 

washed several times with PBS, then immediately mounted using permafluor and 
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covered with coverslips. Slides were kept in the dark at 4oC and analyzed within 48 h 

using a fluorescent Zeiss Axioscop mot plus microscope (Zeiss, Germany) and 

OpenLab 4.0.1 software (PerkinElmer; MA USA). Images were captured using a 

Hamamatsu ORCA-ER digital camera. For a positive control, sections were 

incubated with 30U PCR grade DNase I for 10 min at room temperature prior to 

staining. For a negative control, sections were incubated with labelling solution only. 

2.2.5 Biochemical assays 

2.2.5.1 Corticosterone radioimmunoassay 

Tissue corticosterone levels were measured by in house radioimmunoassay in which 

unlabeled sample corticosterone and [1,2,6,7-3H]-corticosterone compete for anti-

corticosterone antibody binding. The concentration of corticosterone in each sample 

is determined from the standard curve. This method is not a quantitative method to 

determine free corticosterone levels since corticosterone is dissociated from 

corticosterone binding globulin (CBG) during the assay procedure. It therefore 

measures total corticosterone concentration. 

2.2.5.1.1 Steroid extraction 

C57BL/6J fetal hearts were collected at E13.5, E14.5, E15.5, E16.5 and E18.5 and 

snap frozen on dry ice. For E13.5 and E14.5, three same-sex fetal hearts were pooled, 

for E15.5 and E16.5, 2 hearts were pooled. Tissue was homogenised in 500µl 5mM 

potassium phosphate, pH 7.0 on ice. 50µl of homogenate was then removed for 

subsequent protein quantification. Using a glass Pasteur pipette the homogenate was 

dripped slowly into 5x volume of solvent solution contained in a glass vial placed in 

a larger bucket filled with acetone and dry ice to maintain a low temperature. The 
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solvent-homogenate mixture was stirred through the whole process. Samples were 

then placed at -80oC for 40 h, before sonicating for a total of 2 minutes in the 

sonicating water bath, with 15s bursts and subsequent cooling on ice to avoid 

overheating. Sonicated samples were transferred into 20ml COREX® tubes. The 

remains of the sample were washed with 1ml of cold solvent and added to the 

COREX® tube before centrifugation at 12,000g, 4oC for 20 min. The supernatant was 

collected and reduced to dryness under nitrogen, then reconstituted in 500µl of 80% 

methanol, followed by 500µl of water. Steroids were extracted using Sep-Pak C18 

columns under vacuum. Columns were first conditioned with 5ml 100% methanol, 

followed by 2ml of water. The tissue extract was then passed through the column, 

then the column washed with 1ml of 40% methanol. Steroids were eluted with 2ml 

100% methanol, reduced to dryness under nitrogen and reconstituted in 200µl of 

borate buffer.  

 
2.2.5.1.2 Steroid quantification 

Standards were prepared from a stock corticosterone solution (320nM), diluted in 

borate buffer to obtain a series of concentrations: 320, 160, 80, 40, 20, 10, 5, 2.5, 

1.25 and 0.6nM. 50µl of sample or standard was added to the wells of a 96-well plate 

in duplicate. Volumes of borate buffer and 3H4-corticosterone were mixed to achieve 

radioactivity counts of approximately 8000-12000cpm/µl. Primary antibody (raised 

in sheep, kindly provided by Dr C. Kenyon) was diluted 1/100 in borate buffer and 

50µl was added to 6ml of 3H4-corticosterone solution. 50µl of this mixture was then 

added to the wells, followed by 25µl anti-sheep beads. The plate was sealed, placed 

on a rocker (300rpm) for 45 min, stood at room temperature overnight then counted 
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in a β-counter. Sample corticosterone levels were calculated from the standard curve 

using AssayZap software. Absolute values were corrected for the protein content. 

2.2.5.2 Corticosterone ELISA 

2.2.5.2.1 Steroid extraction from plasma 

Plasma (10µl) was mixed with 1ml tert-butyl-methyl ether in a tube shaker for 6 min 

and placed immediately on dry ice for 5 min. The upper layer was transferred into a 

glass tube and the steroid extract reduced to dryness under nitrogen then stored at 

4oC or resuspended in 100µl assay buffer and analysed as described below. 

2.2.5.2.1.1 Colorimetric ELISA 

A 96-well ELISA plate was coated with 7.5µg corticosterone-BSA conjugate (a gift 

from Dr E. Al-Dujaili and Dr C. Kenyon) in master buffer (200µl/well) at 4oC 

overnight. The plate was then washed three times with 200µl wash buffer, then 

blocked with 200µl blocking solution added to each well at 37oC for 1h. The 

blocking solution was then discarded and 50µl of sample/standards (0.2, 1, 4, 20, 

100, 100ng/ml corticosterone in assay buffer) were added to the wells in duplicate, 

followed by 100µl of antibody solution (ab-RIB4, gift from Dr E. Al-Dujaili and Dr 

C. Kenyon, diluted 1:700 in assay buffer). The plate was then incubated with gentle 

shaking at room temperature for 1h. The wells were then washed four times with 

wash buffer and 100µl of secondary antibody-HRP conjugate was added to each well 

(diluted 1:10000in assay buffer), incubated at room temperature for 1h then washed 

four times with wash buffer. Substrate solution was then added to each well (100µl) 

and the plate incubated in the dark at room temperature for 15 min. The reaction was 

stopped by adding 50µl of 1M sulphuric acid. The plate was read at λ=450nm.   
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2.2.5.3 Flame photometry  

2.2.5.3.1 Electrolyte extraction 

Dessicated E17.5 and E18.5 (B6N92, SMGRKO) embryos were placed in 3ml of 1N 

nitric acid (HNO3), and after 24 h homogenised. Homogenates were then incubated 

for a further 24 h with rotation at room temperature and centrifuged at 10,000g, room 

temperature for 1 min. The supernatant was collected and diluted 1:10 in Brij-35 

diluent. 

2.2.5.3.2 Electrolyte quantification 

Sodium and potassium content was measured using a flame photometer against a 

standard curve prepared using standard sodium and potassium solutions (1, 10, 100, 

1000 mg/l in Brij-35 diluent). Absolute values were corrected for body weight. 

2.2.5.4 UV-high performance liquid chromatography 

2.2.5.4.1 Catecholamine extraction 

B6N92 fetal livers (E17.5) were snap frozen upon collection and stored at -80oC. 

Prior to analysis, tissues were weighed, then homogenized in 200µl 0.1M perchloric 

acid, sonicated twice for 10s in a sonicating water bath and centrifuged at 12,000g, 

4oC for 5 min. The supernatant was collected and 0.2µg/ml of internal standard (3,4-

dihydroxybenzylamine, DHBA) added before placing in a SpinX 0.22µm cellulose 

acetate centrifuge filter cartridge and centrifuging at 12,000g, 4oC for 1 min. The 

flow-through was collected and a further 100µl of 0.1M perchloric acid was added to 

wash the column with centrifugation as above. Samples were kept on ice prior to 

analysis and were placed in a chromatography carousel within 20 min of preparation.   
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2.2.5.4.2 UV Detection 

Adrenaline levels were measured in fetal liver extracts (Figure 2.6). Stock solutions 

of each compound: adrenaline, noradrenaline, homovanillic acid (HMV), p-amino 

hipurric acid (PAH) and 3,4-dihydroxybenzylamine (DHBA), were prepared in 0.1M 

hydrochloric acid (HCl). Each standard was run individually and the retention time 

was recorded. Internal standards were then mixed with adrenaline and the 

temperature of the column and pH of the citrate buffer were altered to ensure the 

selected compounds had distinct retention times.  Optimal chromatography 

conditions were optimized as follows: 6% methanol, λex=271 nm, λem=302 nm, 

temperature of the column 25oC, citrate buffer pH 3.5. Based on test runs, DHBA 

was selected as an internal standard (PAH was undetectable at the chosen 

excitation/emission wavelengths and HMV had a retention time equal to that of 

adrenaline). A standard curve was created by serial dilutions of 0.3µg/µl adrenaline 

in citrate buffer (0.3, 0.2, 0.15, 0.1, 0.75, 0.5, 0.0375, 0.01875, 0.009375, 0.004688, 

0.002342, 0.001172, 0µg/ml). The concentration of the internal standard DHBA 

remained constant throughout the standard curve dilutions and samples (0.2µg/ml).  

Samples were loaded into a Waters 2695 separation module which autoinjected 10μl 

into a Waters Sunfire 3.5μm C18 column with a mobile phase delivered at a constant 

flow rate of 0.4ml/min. Each sample took ~10 min to complete and the column was 

maintained at a constant temperature (25oC). The natural fluorescence of adrenalin 

was detected by a Waters 2475 Multi Wavelength Fluorescence Detector. 

The mobile phase consisted of HPLC-grade methanol and citrate buffer (pH 3.5) 

filtered through a 0.22μm nitrocellulose filter and was kept in an isocratic mode 

throughout.  The ratio of the areas under the peaks (uV x sec) of adrenaline to DHBA 
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was calculated and the sample concentrations were calculated from the standard 

curve. Absolute values were corrected for tissue weight. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. Adrenaline detected in fetal liver extracts by UV-HPLC. 
Representative chromatograms of A. a solution of adrenaline and noradrenaline (both 
2µg/ml), B. sample alone (fetal liver extract), C. sample spiked with 2µg/ml of 
adrenaline showing one merged peak and D. sample spiked with 2µg/ml of 
noradrenaline showing two distinct peaks with retention times equal to those seen in 
(A). Natural fluorescence was detected at λex=271 nm, λem=302 nm.    
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2.2.5.5 Luminometry and β-galactosidase assays 

BWTG3 cells were washed with PBS, and 100µl of lysis buffer was added to each 

well. Lysates were collected into tubes using cell scrapers and centrifuged at 

maximal speed for 60s and processed immediately. Both luciferase and β-

galactosidase assays were conducted within one Nunclon® 95-well plate. 

For luciferase assay, 100µl of assay buffer and 5µl of 30mM ATP was added to each 

well, followed by 40µl of sample. 

For β-galactosidase assay, 67µl of reaction buffer (Tropix® GALACTON substrate 

diluted 1:100 is assay diluent) was added to each well, followed by 10µl of sample. 

The plate was incubated for 15 min. 

Luminescence was detected using an Orion II microplate reader. The machine 

injected 105µl 1mM luciferin or Tropix® Accelerator II per sample. The luciferase or 

β-galactosidase activity of samples transfected with pGEM3 was subtracted from the 

sample values, and the samples of interest corrected for β-galactosidase assay 

readouts. Cells transfected with pSV40-Luc served as a positive control for luciferase 

assay, whereas pGL3-basic transfected cells served as a negative control. 

2.2.6 Tissue culture  

2.2.6.1 Primary cell isolation and maintenance 

For cardiomyocyte isolation, E15.5-E17.5 C57BL/6J embryos were used. Tissues 

were maintained at 37oC throughout the procedure. Embryonic hearts were dissected 

in Tyrode’s salt buffer and the ventricles separated from the atria. Ventricles were 

then briefly washed in fresh buffer and placed in a tube containing culture media at 
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37oC, then rinsed 2 times in media. The hearts were then placed in 10ml of enzyme 

buffer and incubated on a rotator at 37oC for 10 min. Myocyte cells were not 

removed during this first incubation and therefore the solution was discarded without 

removing the hearts, and fresh enzyme buffer (10ml) was added and the tube and 

incubated as above. After 10 min the solution containing the cells (excluding the 

hearts) was transferred to a fresh tube containing 10ml of culture media to stop the 

enzymatic reaction. This tube was then centrifuged at 1,000g, room temperature for 

10 min and the supernatant discarded. The cell pellet was resuspended in 1ml of 

fresh culture media and kept at 37oC. Concurrently, a fresh 10ml of enzyme buffer 

was added to the tube containing tissue and incubated as before. These incubation 

and centrifugation steps were repeated until the hearts were reduced to a single 

matrix conglomerate (usually 5-8 cycles). All cell collections were then combined 

and centrifuged as above. The supernatant was discarded and the cells resuspended in 

15 ml warm isolation medium, placed in a 10cm culture dish and incubated at 37oC 

for 2.5-3h.  

During this period the fibroblasts (and other non-myocyte cell types) adhered to the 

dish. After incubation the medium was removed and centrifuged as above. 6,12,24 or 

48-well plates or 35mm dishes were coated with 1% of gelatin solution and 

incubated for 10 min, before aspirating. For immunofluorescence, round coverslips 

(no.1 thickness) were placed inside the wells before adding gelatin. The cell pellet 

was resuspended in culture medium and cells plated into the wells. After 24 h the 

medium was removed, cells were rinsed and given 1.5ml of medium. Half of the 

medium was replaced every 48h. Cells were kept under standard conditions, 37oC, 

5% CO2. Spontaneous beating was observed from day 2.  
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For GR translocation experiments and RNAseq, cells were maintained in medium 

containing charcoal-stripped serum; for siRNA transfections cells were maintained in 

antibiotic-free medium. 

2.2.6.2 Flow cytometry analysis of cardiomyocyte content 

3-day cardiomyocyte cultures were analysed by flow-cytometry analysis for their 

expression of the cardiac marker, troponin-T. Undifferentiated 3T3-L1 pre-

adipocytes (exhibiting a fibroblast-like phenotype) were used as a negative control. 

On the day of analysis, cells were washed with sterile PBS containing no 

magnesium/calcium (PBS-/-). Cardiomyocytes were then detached from the plate by 

incubation with TVP and 3T3-L1 cells with trypsin-EDTA at 37oC. Serum-

containing medium was then added to inactivate trypsin, and cells collected by 

centrifugation at 1,000g, room temperature for 5 min. Concurrently, cells were 

counted using a Neubayer chamber. The supernatant was discarded and cells washed 

twice with ice-cold PBS-/-, each time followed by centrifugation at 400g, 4oC for 4 

min. The pellet was then resuspended in PBS and 1,000,000 cells placed in each pre-

chilled polystyrene FACS tube kept on ice. 

All tubes except for those to be stained with Fixable Viability Dye eFluor® 660 were 

incubated in 100µl of blocking solution (10% fetal calf serum in PBS-/-) for 30 min 

on ice. 

Cell pellets for the viability staining were resuspended in 1ml of PBS-/- and 1µl of 

the Fixable Viability Dye eFluor® 660 was added. Tubes were then incubated at 4oC 

for 30 min in the dark. Finally, cells were washed twice with PBS-/-, each time 
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followed by centrifugation at 400g, 4oC for 4 min and incubated in blocking solution 

as above.   

After blocking 100µl of Fix&Perm kit reagent A was added to each tube and samples 

were incubated at room temperature for 15 min. Viability dye-stained cells were 

incubated in the dark. 3ml of PBS-/- was then added to each tube and samples 

centrifuged as above. The supernatant was discarded and 100µl of reagent B was 

added to each tube. To the tubes containing cells to be stainined with anti-troponin T 

mouse antibody, 20µl of antibody diluted in PBS-/- was added, at a final dilution of 

1:100. To the negative control samples (secondary antibody only) PBS-/- was added. 

Tubes were vortexed and incubated at room temperature for 20 min. Again, viability 

dye-stained cells were incubated in the dark. Following the incubation, 3ml of PBS-/- 

was added, then samples were incubated at room temperature for further a 10 min. 

Cells were then washed with PBS-/-, each time followed by centrifugation as above. 

At that stage, samples of unstained cells and viability dye only stained cells were 

resuspended in 10% formalin in PBS-/- and stored at 4oC in the dark. The rest of the 

samples were incubated with secondary antibody (goat anti-mouse AlexaFluor® 488, 

diluted 1:200 in PBS-/-) for 30 min, room temperature in the dark. Cells were then 

washed twice with PBS, each time followed by centrifugation as above, resuspended 

in 10% formalin and kept on ice. Samples were analysed the same day using LSB 

Fortressa®, using green (488) and far red (660) lasers. 

2.2.6.3 Culture of 3T3-L1, A549 and BWTG3 cells 

Undifferentiated mouse 3T3-L1 pre-adipocytes (Green and Kehinde, 1974) and 

human lung epithelial A549 cells (Lieber et al., 1976) were cultured in T75 flasks, in 
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DMEM containing 10% fetal calf serum, penicillin-streptomycin. BWTG3 mouse 

hepatoma cells (Szpirer and Szpirer, 1975) were maintained in DMEM supplemented 

with 10% fetal calf serum, penicillin-streptomycin, sodium pyruvate, sodium 

bicarbonate and non-essential amino acids.  Cells were passaged every 3 days or 

more often if appropriate. 3T3-L1 cells were not allowed to reach confluency. Old 

medium was aspirated from the flasks and cells washed with PBS. 5ml of trypsin-

EDTA solution was then placed in the flasks and incubated at 37oC for 5-10 min. 

Detachment of cells was carefully monitored under a light microscope. Flasks were 

gently tapped on the side to release the cells and 10ml of medium added to inactivate 

trypsin. The contents of the flasks were then split between two or more flasks and the 

volume of medium made up to 10-12ml.    

To induce differentiation of 3T3-L1 cells, medium was supplemented with 10nM 

insulin, 0.5mM IBMX and 1µM dexamethasone.  

2.2.6.1 Transfections 

2.2.6.1.1 siRNA and DNA transfections 

Prior to all transfections, medium was changed to 0.5ml antibiotic-free culture 

medium. Solutions were prepared as follows: 2μl LipofectamineTM 2000 in 50μl 

OPTI-MEM I and 4μl 200µM siRNA or 100µg plasmid: pKC275 (encoding β-

galactosidase) (Sai et al., 2008a), pSV2-Luc (positive control) (de Wet et al., 

1987), pGEM3 (used as a negative control), pGL3-basic (empty vector control), 

or pEARZ1 (described 0) in 50μl OPTI-MEM I. Solutions were vortexed and 

incubated for 15 min at room temperature, then mixed together and incubated for 

further 15 min at room temperature and added directly to the wells in triplicate. 
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Negative controls (Silencer® Select scrambled siRNA) were included in siRNA 

experiments. Cells were incubated for 24 hours (40h for GR siRNA), medium 

changed (to antibiotic-free) and appropriate treatments applied. 

2.2.6.1.2 Validation of transfection efficiency with fluorescent oligos 

To establish whether LipofectamineTM 2000 transfection method was able to deliver 

nucleic acids into cardiomyocytes, fluorescent oligos were used to visualize the 

process (Figure 2.7). FITC-labelled BLOCK-iTTM oligos were transfected as 

described for siRNA in (2.2.6.1.1) and imaged using a confocal Zeiss Meta 710 

microscope and ZEN 2009 software.  

 

 

 

 

 

 

Figure 2.7. Validation of LipofectamineTM 2000 transfection in primary fetal 
cardiomyocytes. Cells were transfected with FITC-tagged fluorescent oligos alone 
(left) or in the presence of LipofectamineTM 2000 for 24h. LipofectamineTM 2000 
causes accumulation of fluorescent nucleic acid in the cell.  

2.2.6.2 In vitro treatments 

Cells were treated with corticosterone, dexamethasone, RU-38486 (RU486, 

mifepristone), cycloheximide or spironolactone from 10mM stocks in 96% ethanol to 

a concentration and for a period indicated for each individual experiment. 
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2.2.7 Imaging techniques 

2.2.7.1 µMagnetic resonance imaging 

2.2.7.1.1 Tissue preparation and processing 

E17.5 B6N92 embryos were dissected in Petri dishes with pre-warmed Hank’s buffer 

containing 5mM EDTA. The umbilical cord cut was carefully cut. Embryos were 

kept bleeding for approximately 20 min at 37oC with gentle rotation. If there was a 

blockage, clotting blood was removed or the umbilical arteries were cut shorter. The 

head was removed and the trunk washed briefly in ice-cold PBS then transferred into 

fresh 4% paraformaldehyde and sent to the Wellcome Trust Centre for Human 

Genetics (Oxford) for scanning. Further processing and scanning was performed by 

Dr. Dorota Szumska. Embryos were immersion-fixed in 4% paraformaldehyde in 

phosphate-buffered saline (PBS) containing 2mM of the non-specific contrast agent 

dimeglumine gadopentetate (Gd-DTPA) for several days at 4°C. The fixed embryos 

were then embedded in 1% agarose in water with 2 mM Gd-DTPA in 28-mm multi-

embryo imaging glass tubes (24 embryos per tube).  

 
2.2.7.1.2 Image acquisition and analysis 

The tubes underwent μMRI scanning at a resolution of 25.4 × 25.4 × 24.4 μm per 

voxel in overnight runs, imaging all embryos simultaneously. Imaging experiments 

were carried out on an 11.7-Tesla (500 MHz) vertical magnet (Magnex Scientific, 

Oxon, UK) (Pieles et al., 2007).  μMRI images were archived as TIFF files. 

The volume data sets were visualized with the software package Amira 4.0 and 

analysed using virtual re-sectioning. In selected embryos the heart, larger blood 

vessels and trachea were manually reconstructed using the label field function of the 
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software. Surface rendered 3D models were generated for presentation. Volume 

measurements were performed using pre-generated 3D models. Absolute values were 

corrected for sternum-spine distance, measured concurrently.  

2.2.7.2 Transmission electron microscopy 

E17.5 B6N92 embryos were dissected, the hearts cut in half along the septum with a 

scalpel and placed in 3% glutaraldehyde in 0.1M sodium cacodylate buffer, pH 7.3. 

Concurrently, the head was placed in X-gal reaction buffer for rapid genotyping 

(described 2.2.4.6.1). GR-/- heads stained all over, GR+/- heads only stained blue 

within the neck muscles and GR+/+ did not stain.  

Primary fetal cardiomyocytes were washed with PBS and fixed in 3% glutaraldehyde 

in 0.1M sodium cacodylate buffer, pH 7.3. Further processing was performed by 

Steven Mitchell, Institute of Molecular Plant Sciences, University of Edinburgh. 

After 2-3 hours the hearts were washed three times (10 min) in 0.1M sodium 

cacodylate buffer. Specimens were then post-fixed in 1% osmium tetroxide in 0.1M 

sodium cacodylate for 45 min, then washed three times (10 min) in 0.1M sodium 

cacodylate buffer. The samples were then dehydrated in 50%, 70%, 90% and 100% 

normal grade acetone (10 minutes each), then twice (10 min each) in analar grade 

acetone. Samples were then embedded in araldite resin.  Sections, 1μm thick were 

cut on a Leica Reichert OMU4 ultramicrotome, stained with toluidine blue and 

viewed in a light microscope to select suitable areas for investigation.  Ultrathin 

sections, 60nm thick were cut from selected areas, stained with uranyl acetate and 

lead citrate then viewed in a Phillips CM120 transmission electron microscope. 

Images were acquired with a Gatan Orius CCD camera.  
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2.2.7.2.1 Quantification of sarcomere length and scoring 

Sarcomere length was quantified using the ruler tool in Adobe Photoshop CS5. 

Measurements were performed blind to genotype, 10 randomly chosen sarcomeres 

were measured for each representative picture. Scoring was performed blind to 

genotype, and a score of 1-5 was given based on the organization of the fibrous 

material within the cell, with 1, no fibrous material; 2,3 some fibrous material, not 

well organized; 4, some myofibrils visible; 5, clearly visible aligned myofibrils, 

distinct Z-discs. 

2.2.7.3 In vivo ultrasound 

2.2.7.3.1 Animal preparation 

Recent advances in technology allow for reliable and precise visualization and 

evaluation of cardiac performance in mouse fetuses, where even in late gestation the 

heart measures < 2mm (Zhou et al., 2002, Phoon and Turnbull, 2003, Zhou et al., 

2003b, Shen et al., 2005, Corrigan et al., 2010). For the evaluation of E17.5 B6N92 

and SMGRKO embryos, a Visualsonics Vevo® 770 ultrasound biomicroscope was 

used. Pregnant mice were anesthetized using isoflurane gas (initially 5% in medical 

air containing 21% oxygen, then maintained at 1-2% isoflurane). Mice were then laid 

supine with all legs taped to electrocardiogram (ECG) electrodes for heart rate 

monitoring (around 450–550 beats/min). Body temperature was monitored using a 

rectal thermometer. The hair over the abdomen of the mother was removed using a 

commercially available shaver and depilating cream and pre-warmed ultrasound gel 

was applied. The 55Mhz RMV (real time microvisualisation) transducer was used, 

giving an axial resolution of 30µm and a focal length of 4.5mm. The uterus was not 
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exteriorised and the embryos were imaged transcutaneously. The dam’s bladder was 

used as a landmark, with fetuses in the right and the left uterine horns. If the 

temperature of the mother dropped, the transducer was removed and a heating lamp 

was placed over the abdomen until the temperature returned to over 36oC. 

Electrocardiogram and respiratory rate were also monitored continuously during the 

scan. During a 20-30 min scanning session, up to 7 embryos were visualised. All data 

obtained after this time was not considered accurate. By avoiding prolonged 

scanning times, normal physiological conditions were maintained and the adverse 

effect of anaesthetic and temperature changes on embryos were minimized. 

2.2.7.3.2 Trace acquisition and analysis 

Embryo hearts were visualised in two modes, transmitral B-mode (otherwise known 

as standard pulse wave Doppler) and M-mode, providing quantitative measures of 

chamber dimensions and wall thickness by tracing movement of the interfaces in a 

short axis view (Figure 2.8). M-mode was achieved by manipulating the angle of the 

transducer from the initial frontal plane to perpendicular to the intraventricular 

septum. Transmitral Doppler traces were obtained from the longitudinal axis of the 

fetal hearts. Although individual fetal positions did not always allow an optimal 

Doppler angle to be achieved between the incident ultrasound beam and the direction 

of blood flow, variation in the incident angle of the ultrasound transducer with 

respect to the heart varied no more than 5 between fetuses. No angle correction was 

made. Following imaging, the pregnant dam was euthanized in situ, scanned fetuses 

excised following identification by corroboration of position with the ultrasound 

images, then a tissue sample (tail or limb) taken from each fetus for genotyping. 
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Image analysis was performed using Vevo® 770 software using “Standard 

measurements – apical, 4 chamber” package. 

 

 

 

 

 

 

 

 

Figure 2.8. Representative fetal heart ultrasonographic traces. (A) 
Representative transmitral B-mode (pulse wave Doppler) trace of the left ventricle. 
(B) Representative M-mode (motion mode) in the short axis of the heart, with right 
(top) and left (bottom) ventricle trace.  

 

2.2.7.4 Soft video edge detection 

Mechanical properties of spontaneously contracting cardiomyocytes were measured 

using optical video edge-detection system with help of Dr Margaret-Anne Craig and 

Prof. Godfrey Smith of the University of Glasgow. Cells were grown (as in 2.2.6.1) 

and visualised in normal culture medium (containing standard 1.8mM calcium) in 

35mm non-treated dishes coated with gelatin placed on a heated stage (37°C) of a 

Nikon Diaphot 2 inverted microscope equipped with a MyoCam-S CCD camera and 
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video motion edge detector. Cells were imaged at a sampling rate of 250Hz and the 

video lines were manipulated to capture the optimal contrast. Analogue data was then 

converted to digital and the magnitude and timecourse of contractions was calculated 

with Origin6.1 software. 

2.2.8 RNAseq (Whole Transcriptome Shotgun Sequencing) 

RNA sequencing (RNAseq) was performed on RNA extracted from primary fetal 

cardiomyocytes treated with dexamethasone (100nM) for 2h in the presence of 

10µM cycloheximide. Control cells were treated with cycloheximide alone. Each 

treatment was performed in triplicate (total 6 samples) obtained over 2 separate 

experiments. Each individual sample consisted of pooled RNA (~7µg) extracted 

from three wells of a 6-well plate as described in 2.2.2.1.2. Further processing was 

performed by The GenePool (http://genepool.bio.ed.ac.uk/). Briefly, RNA quality 

was assessed using automated gel electrophoresis and a TruSeq library was prepared 

and sequenced using an Illumina HiSeq 2000 platform, generating 50 base single-end 

sequences, yielding 30-50M reads per sample, allowing for deep coverage and base-

level resolution of sample RNA content.  

Mapped reads were received from the sequencing facility in the form of binary 

“.bam” format files and processed further by the BHF CoRE Bioinformatics Facility. 

The files were sorted by name with samtools (Li et al., 2009) version 0.1.17 

(r973:277). Reads from text (.sam) format versions of these files were then assigned 

to exon features with the htseq-count utility of HTSeq (Anders and Huber, 2010) 

(version 0.5.3) in 'union' mode, specifying a non-stranded library, a minimum quality 

of 20 and mouse genome version NCBI m37 (Ensembl 67) as reference annotation. 
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Counts were then normalised by effective library size, and differential expression 

(count) assessed, with the use of the DESeq package (Anders and Huber, 2010) (v. 

1.9.7) from Bioconductor (Gentleman et al., 2004). Normalised counts and 

differential expression measures were placed in a database with in-house tools for 

data mining. Data were analysed based on fold-change and statistical significance.  

2.2.9 Computational methods 

Figures were prepared and with Photoshop CS5 (Adobe).  

The bioinformatic programs and resources with their website addresses are listed 

below: 

Ensembl  http://www.ensembl.org/index.html 

Universal Probe Library https://www.roche-applied-science.com/sis/rtpcr/upl/index.jsp 

NCBI BLAST  http://blast.ncbi.nlm.nih.gov/Blast.cgi  

NCBI Entrez   http://www.ncbi.nlm.nih.gov/sites/gquery 

EMBL-EBI          http://www.ebi.ac.uk/ 

PIP maker  http://pipmaker.bx.psu.edu/pipmaker/ 

NEBcutter  http://tools.neb.com/NEBcutter2/ 

Alibaba  http://www.gene-regulation.com/pub/programs/alibaba2/index.html 

Whole Genome RVista Comparative Genomics Tool:  

 http://genome.lbl.gov/cgi-bin/WGRVistaInput5.pl?cfg_dir=gp_r4099_283 

HTSeq counting http://www-huber.embl.de/users/anders/HTSeq/doc/overview.html 

RNAseq data mining tools http://www.bioinf.mvm.ed.ac.uk/  
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2.2.10 Statistical analyses 

For the statistical analysis, GraphPad Prism 5 was used. Numerical data was checked 

for normal distribution. 

Comparisons between 2 groups (e.g. GR+/+ vs GR+/-) were done by Student’s t-test or 

Mann Whitney U-test, stated as appropriate.  

For the analysis of an effect of one factor (e.g. dose- and time responses) in three or 

more groups, one-way ANOVA with Bonferroni’s post-hoc test was used. 

For the analysis of multiple levels of two factors (e.g. age and genotype), two-way 

ANOVA with Bonferroni’s multiple comparisons post-hoc test was used. 

Values are shown as means ± SEM. Significance was set as p<0.05. Full details of 

statistical analyses are contained within figure legends in each chapter. 
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3.1 Introduction 
In mice, the dramatic rise in fetal blood glucocorticoid levels occurs between E15.5 and 

birth (Barlow et al., 1974, Michelsohn and Anderson, 1992b) to elicit structural and 

functional changes and induces biochemical pathways in tissues and organs (Fowden et 

al., 1998) and see 1.4. 

Despite their undisputed importance in fetal development, premature activation of 

glucocorticoid-dependent pathways or excessive glucocorticoid levels during pregnancy 

are detrimental, causing lifelong “programmed” adverse effects on virtually all body 

systems, leading to reduced birth weight and increased risk of hypertension, diabetes 

and altered HPA axis function in adult life (see 1.5.2). Thus, prenatal glucocorticoid 

treatment in animal models is reported to elicit both growth and maturation stimulatory 

(Torres et al., 1997, Rudolph et al., 1999, Muangmingsuk et al., 2000, Giraud et al., 

2006a) or inhibiting (Bian et al., 1992a, Torres et al., 1997) effects on cardiomyocytes, 

possibly dependant on the exact timing and dose given the inverted U-shaped dose 

response curve for many glucocorticoid actions. However, there is a paucity of evidence 

concerning the consequences of inadequate prenatal glucocorticoid action on cardiac 

structure and function.  

Here, the effects of lack of glucocorticoid receptor signalling upon the late gestation 

fetal heart were examined. 
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3.1.1 Aims of the chapter 
 

1. To identify the critical windows of glucocorticoid sensitivity in the fetal heart 

2. To investigate the functional and structural effects of glucocorticoid action on 

the heart using fetal GR-/- mice 

3. To establish whether the cardiac phenotype of fetal GR-/- mice is secondary to 

adrenaline deficiency 
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3.2 Results 

3.2.1 GR expression and corticosterone levels in fetal heart  

To address the presence and timing of the glucocorticoid receptor expression and 

ligand availability in the fetal heart, both were examined. Total (free and bound) 

corticosterone levels were examined by radioimmunoassay of tissue steroid extracts of 

C57BL/6J hearts at E13.5, E14.5, E15.5, E16.5 and E18.5. Overall, corticosterone 

levels were undetectable or at very low levels at E13.5 and E14.5 but rose dramatically 

at E15.5, peaking at E16.5 (~16-fold increase vs E14.5). At E18.5, cardiac 

corticosterone levels were slightly decreased compared to E16.5 yet still at a higher 

level than seen at and before E15.5 (Figure 3.1). 

As the null allele of GR (Nr3c1gtESK92MRCHGU, also referred to as GRβgeo) present in 

GR+/- and GR-/- contains a β-galactosidase-neomycin phosphotransferase (βgeo) 

cassette between exons 3 and 4 (Sutherland et al., 2001, Michailidou et al., 2008), X-

gal staining was carried out on frozen tissue sections from E10.5, E12.5, E14.5, E15.5 

and E16.5 GR+/- embryos to detect GR-β-geo fusion protein. X-gal staining was 

present, albeit at low levels, in E10.5 fetal hearts, and increased rapidly with age 

(Figure 3.2). To examine whether GR is present in wild-type fetuses, 

immunohistochemistry was carried out on formalin-fixed paraffin-embedded tissue 

sections of C57BL/6J. GR immunoreactivity was detected in cardiomyocytes at E10.5 

and later time points, but was weak and restricted to the cytoplasm at both E10.5 and 

E12.5 (Figure 3.3). At E14.5, the GR signal increased yet remained largely 

cytoplasmic (though a low level of nuclear staining was detected). However, at E15.5 

and E16.5, GR staining became very intense and localised predominantly in the nuclei 
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(Figure 3.3), suggesting widespread activation of GR driven by ligand availability in 

cardiomyocytes, commencing between E14.5 and E15.5. 

 

 

 

 

 

 

 

 

Figure 3.1. Corticosterone levels are undetectable in the fetal heart at or before 
E14.5, then rise and peak at E16.5. Radioimmunoassay was used to quantify 
corticosterone in tissue extracts. Values are nmole corticosterone per mg of protein. 
Values are means ± SEM, and were analysed by one-way ANOVA with Bonferroni’s 
post-hoc test, ***p<0.001 vs E14.4, ##p<0.01 vs E15.5, n=6-16. 
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Figure 3.2. X-gal staining “reports” GR expression within the fetal heart from 
E10.5, with expression increasing throughout development. GR expression was 
detected by X-gal staining (blue) of frozen GR+/- fetal heart sections, where the lacZ 
insert within the GR gene allows for the detection of β-galactosidase activity. Negative 
control – E10.5 GR+/+ fetal heart. Images are representative of n=4-6. LV-left ventricle, 
RV-right ventricle, LA-left atrium, RA-right atrium, L-lungs.      
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Figure 3.3. GR is expressed in fetal heart from E10.5, but is only localised to nucleus 
from E15.5. Representative (n=5-7) images of GR-immunoreactivity in formalin-fixed 
paraffin-embedded fetal heart tissue sections (ventricle). GR (red) is present in 
cardiomyocytes, identified as troponin T-positive cells (green) from E10.5 but is 
restricted to the cytoplasm. GR expression increases throughout gestation and becomes 
nuclear (colocalised with DAPI-blue; seen as magenta color) from E15.5 onwards. 
Negative control - no primary antibody. 
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3.2.2 Prenatal death among GR-/- animals 
In matings of GR+/- mice, GR-/- fetuses were present at half the number of GR+/+ at 

E17.5 and E18.5, but at the expected Mendelian ratio at E14.5 (Table 3.1), prior to the 

surge in fetal glucocorticoid levels. The loss of GR-/- fetuses must therefore occur 

between E14.5 and E17.5. Dead late-gestation GR-/- fetuses were sometimes recovered 

but showed no obvious abnormalities that suggested the cause of death. Moreover, 

cases of selective abortions of GR-/- and sometimes GR+/- embryos were occasionally 

observed prior to the expected day of birth. Additionally, GR+/- mice at 3 weeks of age 

were also under-represented, with 40% reduction to the expected number. 

Table 3.1. Fetuses from GR+/- x GR+/- matings are present at the expected 
mendelian ratio at E14.5, but not at E17.5 or E18.5. At E14.5 GR-/- fetuses were 
present at close to the expected 25% +/+: 50% +/-: 25% -/- ratio, but were present at 
≤50% the number of GR+/+ fetuses at E17.5 and E18.5. Data were analysed with chi-
square (χ2) test. Numbers in brackets refer to the percentage of the total number of 
fetuses. 

 GR+/+ GR+/- GR-/- significance 
E14.5  (17 litters) 37 (28%) 62 (47%) 34 (26%) ns 

E17.5 (86 litters) 164 (32%) 266 (52%) 82 (16%) p<0.0001 

E18.5 (30 litters) 54 (33%) 84 (52%) 25 (15%) p<0.05 

 

3.2.3 Whole body water content and electrolyte composition 

Wet weight of E17.5 and E18.5 GR-/- fetuses did not differ from GR+/+ or GR+/- 

littermates, but dry weight was reduced (Figure 3.4), suggesting an accumulation of 

excess fluid in GR-/- tissues. Whole-body sodium levels (measured by flame photometry 

of tissue extracts) were increased in E17.5 and E18.5 GR-/- compared to GR+/+ fetuses, 
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with no change in potassium content (Figure 3.5), indicative of a predominantly 

extracellular origin of excess fluid and altogether, a widespread edema.  

 

Figure 3.4. GR-/- embryos at E17.5 and E18.5 show excess fluid accumulation. Wet 
weight at E17.5 and E18.5 was not different between genotypes (A), but dry weight 
was reduced in GR-/- fetuses at both timepoints (B). Consequently the body water 
content (percentage) was increased (C). Values are means ± SEM, and were analysed 
by one-way ANOVA with Bonferroni’s post-hoc test; ***p<0.001, **p<0.01, *p<0.05 
vs GR+/+, #p<0.05 vs GR+/-, n=4-17. 
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Figure 3.5. Whole body electrolyte balance is disturbed in GR-/- fetuses at E17.5 
and E18.5, with an increase in sodium content. Whole body sodium and potassium 
levels were quantified in carcasses by flame photometry and the absolute values are 
corrected for body weight. Whole body sodium was increased in GR-/- fetuses, with no 
change in potassium levels. Subsequently Na+:K+ ratios were increased. Values are 
means ± SEM, and were analysed by Student’s t-test; ***p<0.001, **p<0.01, *p<0.05, 
n=4-16 
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3.2.4 In vivo ultrasound analysis of heart function  

In vivo ultrasound imaging was perfomed transcutaneously on the left ventricle of the 

fetal heart across the mitral valve, in two modes: B-mode (standard pulse wave 

Doppler, PWD), obtained from the longitudinal axis of the fetal hearts, and M-mode, 

recorded in the short axis of the heart. Specific parameters and calculations as well as 

representative Doppler traces can be found in Figure 3.6, Figure 3.7 and Table 3.2. 

Hearts of E17.5 GR-/- fetuses showed a marked increase in the Doppler-derived 

myocardial performance index (MPI), indicating global systolic and diastolic 

impairment of heart function. GR+/- fetuses showed an intermediate phenotype (Figure 

3.8A). Breakdown of the MPI into its 3 component parts showed an increase in both 

contraction and relaxation times in GR-/- as well as GR+/- fetuses compared to wild-

type littermates, whereas ejection times did not differ (Figure 3.8B). The E/A wave 

velocity ratio was lower in GR-/- fetuses compared to GR+/+ (Figure 3.8C) suggesting 

functional immaturity as well as diastolic dysfunction. Further investigation of the 

early diastolic events revealed an increase in the diastolic deceleration (slope) and 

decreased early diastolic mitral index (MDI) (Figure 3.8D,E) suggesting impaired 

ventricular recoil.  

M-mode derived parameters; such as ejection fraction, fractional shortening, stroke 

volume and cardiac output; did not differ between the genotypes (Figure 3.8F,G,H,I), 

nor was there a  difference in heart rate which was similar to reported values for late 

gestation mouse fetuses (Corrigan et al., 2010) (Figure 3.8J). 
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Figure 3.6. Schematic representation of a typical pulse wave Doppler transmitral 
trace. Letters indicate: a, peak E wave velocity; b (slope of b), early diastolic 
deceleration; c, early diastolic deceleration time; d, peak A wave velocity; e, 
isovolumetric relaxation time; f, isovolumetric contraction time; g, ejection time. 
Description of specific parameters and calculations in Table 3.2. 

 

 

 

 

 

 

 

 

Figure 3.7. Representative left ventricle transmitral pulse wave Doppler traces 
from E17.5 GR+/+ and GR-/- fetuses. Flow velocities across the mitral valve over time. 
Details of parameters measured in Figure 3.6and Table 3.2.  
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Table 3.2. Ultrasound parameters, their acquisition mode (PWD-pulse wave 
Doppler) and calculations.  

 

Parameter name and 
acquisition mode 

Description  Calculation 

E/A wave ratio (PWD) ratio of passive (E, result of 
ventricle relaxation) to active (A, 
result of atrial contraction) filling 
of the ventricle during diastole  

E wave ÷ A wave 
peak velocity 

MPI (PWD) 
myocardial performance 
index 

global index of systolic and 
diastolic function 

(IVCT+IVRT) ÷ ET 

IVCT (PWD) 
isovolumetric 
contraction time 

time between the closure of the 
atrioventricular valve and the 
opening of the mitral valve  

 

IVRT (PWD) 
isovolumetric relaxation 
time 

time between the closure of the 
mitral valve and the opening of 
the atrioventricular valve 

 

ET (PWD) 
ejection time 

time of the mitral valve opening  

DT (PWD) 
deceleration time 

time from the peak E wave 
velocity to baseline (peak pulse 
decay time) 

 

MDI (PWD) 
mitral deceleration index 

deceleration time corrected for 
peak E wave velocity to correct 
for variations on loading 
conditions 

DT ÷ peak E wave 
velocity 

Deceleration slope 
(PWD) 

rate of peak velocity deceleration  

EF (M mode) 
ejection fraction 

fraction of blood ejected by the 
ventricle relative to its end-
diastolic volume 

SV ÷ end-diastolic 
volume 

FS (M mode) 
fractional shortening 

fraction of diastolic dimension 
that is lost in systole 

(end-diastolic − end-
systolic dimension) 
÷ end-diastolic 
dimension 

SV (M mode) 
stroke volume 

volume of blood ejected from the 
ventricle with each heart beat 

 

CO (M mode) 
cardiac output 

total volume of blood ejected 
from the ventricle per minute 

SV × heart rate 

Heart rate  
 

Heart beats per minute  
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Figure 3.8. GR-/- fetuses at E17.5 show severe impairment of left ventricular 
function. The myocardial performance index (MPI, A), a global cardiac function 
parameter,  was increased in GR+/- and further in GR-/- fetuses, with both contraction 
and relaxation times prolonged (B). E/A wave ratio (C) was decreased in GR-/- fetuses 
indicating diastolic dysfunction, further supported by a decrease in early diastolic 
deceleration (D) and an increase in early diastolic mitral deceleration index (MDI, E). 
M-mode parameters such as the ejection fraction (F), fractional shortening (G), stroke 
volume (H) and cardiac output (I), as well as heart rate (J), were not altered. Values 
are means ± SEM, and were analysed by one-way ANOVA with Bonferroni’s post-
hoc test; ***p<0.001, **p<0.01, *p<0.05 vs GR+/+, #p<0.05 vs GR+/-, n=6-26. 
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3.2.5 Morphological analysis of the fetal heart development 

Micro-magnetic resonance imaging of E17.5 GR+/+ and GR-/- fetuses (in collaboration 

with The Wellcome Trust Centre for Human Genetics in Oxford) showed no structural 

abnormalities of the heart or great vessels (Figure 3.9A,C). Although structurally 

normal, the GR-/- hearts were smaller, with ventricular volume reduced by ~20% 

compared to GR+/+  (Figure 3.9B).  

Histological examination further confirmed the lack of structural abnormalities and the 

size reduction of sections of E14.5, E15.5, E16.5, E17.5 and E18.5 hearts (Figure 3.10). 

The size (measured as the total area of corresponding coronal sections) difference was 

first apparent at E17.5 and became greater towards the end of gestation (Figure 3.11). 

In measurements of fetal heart weight, there was no statistical difference in heart-to-

body weight ratios in E17.5 GR-/- fetuses compared to GR+/+ (Figure 3.12). 

3.2.6 Peripheral adrenaline content 

Mice deficient in GR have abnormal adrenal structure and reduced catecholamine 

levels (Cole et al., 1995b, Finotto et al., 1999). However, levels of adrenaline in fetal 

livers measured by UV-high performance liquid chromatography did not differ 

between E17.5 GR-/- and GR+/+ mice suggesting that the heart phenotype is unlikely to 

reflect a general deficiency in catecholamine levels at this stage (Figure 3.13). 
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Figure 3.9. E17.5 GR-/- fetal hearts exhibit no structural abnormalities, yet are 
smaller than those of GR+/+ littermates. (A,B) Micro-magnetic resonance imaging (µ-
MRI) showed no structural abnormalities in the structure of the heart (red arrows) or 
great vessels. 3D rendered images were constructed based on the µ-MRI images (B, 
grey-heart walls, purple-left ventricle, orange-right ventricle, red-aorta, blue-ductus 
arteriosus, green-trachea) and total (left and right) ventricular volume was measured 
and corrected for spinum-to-sternum distance. There was ~22% reduction in the 
ventricular volume in the GR-/- fetal heart (C). Values are means ± SEM and were 
analysed by Mann-Whitney U-test, *p<0.05; n-6. µ-MRI scanning and initial 
qualitative analysis were carried out by Dr Dorota Szumska at The Wellcome Trust 
Centre for Human Genetics in Oxford. 
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Figure 3.10. GR-/- hearts are indistinguishable from GR+/+ at E14.5 and E15.5; 
they appear smaller from E16.5 onwards. Representative (n=5-8) images of 
hematoxilin and eosin staining of formalin-fixed paraffin-embedded coronal tissue 
sections (left chamber–right ventricle, right chamber–left ventricle). There were no 
structural abnormalities in the hearts of GR-/- fetuses compared to GR+/+ littermates at 
any timepoint.  
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Figure 3.11. The difference in heart size between GR+/+ and GR-/- fetuses is first 
apparent at E17.5 and becomes more pronounced towards birth. Heart size was 
measured as total heart area (µm2) of corresponding coronal hematoxilin and eosin 
stained formalin-fixed and paraffin-embedded sections. Values are means ± SEM and 
were analysed by two-way ANOVA with Bonferroni’s multiple comparisons post-hoc 
test, ***p<0.001, **p<0.01; n=5-8.  

 

 

 

 

 

 

 

Figure 3.12. Heart-to-body weight ratio is not significantly reduced in GR-/- fetuses 
at E17.5. Values are means ± SEM and were analysed by Student’s t-test, p=0.08; n=9-
18. 
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Figure 3.13. Liver adrenaline content is not different between GR+/+ and GR-/- fetal 
mice at E17.5. Liver adrenaline and internal standard DHBA were detected by UV-
HPLC in liver extracts. Absolute values for adrenaline were corrected for those for 
DHBA and are expressed per g of tissue. Values are means ± SEM, and were analysed 
by Student’s t-test, n=6.   
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3.3 Discussion 

The timing of glucocorticoid actions in cardiac development 

In mouse development, systemic corticosterone levels rise dramatically between day 

E15.5 and E16.5 corresponding to the onset of fetal steroid synthesis and coincidental 

with the loss of placental 11β-HSD2 barrier and an increase in maternal circulating 

steroid levels (Dupouy et al., 1975, Montano et al., 1991, Michelsohn and Anderson, 

1992a, Montano et al., 1993, Brown et al., 1996a, Thompson et al., 2002). However, the 

timing of the increase in active glucocorticoid levels in various tissues might differ 

dependent on the access and local glucocorticoid metabolism as GR, 11β-HSD1 and 

11β-HSD2 are expressed in fetal tissues in a time- and tissue-specific manner (Brown et 

al., 1996a, Speirs et al., 2004, Thompson et al., 2004). GR is expressed in the fetal 

mouse heart (Speirs et al., 2004, Thompson et al., 2004), yet the time course of intra-

cardiac ligand availability and the exact timing of GR expression have not been 

investigated.  

Here, I showed a progressive increase in GR expression from E10.5 towards birth using 

“reporter” β-gal staining (courtesy of the lacZ insert in GR+/- fetuses) (Michailidou et 

al., 2008) and immunohistochemistry on tissue sections from GR+/+ fetuses. GR 

presence in cardiomyocytes was confirmed with troponin T-staining. GR was restricted 

to the cytoplasm until Ę15.5, when the overall positive signal increased substantially 

and GR staining became predominantly nuclear. This suggests GR activation by 

glucocorticoids at E15.5, but not before and is consistent with the rapid increase in 

corticosterone levels within the heart at E15.5 from undetectable levels at and before 

E14.5. This suggests that during normal development the GR only exerts genomic 

actions upon the heart from E15.5 onwards. Therefore it is assumed that during murine 
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development glucocorticoids exert their physiological functions predominantly during 

the last 3-4 days leading to birth. Consistently, global GR-/- as well as CRH-/- mice do 

not exhibit the characteristic abnormalities in lung structure until after E16.5 (Cole et 

al., 1995a, Muglia et al., 1995). 

GR presence in the heart from E10.5, however, does not exclude possible non-genomic 

GR actions. Additionally, it has major implications for the understanding of the 

“programming” actions of glucocorticoids. Even though not activated by endogenous 

glucocorticoids until E15.5, precocious activation by exogenous glucocorticoids prior to 

E15.5 could lead to premature initiation of cardiac maturation, altering the risk of 

cardiac disease later in life. 

Prenatal survival of GR-/- mice 
 
Total glucocorticoid receptor deficiency causes neonatal death, attributed to an inability 

to inflate the lungs (atelectasis). The lungs of GR-deficient animals are severely 

abnormal, with impaired alveoli and terminal bronchiole structure and retained 

pulmonary fluid (Cole et al., 1995a, Tronche et al., 1998, Nemati et al., 2008). A 

strikingly similar phenotype, including neonatal death, was observed in mice with 

genetic disruption of genes encoding proteins regulating corticosterone synthesis and 

secretion, such as CRH, CRHR (Muglia et al., 1995), POMC (Saedler and 

Hochgeschwender, 2011), MC2R (Chida et al., 2011) and Cyp11a1 (Hu et al., 2002, 

Huang et al., 2012). In these models, the pups can be rescued by exogenous 

corticosterone (Muglia et al., 1995), maternal corticorticosterone via transplacental 

passage or corticosterone from heterozygous littermate fetuses (Chida et al., 2011). In 

contrast, GR-/- mice are completely deficient in GR-mediated signaling and it is in this 

setting of complete deficiency in glucocorticoid actions that the high frequency of in 
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utero death is observed. With no effect of GR knock-out on fetal survival at E14.5, 

there was a significant loss of E17.5 GR-/- fetuses, exceeding that seen at E18.0 in mice 

deficient in MC2R (Chida et al., 2011).   

At dissection, GR-/- fetuses exhibited no gross morphological abnormalities. In previous 

studies, histological examination revealed abberations of proximal renal tubules 

development, lack of glycogen and persistence of hematopoietic progenitor-type cells 

within the liver and larger intracranial spaces within the brain (unpublished data from 

our lab), although weight of the organs was not different from GR+/+ (E. Rog-Zielinska, 

MSc project). An evident feature of GR-/- embryos was excess fluid accumulation. The 

origin was extracellular, as whole body electrolyte balance was disrupted, with an 

increase in sodium and sodium/potassium ratio, indicative of widespread edema 

(McClure and Hinman, 1937, Bagrov et al., 1981). Fetal edema (hydrops fetalis) is a 

serious condition that describes the excessive fetal fluid accumulation in extravascular 

body cavities or tissues, caused by an imbalance in the regulation of fluid movement 

between the vascular and interstitial spaces. It is a sign of a severe fetal compromise 

and a poor prognostic factor, associated with significant rates of fetal and neonatal 

mortality (Bellini et al., 2009, Fritsch et al., 2012). 25% of all cases have been 

attributed to cardiac failure, disruptions in vessel integrity or abnormal genitourinary 

development (Bellini et al., 2009). Interestingly, glucocorticoids were shown to rapidly 

ameliorate hydrops fetalis in humans. They significantly eliminate the pleural and 

pericardiac effusions and ascites seen in idiopathic hydrops and in sufferers of complete 

atrio-ventricular block or congenital pulmonary airway malformations (Buyon et al., 

1995, Saleeb et al., 1999, Brackley et al., 2000, Fesslova et al., 2009) 
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Although lung immaturity is a plausible cause of neonatal death among animals in 

which glucocorticoid signaling has been disrupted, it cannot account for the prenatal 

death and tissue fluid accumulation. Prenatal lethality and edema in GR-/- fetuses could 

be a direct effect of cardiac defects and impaired heart function or may be due to 

deficiencies in other tissues, such as kidney, the lymphatic system or the skin barrier.  

One of the organs most affected by GR deficiency is the kidney, where proximal tubule 

formation is severely impaired at E17.5 (unpublished data from our lab). It is therefore 

plausible that the resulting renal deficit will affect fetal fluid homeostasis and 

subsequently, survival. However, during intrauterine life, the fetus relies predominantly 

on the mother and the placenta for blood filtration and the fetal kidney is “bypassed”. 

Thus, compared to an adult, the fetal kidneys are largely underperfused and their 

excretory capacity is limited. They are predominantly responsible for the provision of 

amniotic fluid and clinically, in utero kidney failure presents as oligo- or hydroaminios, 

neither of which were evident in GR-/- fetuses (Hill and Lumbers, 1988, Vanderheyden 

et al., 2003). In humans and animal models bilateral renal agenesis (lack of kidneys, 

either a result of surgical procedure or a genetic defect) does not affect in utero survival 

or fluid balance, and death occurs after birth (Hjalmarson and Sabel, 1978, Peters et al., 

1991, O'Connell et al., 2003). Similarily, lack of a specific renal component (e.g. 

Henle’s loop or distal tubules) does not affect fetal survival and edema (Kreidberg et 

al., 1996, Müller et al., 1997, Putaala et al., 2001, Nakai et al., 2003). Additionally, in 

previous studies no abnormalities were found in placental weight or morphology 

between GR-/- and GR+/+ fetuses (C. Wyrwoll, unpublished). 

Disorders leading to increased vascular and lymphatic permeability or obstructed 

lymphatic flow could lead to liquid imbalance. Lymph returns fluid to the circulation, 
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preventing excess fluid accumulation in tissues. Lymph node excision leads to severe 

hydrops in fetal sheep (Andres and Brace, 1990, Monteagudo et al., 2002). 

Histopathological analysis did not reveal any obvious abnormalities in the vessel 

structure of late gestation GR-/- fetuses (unpublished data from our lab). However, 

microbleeds were noted, raising the possibility that GR deficiency could be associated 

with disrupted vascular integrity. Prenatal glucocorticoid administration is known to 

reduce blood-brain barrier and brain microvessel permeability and enhance its integrity 

(Sadowska et al., 2006, Liu et al., 2008, Vinukonda et al., 2010). 

Glucocorticoid could also affect fluid movement through the skin (Bayo et al., 2008). 

However, there are no known effects of disrupted skin barrier on fetal survival and 

edematous changes (Agren et al., 2010). 

Cardiac phenotype – structure and function 

By far the most common causes of an imbalance in fetal fluid homeostasis and a 

prevalent cause of both pre- and neonatal death are cardiovascular disorders, either 

structural or functional. Most common are arrhythmias, cardiomyopathies, myocarditis, 

tumours and arterial obstructions. Congestive heart failure often results from limited 

ventricular compliance and relaxation and would affect blood flow and the size of the 

vessels, in turn creating increased atrial and central venous pressure and volume 

overload. As fetal ventricles are very sensitive to changes in afterload, this could cause 

a further decrease in ventricular size and severe decrease in blood volume ejection, all 

leading to development of hydrops fetalis. Clinically, cardiogenic hydrops presents with 

inadequate diastolic ventricular filling (Bellini et al., 2009). In humans, hydropic 

fetuses have significantly increased indices considered to be reliable prognostic factors 

for perinatal outcomes, such as MPI; early diastolic filling is also affected in hydrops 
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fetalis, as reflected by changes in E/A wave ratios (Faber and Anderson, 1994, Knilans, 

1995, Mahle et al., 2000, Falkensammer et al., 2001, Ichizuka et al., 2005, Rodríguez et 

al., 2005, Williams and Kleinman, 2008, Bellini et al., 2009, Clur et al., 2010, Czernik 

et al., 2011, Fritsch et al., 2012). Moreover, blood troponin T levels are elevated in 

hydropic fetuses (Nomura et al., 2009). 

MPI was increased in GR-/- fetuses at E17.5, indicating a decrease in global cardiac 

performance. Interestingly, GR+/- fetuses showed an intermediate phenotype suggesting 

a dose effect of GR-deficiency on cardiac function. One major obstacle when using 

ultrasound to assess fetal heart is the inability to achieve equal positioning of the 

transducer between fetuses, introducing variability in absolute velocity values. MPI is 

unique in that it does not rely on velocity values and rather combines time intervals. 

Moreover, it is not influenced by loading conditions, chamber size or heart rate (Tei et 

al., 1995, Friedman et al., 2003, Chen et al., 2006, Van Mieghem et al., 2009). When 

broken down into its three components, it was apparent that the decrease in MPI 

reflected increased isovolumetric relaxation and contraction times, suggesting impaired 

compliance and relaxation of the cardiac muscle as both IVRT and IVCT directly 

reflect the intrinsic properties of the muscle.  

E/A wave ratio was decreased in GR-/- fetuses at E17.5, suggesting immature diastolic 

function. E/A wave ratio reflects the dependence of the ventricular filling on ventricle 

relaxation and “suction” versus an active atrial systole (Zhou et al., 2002, Phoon and 

Turnbull, 2003, Zhou et al., 2003b, Shen et al., 2005, Corrigan et al., 2010). In GR-/- 

mice, the fetal heart continues to be more reliant on the atrial systole, indicating 

incomplete left ventricular relaxation and/or increased left ventricular stiffness. 
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GR deficiency was associated with significant changes in MDI and early diastolic 

deceleration slope, both of which reflect the kinetics of diastolic function (Labovitz et 

al., 1986, Trojnar et al., 1994, Little et al., 1995, Houltz et al., 1995, Giannuzzi et al., 

1996, Cerisano et al., 1999, Tsai et al., 1999, Schirmer et al., 2000, Chinali et al., 2009, 

Cuspidi et al., 2011, Topilsky et al., 2011) (see 1.1.2.3), again suggesting impaired 

diastolic function in GR-/- fetuses.  

Systolic function is normally assessed by M-mode echocardiography. However, the 

difficulty in obtaining the correct short axis view in a fetus - a line perpendicular to the 

interventricular septum (Stypmann et al., 2009, Corrigan et al., 2010) – makes these 

measurements unreliable in utero. Here, I was unable to detect any differences in 

systolic cardiac function in GR-/- fetuses: ejection fraction, fractional shortening or 

cardiac output. However, whether this reflects the true in vivo situation or is a result of 

the inadequacy of the technique remains unknown. 

The functional impairment seen in GR-/- hearts was not due to structural defects, 

consistent with the heart being in its final prenatal configuration by E15.5, when 

glucocorticoids levels rise. However, the hearts of GR-/- mice were smaller in size 

compared to controls in late gestation, with the differences first evident at ~E17.5. 

In previous studies prenatal glucocorticoid excess was shown to affect heart weight, 

either increasing (Giraud et al., 2006a, Reini et al., 2008) or decreasing it (Bian et al., 

1993a, Torres et al., 1997). Gestational heart growth can be due to hypertrophy or 

hyperplasia. In some studies, prenatal glucocorticoid treatment increased cardiac 

protein/DNA content with no change in cardiomyocyte number in sheep or rat, 

suggesting hypertrophy as the predominant cause of the increased heart size (Slotkin et 

al., 1991, Torres et al., 1997, Rudolph et al., 1999, Lumbers et al., 2005). In other 
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studies, however, prenatal glucocorticoids increased cardiomyocyte proliferation rather 

than size (Torres et al., 1997, Giraud et al., 2006a). It is difficult to interpret these 

findings. First of all, the exact magnitude of the increase in fetal glucocorticoid 

exposure is unknown, with studies using similar models reporting no difference in fetal 

cortisol levels (Jensen et al., 2002) to a 50-100 fold increase during exogenous 

glucocorticoid administration (Jensen et al., 2002, Lumbers et al., 2005). A second 

major difficulty is the potential influence of blood pressure changes in these typically 

hypertensive models. The fetal heart is very sensitive to alterations in loading, which 

can affect cardiomyocyte size, number, and maturation and such changes following 

glucocorticoid treatment may be a consequence of increased loading rather than steroid 

treatment itself.  

Impact of impaired adrenal development 
 
As catecholamines play a vital role in fetal heart development (Zhou et al., 1995, 

Thomas and Palmiter, 1998), the phenotype of GR-/- fetuses could be secondary to 

adrenergic deficiency. However, fetal death in mice lacking tyrosine hydroxylase (TH) 

or dopamine-β-hydroxylase (DBH) usually occurs by mid-gestation (~E10-E11) with 

severe bradycardia (Portbury et al., 2003), not seen in GR-/- fetuses, where the heart rate 

was not different from control. Instead, evidence suggests that locally produced 

catecholamines are critical for heart development (Ebert and Thompson, 2001, Ebert et 

al., 2008). Mice that lack GR specifically in DBH-expressing cells show an identical 

adrenal phenotype to GR-/- yet are viable (Parlato et al., 2009). Here, I demonstrate 

normal levels of adrenalin in the liver suggesting extraadrenal compensatory 

mechanisms in GR-/- mice, possibly due to actions of peripheral PNMT (Ziegler et al., 

2002).  
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Conclusions 

Complete GR deficiency leads to severe edema and increased risk of late gestation 

death. Though not structurally different, the hearts of GR-/- mice show severe 

impairment of diastolic and, to a lesser extent, systolic function in late gestation with 

GR+/- mice exhibiting an intermediate phenotype. Growth of GR-/- hearts was retarded 

from E16.5-E17.5. This follows the time of physiological glucocorticoid surge and GR 

activation that occurs in the normal heart. Disrupted adrenal development is unlikely to 

be the cause of the impaired cardiac function. 
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4.1 Introduction 
GR-/- hearts in late gestation are properly formed, yet smaller and functionally 

impaired. At the time the first differences are seen between GR-/- and GR+/+ heart, the 

structural development is complete; the heart however remains very immature. Late 

gestation glucocorticoid treatment was reported to affect heart growth by either 

accelerating hypertrophy (Slotkin et al., 1991, Bian et al., 1993b, La Mear et al., 

1997, Torres et al., 1997, Muangmingsuk et al., 2000, de Vries et al., 2002, Bal et al., 

2009) and/or stimulating cardiomyocyte proliferation (Torres et al., 1997, Giraud et 

al., 2006b). Poor function suggests that lack of glucocorticoids might delay cardiac 

maturation, a process that involves complex changes in the inter- and intra-cellular 

structure; such as elongation and alignment of cardiomyocytes, development of long 

and distinct sarcomeres, myosin isoform switch, increase in the number and 

complexity of the mitochondria as well as increase in ATP generating capacity and 

maturation of calcium-induced calcium-release (Lompre et al., 1981, Reiser et al., 

1985, Cohen and Lederer, 1988, Sweeney and Kelley, 1990, Godt et al., 1991, Briggs 

et al., 1992, Lopaschuk et al., 1992, Godt et al., 1993, Reiser et al., 1994, Fisher, 

1995, Bartelds et al., 2000, Sedarat et al., 2000, Reiser et al., 2001, Siedner et al., 

2003, Tohse et al., 2004, Hirschy et al., 2006, Buckberg et al., 2008b). 

Glucocorticoids might bring about these maturational changes, yet most evidence 

come from studies on the neonatal and adult rather than fetal myocardium. Prenatal 

glucocorticoid treatment affects the isoform composition of myosin dimers, yet the 

findings are contradictory, often depending on the dose administered (Lyons et al., 

1990, Bian et al., 1992a, Arystarkhova and Sweadner, 1997, Torres et al., 1997, 

Muangmingsuk et al., 2000). Prenatal dexamethasone also increases levels of ATP as 
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well as of mRNA encoding enzymes involved in ATP synthesis in the rat postnatal 

heart (Tsuzuki et al., 2009, Mizuno et al., 2010). It also accelerates mitochondrial 

maturation in the brain and lung, measured as mitochondrial respiratory activity 

(Snyder et al., 1992, Nakai et al., 2002). In the neonatal myocardium, dexamethasone 

treatment affects cardiac action potential repolarisation via effects on calcium and 

potassium currents (Takimoto and Levitan, 1994, Wang et al., 1999, Whitehurst et 

al., 1999, BenMohamed et al., 2009, De et al., 2011). On the other hand, fetal 

adrenalectomy decreases the rates of ATP-dependent sarcoplasmic reticulum calcium 

uptake, an effect reversed by exogenous glucocorticoids (Rao et al., 2001). 

Therefore, it is plausible that lack of glucocorticoid signalling in GR-/- heart would 

impair the normal course of maturation.   

Glucocorticoids might also affect cardiac remodelling and apoptosis. Maternal 

dexamethasone increases apoptosis in the fetal lung, possibly accelerating its 

maturation (Scavo et al., 2003). In contrast, excess glucocorticoid induces 

pathological apoptosis in the fetal brain (Ahlbom et al., 2000). 

Upon ligand binding GR binds to DNA to induce changes in chromatin structure and 

gene expression (Hager et al., 2000, Hebbar and Archer, 2003, Biddie, 2010, Biddie 

et al., 2012). Chromatin remodeling and histone modifications are essential to 

reprogram gene expression during heart development. For example, changes in 

isoform expression of myosin heavy chain occur via changes in histone 

modifications (Huang and Liew, 1998, Han et al., 2011). However, any role for GR 

in chromatin remodeling during heart development remains unknown.  
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4.1.1 Aims of the chapter 

1. To characterize the impact of GR deficiency on myocardial architecture and 

intracellular structure 

2. To identify the genes differentially expressed in GR-/- vs GR+/+ heart 

following the “glucocorticoid surge” 

3. To establish whether the lack of GR is associated with differences in histone 

marks at genes involved in cardiac development 
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4.2 Results 

4.2.1 Myocardial architecture is disrupted by GR deficiency 

Histological analysis of E15.5, E16.5 and E17.5 hearts showed an increase in the 

number of nuclei per unit area, suggesting smaller cell size and less cytoplasm in the 

cardiomyocytes (Figure 4.1, Figure 4.2).  

To visualize cellular size and organization within the fetal myocardium, FITC-

conjugated wheat germ agglutinin staining was used to fluorescently tag N‑

acetylglucosamine and N‑acetylneuraminic acid (sialic acid) residues of the plasma 

membranes. In E17.5 wild-type hearts, the outer longitudinal muscle layer of the left 

ventricle was clearly delineated, with cardiomyocytes (identified as troponin T+ 

cells) predominantly rod-shaped and aligned obliquely to the longitudinal axis of the 

heart. In contrast, the outermost compact myocardial cells in GR-/- hearts were 

irregularly shaped with little evidence of cellular alignment (Figure 4.3). 

4.2.2 Ultrastructural changes in GR-/- cardiomyocytes 

Transmission electron microscopy on E17.5 hearts showed well-organised 

myofibrils with a number of consecutive sarcomeres in the myocardium of control 

mice. In contrast, myofibrils in GR-/- myocardium were poorly aligned, short and 

disorganised, with only a few sarcomeres and less defined Z-discs (Figure 4.4). 

Sarcomere length (measured as the distance between neighbouring Z-discs) was 

decreased in GR-/- fetal hearts by ~50%, compared to GR+/+ (Figure 4.5). 
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Figure 4.1. GR-/- hearts have abnormal cellular architecture with less cytoplasm. 
Representative (n=7-9) hematoxylin and eosin stained formalin-fixed paraffin-
embedded 7µm sections of GR+/+ and GR-/- hearts (ventricular wall) at E15.5, E16.5 
and E17.5. Sections were all stained together.    
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Figure 4.2. More nuclei per unit area in late gestation GR-/- hearts. Nuclei were 
quantified in hematoxylin and eosin stained GR+/+ and GR-/- heart sections at E15.5, 
E16.5 and E17.5 and are expressed per 10,000µm2. Values are means ± SEM and 
were analysed by one-way ANOVA with Bonferroni’s post-hoc test. **p<0.01 vs 
E16.5 GR+/+, +++p<0.001 vs E17.5 GR+/+, p=0.07 vs E16.5 GR+/+; n=7-9. 
Quantification was performed blind to genotype by Jennifer Craik and Isla 
Thompson under my supervision. 
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Figure 4.3.  GR-/- cardiomyocytes fail to align within the compact myocardium 
at E17.5. GR+/+ cardiomyocytes (troponin T-positive) at E17.5 are rod shaped and 
align in the distinct outermost layer of the left ventricle. GR-/- cardiomyocytes 
display an immature, oval shape and are disorganised with no distinct outer layer. 
Formalin-fixed paraffin-embedded 7µm sections were stained with wheat germ 
agglutinin (WGA) for plasma membranes (green) and co-stained with anti-troponin 
T antibody (red) and DAPI nuclear counterstain (blue). Images representative of n=4. 
LV-left ventricle, LA-left atrium. 
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Figure 4.4. At E17.5 GR-/- myofibrils are short, consist of fewer sarcomeres and 
appear disorganised compared to GR+/+. Electron micrographs of 60nm 
glutaraldehyde-fixed uranyl acetate and lead citrate-stained heart sections 
(ventricular wall) with corresponding nuclear profiles. Images representative of n=5.   



The role of glucocorticoid signalling in fetal heart development and maturation  

Chapter 4. The molecular phenotype of GR-/- fetal heart 200 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Sarcomeres are shorter in GR-/- hearts compared to GR+/+ at E17.5. 
Sarcomere length was measured as the distance between neighbouring Z-discs on 
electron micrographs using the Ruler function of Photoshop CS5 (Adobe), with 8-12 
images analysed per animal (n=5 per genotype), with 10-25 sarcomeres measured 
within each image and averaged, first within an image and further within a sample 
(fetus). Values are means ± SEM and were analysed by Student’s t-test. ***p<0.001, 
n=5. 
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4.2.3 Transcriptome and protein analysis 

Levels of mRNAs encoding genes relevant to the development and maturation of 

cardiac function and structure were measured in hearts of GR+/+, GR+/- and GR-/- 

fetuses at E14.5 and E17.5. Details in Table 4.1. 

 
Table 4.1. Cardiac genes involved in development and maturation. n/a – not-
applicable. 

abbreviation 
(gene name) 

full name function 

11β-HSD1 
(Hsd11b1) 

11β-hydroxysteroid 
dehydrogenase type 1 

catalyses the conversion of inactive 
to active glucocorticoids 

11β-HSD2 
(Hsd11b2) 

11β-hydroxysteroid 
dehydrogenase type 2 

catalyses the conversion of active to 
inactive glucocorticoids 

ANP 
(Nppa) 

atrial natriuretic peptide adaptive response to increasing 
myocardial stretch, systemic 
volume and pressure  regulation  

ADRβ1 
(Adrb1) 

β1-adrenergic receptor G-protein coupled receptor for 
catecholamines 

BMP-10 
(Bmp10) 

bone morphogenetic 
factor 10 

TGF-β superfamily member, 
cardiac morphogen involved in 
heart trabeculation 

Bnip3 
(Bnip3) 

BCL2/adenovirus E1B 
19 kDa protein-
interacting protein 3 

control of cardiomyocyte apoptotic 
cell death, associated with hypoxia 

Cav1.2 
(Cacna1c) 

calcium channel, 
voltage-dependent, L 
type, alpha 1C subunit 

mediates the influx of calcium ions 
into the cell upon membrane 
polarization during cardiomyocyte 
contraction 

DIO2 
(Dio2) 

type II iodothyronine 
deiodinase 

catalyses the conversion of 
the prohormone thyroxine (T4) to 
active triiodothyronine (T3) 

FKBP5 
(Fkbp5) 

FK506 binding protein 5 immunomodulation, protein folding 
and trafficking, a known primary 
genomic target of GR  

GATA-4 
(Gata4) 

n/a transcription factor involved in 
cardiac embryogenesis 

GILZ 
(Tsc22d3) 

glucocorticoid- 
inducible leucine zipper 

immunomodulatory protein, rapidly 
induced by glucocorticoids, a 
known genomic target  

Glut1/ Slc2a1 
(Slc2a1) 

glucose transporter 1/ 
solute carrier family 2 

facilitates the transport of glucose 
across the plasma membrane 

GR 
(Nr3c1) 

glucocorticoid receptor cytoplasmic receptor for 
glucocorticoids, upon ligand 
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binding becomes a transcription 
factor 

Hexokinase-1 
(Hk1) 

n/a catalyses the phosphorylation of 
glucose, the first step of glycolysis 

HIF-1α 
(Hif1a) 

hypoxia inducible factor 
1alpha  

a transcription factor, regulates in 
cellular responses to hypoxia 
(energy metabolism, angiogenesis, 
apoptosis) 

MyHCα 
(Myh6) 

myosin heavy chain 
alpha 

a component of sarcomeric myosin 
α, rodent “adult” high-energy high-
force isoform 

MyHCβ 
(Myh7) 

myosin heavy chain beta a component of sarcomeric myosin 
β, rodent “fetal” low-energy low-
force isoform 

MKP-1/ 
DUSP1 
(Dusp1) 

MAPK phosphatase 1, 
dual specificity protein 
phosphatase 1 

MAPK pathway component, a 
known glucocorticoid inducible 
gene 

MR 
(Nr3c2) 

mineralocorticoid 
receptor 

cytoplasmic receptor for 
mineralocorticoids (and 
glucocorticoids in the absence of 
11β-HSD2), upon ligand binding 
becomes a transcription factor 

NCX1 
(Slc8a1) 

sodium/calcium 
exchanger 1 

an antiporter membrane protein, 
removes calcium from the cells, 
important for repolarisation 

PFKFB2 
(Pfkfb2) 

6-phosphofructo-2-
kinase/fructose-2,6-
biphosphatase 2 

an enzyme catalising the rate 
limiting step of glycolysis, the 
formation of fructose-1,6-
biphosphate 

PGC-1α 
(Ppargc1a) 

peroxisome proliferator-
activated receptor 
gamma coactivator 1-
alpha 

a master regulatory protein, 
involved in mitochondrial 
biogenesis and the development of 
fatty-acid oxidation   

PNMT 
(Pnmt) 

phenylethanolamine N-
methyltransferase 

catalyses the conversion of 
noradrenaline to adrenaline 

RyR2 
(Ryr2) 

ryanodine receptor 2 sarcoplasmic reticulum channel 
mediating the influx of calcium ions 
into the cytoplasm for the 
contraction 

SERCA2α 
(Atp2a2) 

sarco/endoplasmic 
reticulum Ca2+-ATPase 

sarcoplasmic reticulum pump 
involved in calcium sequestration 
after the contraction 

UCP2 
(Ucp2) 

uncoupling protein 2 mitochondrial protein involved in 
separation of oxidative 
phosphorylation from ATP 
synthesis with energy dissipated as 
heat 
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VEGFα 
(Vegfa) 

vascular endothelial 
growth factor alpha 

a mitogen for the endothelial cells, 
involved in angio- and 
vasculogenesis 

 

In GR+/+ fetuses, cardiac GR mRNA levels increased between E14.5 and E17.5, 

consistent with the results in Chapter 3. GR mRNA (exons 5-9) was undetectable in 

GR-/- mice and was half of the levels of GR+/+ in GR+/- at E17.5 (Figure 4.6A).  

With the exception of GR (Figure 4.6A), PNMT (Figure 4.12A) and HIF-1α (Figure 

4.14C) there were no differences between genotypes in any of the other mRNA 

levels at E14.5. At E17.5 (Figure 4.6-Figure 4.14), three distinct patterns of gene 

expression were observed: 

(1) A maturational increase in GR+/+ hearts between E14.5 and E17.5 that did not 

occur in the GR-/-. Such a pattern was observed in the mRNA levels of 11β-

HSD1 (Figure 4.6C) and known glucocorticoid targets GILZ, FKBP5, MKP-1 

(increased glucocorticoid action, Figure 4.7); the adult isoform of contractile 

myosin, MyHCα (Figure 4.8A); ANP (Figure 4.9); genes involved in calcium-

induced calcium release (RyR2, SERCA2a, NCX1) (Figure 4.10) and the genes 

involved in energy metabolism and perinatal switch towards fatty acid 

oxidation (hexokinase-1, PFKFB2, PGC-1α) (Figure 4.11A,B,C).  

(2) A maturational decrease in GR+/+ hearts from E14.5 to E17.5 that did not 

occur in the GR-/-. Such a pattern was seen for 11β-HSD2 (Figure 4.6D) and 

UCP2 (Figure 4.11D). 

(3) No differences with either age or genotype. 



The role of glucocorticoid signalling in fetal heart development and maturation  

Chapter 4. The molecular phenotype of GR-/- fetal heart 204 

 

Figure 4.6. Altered glucocorticoid signalling and metabolism in GR-/- and GR+/- 
fetal hearts. Glucocorticoid receptor (GR) mRNA levels (A) showed a 
developmental increase in GR+/+ fetal hearts, were 50% reduced in GR+/- and 
undetectable in GR-/-. Primers were designed to amplify the region corresponding to 
exon 7, absent from the GR-βgeo fusion transcript. Expression of mineralocorticoid 
receptor mRNA (MR, B) did not change with gestation and between genotypes. 
Expression of 11β-hydroxysteroid dehydrogenase types 1 and 2 (11β-HSD1/2, C, 
D) showed a gestational increase/decrease, respectively, in GR+/+ but not GR-/- 

hearts. The levels were not different between E14.5 GR+/+ and GR-/- at E14.5. 
Levels of mRNAs are expressed relative to TBP, used as an internal control. Values 
are means ± SEM and were analysed by two-way ANOVA with Bonferroni’s 
multiple comparisons post-hoc test. *p<0.05, **p<0.01, ***p<0.001 vs E14.5 
GR+/+; +p<0.05, ++p<0.01, +++p<0.001 vs E17.5 GR+/+; n=7-13. 
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Figure 4.7. Levels of mRNAs encoding known glucocorticoid target genes 
increase with gestation in GR+/+ hearts but remain unchanged in GR-/-. 
Expression of mRNA encoding glucocorticoid-induced leucine zipper (GILZ, A), 
FK506 binding protein 5 (FKBP5, B) and MAPK phosphatase 1 (MKP-1, C) 
increases in GR+/+ from E14.5 to E17.5 but not in GR-/-. There is no difference 
between GR+/+ and GR-/- at E14.5. Levels of mRNAs are expressed relative to TBP, 
used as an internal control. Values are means ± SEM and were analysed by two-way 
ANOVA with Bonferroni’s multiple comparisons post-hoc test. *p<0.05, **p<0.01 
vs E14.5 GR+/+; +p<0.05, ++p<0.01 vs E17.5 GR+/+; n=7-13. 
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Figure 4.8. Levels of mRNAs encoding myosin heavy chain α (MyHCα) show a 
gestational increase in GR+/+ hearts. However, both mRNA and protein levels 
are lower at E17.5 in GR-/- heart compared to GR+/+. MyHCα mRNA levels (A) 
rise between E14.5 and E17.5 in the GR+/+ heart, yet at E17.5 are reduced in GR+/- 
and further in GR-/- hearts. MyHCα protein levels (B) at E17.5 are also significantly 
decreased in GR-/- heart compared to GR+/+. (C) Representative western blot of 
protein extracts from GR+/+ and GR-/- hearts at E17.5. MyHCβ mRNA levels (D) do 
not change with gestation or between genotypes. Levels of mRNAs are expressed 
relative to TBP, used as an internal control. MyHCα protein levels are expressed 
relative to β-tubulin, used as an internal control. Values are means ± SEM and were 
analysed by two-way ANOVA with Bonferroni’s multiple comparisons post-hoc 
test (A,D) and Student’s t-test (B) . ***p<0.001 vs E14.5 GR+/+; +++p<0.001 vs 
E17.5 GR+/+; n=7-13 (A,D), n=5 (B,C) . 
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Figure 4.9. Levels of mRNA encoding atrial natriuretic peptide (ANP) show a 
gestational increase in GR+/+ hearts but not in GR-/-. ANP expression levels rise 
between E14.5 and E17.5 in the GR+/+ heart but not in GR-/- and at E17.5 are reduced 
in both GR+/- and GR-/- hearts compared to GR+/+. Levels of mRNAs are expressed 
relative to TBP, used as an internal control. Values are means ± SEM and were 
analysed by two-way ANOVA with Bonferroni’s multiple comparisons post-hoc test. 
*p<0.05 vs E14.5 GR+/+; +p<0.05 vs E17.5 GR+/+; n=7-13. 
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Figure 4.10. Levels of mRNAs encoding genes involved in calcium handling 
show a gestational increase in GR+/+ but not in GR-/- hearts. Ryanodine receptor 
(RyR2, A), sarcoplasmic reticulum Ca2+ ATPase (SERCA2a, B) and Na+/Ca2+ 
exchanger (NCX1, C) mRNA levels rise between E14.5 and E17.5 in the GR+/+ 
heart but not in GR-/-. Levels of mRNAs are expressed relative to TBP, used as an 
internal control. Values are means ± SEM and were analysed by two-way ANOVA 
with Bonferroni’s multiple comparisons post-hoc test. ***p<0.001 vs E14.5 GR+/+; 
+p<0.05, ++p<0.01 vs E17.5 GR+/+; n=7-13. 
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Figure 4.11. Levels of mRNAs encoding genes involved in cardiac metabolism 
and energy generation undergo gestational changes in GR+/+ but not in GR-/- 
hearts.  Hexokinase-1 (A), 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2 
(PFKFB2, B) and PPARγ coactivator-1α (PGC-1α, C) expression rises in GR+/+ 
hearts from E14.5 to E17.5 but remains unchanged in GR-/- and at E17.5 are reduced 
compared to GR+/+. Uncoupling protein 2 (UCP2, D) mRNA levels show a 
gestational decrease in GR+/+ hearts but not in GR-/-. mRNA levels of glucose 
transporter 1 (Glut1, E) decrease at E17.5 compared to E14.5 with no difference 
between the genotypes. Levels of mRNAs are expressed relative to TBP, used as an 
internal control. Values are means ± SEM and were analysed by two-way ANOVA 
with Bonferroni’s multiple comparisons post-hoc test. **p<0.01, ***p<0.001 vs 
E14.5 GR+/+; +p<0.05, ++p<0.01, +++p<0.001 vs E17.5 GR+/+; #p<0.05 vs E14.5; 
n=7-13. 
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Figure 4.12. Levels of mRNA encoding phenylethanolamine N-
methyltransferase (PNMT) are increased in GR-/- at E14.5, but show a 
gestational decrease similar in all genotypes. Levels of mRNA encoding 
adrenergic receptor β1 (βADR1) are not different between the genotypes at any 
timepoint. mRNA levels of PNMT (A) are higher in GR-/- compared to GR+/+ at 
E14.5 and decrease at E17.5 compared to E14.5 with no difference between the 
genotypes. mRNA levels of βADR1 (B) do not change with age or genotype. Levels 
of mRNAs are expressed relative to TBP, used as an internal control. Values are 
means ± SEM and were analysed by two-way ANOVA with Bonferroni’s multiple 
comparisons post-hoc test, &p<0.05 vs E14.5 GR+/+, #p<0.05 vs E14.5; n=7-13. 
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The morphogenetic transcription factors GATA4 and BMP-10 fall into this latter 

category (Figure 4.13), consistent with the structural development being complete 

by mid-gestation. Similarly, there were no differences in MR (Figure 4.6B), 

MyHCβ (Figure 4.8D) or β1-ADR (Figure 4.12B) mRNA levels with age or 

genotype. 

Several genes showed developmental changes in mRNA levels independently of 

genotype. Glut1 (Figure 4.11E) and PNMT (Figure 4.12A) mRNA levels decreased 

at E17.5 equally in all genotypes.  VEGFα and Bnip3 mRNA levels increased with 

gestational age in both GR+/+ and GR-/-, but there was no difference between 

genotypes at any age (Figure 4.14A,B). HIF-1α mRNA levels are higher in GR-/- 

compared to GR+/+ at E14.5 and decreased with gestational age in both GR+/+ and 

GR-/- hearts (Figure 4.14C). DIO2 mRNA levsl were increased with gestational age 

in both genotypes but to a much greater extent in GR-/- compared to GR+/+ at E17.5 

(Figure 4.14D). 

Heterozygous mice, with half normal levels of GR mRNA (Figure 4.7A) were often 

intermediate or showed similar expression levels to those seen in GR-/- hearts at 

E17.5, for example for FKBP5 (Figure 4.7B), MyHCα (Figure 4.8A), ANP (Figure 

4.9), RyR2, SERCA2a (Figure 4.10A,B), hexokinase-1 and PFKFB2 (Figure 

4.11A,B). 
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Figure 4.13. Levels of mRNAs encoding cardiac morphogenetic factors do not 
differ between GR+/+ and GR-/- at either E14.5 or E17.5.  Expression of GATA4 
(A) and bone morphogenetic protein-10 (BMP-10, B) remains unchanged throughout 
late mid- to late gestation in both GR+/+ and GR-/- hearts consistent with the structural 
development being complete by mid-gestation. Levels of mRNAs are expressed 
relative to TBP, used as an internal control. Values are means ± SEM and were 
analysed by two-way ANOVA with Bonferroni’s multiple comparisons post-hoc test, 
n=7-13. 
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Figure 4.14. Levels of mRNAs encoding genes involved in angio- and 
vasculogenesis (vascular endothelial growth factor α, VEGFα, A) and apoptosis 
(BCL2/adenovirus E1B 19 kDa protein-interacting protein 3, Bnip3, B) 
increase with age but are not different between the genotypes at any timepoint. 
Expression of hypoxia inducible factor 1α (HIF-1α, C) which shows an overall 
decrease with age is, however, higher at E14.5 and lower at E17.5 in GR-/- 
hearts compared GR+/+. Expression of type II iodothyronine deiodinase (DIO2, 
D) overall increases with age, with significantly higher levels in GR-/- compared 
to GR+/+ at E17.5. Levels of mRNAs are expressed relative to TBP, used as an 
internal control. Data are means ± SEM and were analysed by two-way ANOVA 
with Bonferroni’s multiple comparisons post-hoc test. &p<0.05 vs E14.5 GR+/+, 

*p<0.05 vs E14.5 GR+/+; +p<0.05, ++p<0.01 vs E17.5 GR+/+; #p<0.05 vs E14.5; 
n=7-13. 
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4.2.4 Markers of chromatin accessibility in GR-/- 

The presence of histone marks associated with gene activation (histone H3 lysine 4 

trimethylation, H3K4me3 and histone H3 lysine 9 acetylation, H3K9ac) was 

examined at specific genomic sites using chromatin immunoprecipitation with 

specific antibodies. Because these marked histones are localised predominantly 

within 500bp (upstream and downstream) of transcriptionstart sites (TSS) (Ha et al., 

2011), primers were designed around the TSS of genes that showed gestational 

increases in mRNA expression in GR+/+ fetal hearts but not in GR-/-. Four genes were 

examined, representing contractile function (MyHCα), fetal program of gene 

expression (ANP), energy metabolism (PGC-1α) and glucocorticoid signalling 

(GILZ). Initially, to establish whether maturational changes in gene expression 

between E14.5 and E17.5 were accompanied by changes in the levels of histone 

marks associated with transcriptional activation, chromatin from GR+/+ mice was 

examined at the two time points. 

The gestational increase in mRNA levels encoding MyHCα between E14.5 and 

E17.5 in GR+/+ hearts was concurrent with an increase in the abundance of histone 

marks associated with gene activation at both regions of the Myh6 gene examined 

(encoding MyHCα) (Figure 4.15). Although a similar trend was seen at Ppargc1a 

(encoding PGC-1α), this was only significant for H3K4me3 at the +278/+380 region 

(Figure 4.16). There was no change in histone marks at any of the three regions of 

the Nppa gene (encoding ANP) (Figure 4.17). 
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Figure 4.15. A maturation-associated increase in histone H3 marks close to the 
Myh6 transcription start site in GR+/+ hearts. Levels of histone H3 lysine 9 
acetylation (H3K9ac) (A,B) and histone H3 lysine 4 trimethylation (H3K4me3) 
(C,D) within the +294/+389 and +420/+520 bp regions of Myh6 gene (relative to the 
transcription start site, +1) were increased at E17.5 compared to E14.5. Histone mark 
abundance was quantified by qPCR of chromatin immunoprecipitation (ChIP) 
products and is expressed as % of the values for the input samples. Values are means 
± SEM and were analysed by Student’s t-test, *p<0.05, **p<0.01; n=4-7. 
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Figure 4.16. The levels of histone H3 marks associated with gene transcription 
downstream of the Ppargc1a transcription start site increase between E14.5 and 
E17.5 in GR+/+ hearts.  There was no significant difference in the levels of histone 
H3 lysine 9 acetylation (H3K9ac) and histone H3 lysine 4 trimethylation (H3K4me3) 
within the +31/+121 bp region of the Ppargc1a gene (relative to the transcription 
start site, +1) between E14.5 and E17.5 in GR+/+ hearts (A,C). However, levels of 
both marks were increased at the +278/+380 region (B,D) at E17.5. Histone mark 
abundance was quantified by qPCR of chromatin immunoprecipitation (ChIP) 
products and is expressed as % of the values for the input samples. Values are 
expressed as means ± SEM and were analysed by Student’s t-test. *p<0.05, n=4-7. 
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Figure 4.17. The levels of histone H3 marks upstream of the Nppa transcription 
start site show no gestational changes in GR+/+ hearts. Levels of histone H3 lysine 
9 acetylation (H3K9ac) (A,B,C) and histone H3 lysine 4 trimethylation (H3K4me3) 
(D,E,F) within the -170/-70,  -112/-14 and -34/+29 bp regions of the Nppa gene 
(relative to the transcription start site, +1) do not differ between E14.5 and E17.5 in 
GR+/+ hearts. Histone mark abundance was quantified by qPCR of chromatin 
immunoprecipitation (ChIP) products and is expressed as % of the values for the 
input samples. Values are means ± SEM and were analysed by Student’s t-test; n=4-
7.  
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To establish whether lower mRNA levels of MyHCα, PGC-1α, ANP and GILZ in 

GR-/- hearts at E17.5 were associated with lower levels of active chromatin histone 

marks, GR-/- chromatin was compared with GR+/+. The levels of H3K9ac and 

H3K4me3 were decreased for all genes examined in GR-/- hearts compared to GR+/+ 

at E17.5 (Figure 4.18, Figure 4.19, Figure 4.20, Figure 4.21).  

4.2.5 Mitochondrial DNA content 

Because glucocorticoids have been associated with changes in mitochondrial number 

and function (Nakai et al., 2002, Snyder et al., 1992), mitochondrial DNA content, as 

an indirect measurement of mitochondrial number, was examined by qPCR 

quantification of the mitochondrial DNA-encoded genes: cytochrome c oxidase I and 

III (mtCO1, mtCO3) and NADH dehydrogenase II (mtND2) and expressed relative 

to the genomically-encoded C/EBPα. There was no difference in the amount of 

mitochondrial DNA between GR-/- and GR+/+ at E17.5 (Figure 4.22). 

4.2.6 Apoptosis in GR-/- hearts 

To investigate whether increased apoptosis contributes to smaller heart size in late 

gestation GR-/- fetuses, the number of apoptotic cells in the fetal hearts was 

examined. Compared to GR+/+ hearts, GR-/- contained more TUNEL-positive cells 

at all time points examined (E14.5-E18.5), although the overall number of TUNEL-

positive cells decreased with gestation in both genotypes (Figure 4.23).  
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Figure 4.18. Levels of histone H3 marks associated with gene transcription close 
to the Myh6 transcription start site in GR-/- hearts are reduced compared to 
GR+/+ at E17.5. Levels of histone H3 lysine 9 acetylation (H3K9ac) (A,B) and 
histone H3 lysine 4 trimethylation (H3K4me3) (C,D) within the +294/+389 and 
+420/+520 bp region of the Myh6 gene (relative to the transcription start site, +1) 
were decreased at E17.5 in GR-/-. Histone mark abundance was quantified by qPCR 
of chromatin immunoprecipitation (ChIP) products and is expressed as % of the 
values for the input samples. Data are means ± SEM and were analysed by Student’s 
t-test. *p<0.05, **p<0.01, ***p<0.001; n=4-5. 

 

 

 

 



The role of glucocorticoid signalling in fetal heart development and maturation  

Chapter 4. The molecular phenotype of GR-/- fetal heart 220 

 

 

Figure 4.19. Levels of histone H3 marks associated with gene transcription  
downstream from the Ppargc1a transcription start site in GR-/- hearts are 
reduced compared to GR+/+ at E17.5. Levels of histone H3 lysine 9 acetylation 
(H3K9ac) (A,B) and histone H3 lysine 4 trimethylation (H3K4me3) (C,D) within the 
+31/+121 and +278/+380 bp region of the Ppargc1a gene (relative to the 
transcription start site, +1) were lower in GR-/- hearts at E17.5. Histone mark 
abundance was quantified by qPCR of chromatin immunoprecipitation (ChIP) 
products and is expressed as % of the values for the input samples. Values are means 
± SEM and were analysed by Student’s t-test. *p<0.05, n=4-5. 
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Figure 4.20. Levels of histone H3 marks associated with gene expression 
upstream of the Nppa transcription start site in GR-/- hearts are reduced 
compared to  GR+/+ at E17.5. Levels of histone H3 lysine 9 acetylation (H3K9ac) 
(A,B,C) and histone H3 lysine 4 trimethylation (H3K4me3) (D,E,F) within the -
170/-70, -112/-14 and -34/+29 bp regions of the Nppa gene (relative to the 
transcription start site, +1) were decreased in GR-/- hearts at E17.5. Histone mark 
abundance was quantified by qPCR of chromatin immunoprecipitation (ChIP) 
products and is expressed as % of the values for the input samples. Values are means 
± SEM and were analysed by Student’s t-test. *p<0.05, n=4-5. 
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Figure 4.21. Levels of histone H3 marks associated with gene expression 
downstream of the Tsc22d3 transcription start site in GR-/- hearts are reduced 
compared to GR+/+ at E17.5. Levels of histone H3 lysine 9 acetylation (H3K9ac) 
(A) and histone H3 lysine 4 trimethylation (H3K4me3) (B) within the +171/+221 bp 
region of the Tsc22d3 gene (relative to the transcription start site, +1) were lower in 
GR-/- hearts at E17.5. Histone mark abundance was quantified by qPCR of chromatin 
immunoprecipitation (ChIP) products and is expressed as % of the values for the 
input samples. Data are expressed as means ± SEM and were analysed by Student’s 
t-test. *p<0.05, n=4-5. 
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Figure 4.22. Mitochondrial DNA levels do not differ between GR+/+ and GR-/- 

fetal hearts at E17.5. Mitochondrial DNA was quantified by qPCR of 
mitochondrially encoded genes: cytochrome c oxidase I (mt-CO1, A), III (mt-CO3, 
B) and NADH dehydrogenase II (mt-ND2, C). Absolute values were corrected for 
genomic C/EBPα levels. Values are means ± SEM and were analysed by Student’s t-
test, n=6. 
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Figure 4.23. The number of TUNEL+ cells within the myocardium is higher in 
GR-/- fetal hearts compared to GR+/+ in late gestation. Apoptosis was assessed as 
DNA fragmentation using terminal deoxynucleotidyl transferase dUTP nick end 
labelling (TUNEL) on formalin-fixed paraffin-embedded 7µm sections of E14.5, 
E15.5, E16.5 and E18.5 GR+/+ and GR-/- hearts. The number of positively stained 
nuclei decreased with gestational age in both GR+/+ and GR-/- hearts. The number of 
TUNEL+ cells appears higher in the GR-/- myocardium compared to GR+/+. Images 
representative of n=3-6.LV-left ventricle, RV-right ventricle, S-septum. 
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To establish if the apoptosis was occurring in cardiomyocytes and to use a distinct 

marker of apoptosis, tissue sections were stained for cleaved caspase-3 and cardiac 

troponin T. E17.5 but not E14.5 GR-/- hearts contained more cells immunoreactive 

for cleaved caspase-3, yet those cells were not cardiomyocytes (they were negative 

for troponin-T) (Figure 4.24, Figure 4.25) and their identity is yet to be determined. 

GR is important in macrophage function (McColl et al., 2007, Kleiman et al., 2011). 

However, the increase in apoptotic cell presence was not due to impaired 

macrophage clearance of dying cells in GR-/- fetal heart, as there were no apparent 

differences in either the number of CD68+ (macrosialin+) cells (considered to be 

macrophages) within the tissue, nor their ability to phagocytose apoptotic (cleaved 

caspase-3 containing) cells (Figure 4.26), suggesting that increased number of 

apoptotic cells is not due to impaired clearance. 
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Figure 4.24. Cleaved caspase-3 expressing cells are distinct from cardiomyocytes 
in both GR+/+ and GR-/- myocardium at E14.5. Cells positive for cleaved caspase-3 
(red) do not co-express the cardiomyocyte marker troponin T (green). 
Immunohistochemistry on formalin-fixed paraffin-embedded 7µm sections of E14.5 
GR+/+ and GR-/- hearts (ventricular wall). Images are representative of n=5. 
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Figure 4.25. The number of cells with cleaved caspase-3 is higher in GR-/- 
compared to GR+/+ myocardium at E17.5, yet those cells are distinct from 
cardiomyocytes. The number of cleaved caspase-3+ cells (red) is higher in GR-/- 
hearts. Cells positive for cleaved caspase-3 do not co-express the cardiomyocyte 
marker troponin T (green). Immunohistochemistry on formalin-fixed paraffin-
embedded 7µm sections of E17.5 GR+/+ and GR-/- hearts (ventricular wall). Images 
are representative of n=6. 
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Figure 4.26. The number of macrophages within the myocardium does not 
differ between GR+/+ and GR-/- fetal hearts at E17.5. The phagocytic capacity of 
macrophages is preserved in GR-deficient hearts. The number of cleaved caspase-
3 positive cells (red) is higher within the GR-/- myocardium compared to GR+/+ at 
E17.5 (ventricular walls). There is no apparent difference in the number of CD68+ 
macrophages (green) between the genotypes. The macrophages are capable of 
engulfing apoptotic cells in both GR+/+ and GR-/-. Images representative of n=5-8. 
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4.3 Discussion 
Steroid signaling and metabolism in the fetal heart  

Levels of GR mRNA rose between E14.5 and E17.5 in the GR+/+ heart, consistent 

with the increase in protein expression (see 3.2.1) in late gestation fetal heart. As 

expected, exons 5-9 of GR mRNA (not present in the chimeric GR-βgeo transcript) 

were undetectable in GR-/- hearts and present at half normal amount in GR+/-. 

Interestingly, although MR plays a major role in mediating glucocorticoid action in 

adult heart (Brilla and Weber, 1992, Funder, 1997, Chai and Danser, 2006, Young et 

al., 2007, Young et al., 2010), MR mRNA showed no maturational changes in wild-

type mice or any compensatory changes in GR-/- at any time point. 11β-HSD1 

expression rose in GR+/+ heart and 11β-HSD2 decreased between E14.5 and E17.5, 

again consistent with previous studies (Brown et al., 1996a, Thompson et al., 2002, 

Speirs et al., 2004). These changes are likely to amplify glucocorticoid action in late 

gestation, increasing levels of active corticosterone and fine-tuning the heart’s 

exposure to steroids. However, in GR-/- hearts there was no change between the two 

time points in mRNA levels encoding 11β-HSD1 or 2. This suggests that dynamic 

changes in the expression of those enzymes are triggered by a surge in systemic 

glucocorticoid levels. Indeed, the expression of both enzymes is glucocorticoid 

regulated (Sai et al., 2008b, Muzikar et al., 2009). Consistent with this, 11β-HSD2 

expression is decreased in ovine fetal heart following prenatal cortisol treatment 

(Reini et al., 2006).  

The gestational increase in active glucocorticoid signalling was mirrored in the 

induction of known classical GR genomic targets, including GILZ (D'Adamio et al., 

1997, Ellestad et al., 2009, Aguilar et al., 2012), FKBP5 (U et al., 2004, Jääskeläinen 
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et al., 2011) and MKP-1 (Shipp et al., 2010, Tchen et al., 2010) in GR+/+ fetal hearts 

but not in GR-/-.  

Cardiac fibers and myofibrils are affected by GR-deficiency 

The proper arrangement of myocytes within the ventricle is critical for cardiac 

contractile performance. The ventricular myocardium relies on a multi-layered 

compact zone, with cardiomyocytes aligned with one another and oriented with their 

long axes perpendicular to the arterial–venous axis (Wenink et al., 1996, Männer, 

2004, Sedmera, 2005). In wild-type hearts, the outer longitudinal muscle layer was 

clearly delineated at E17.5, with cardiomyocytes predominantly rod-shaped and 

aligned obliquely to the longitudinal axis of the heart. In contrast, compact 

myocardial cells in GR-/- hearts were irregularly shaped with little evidence of 

alignment. This suggests they fail to undergo the normal directional change in 

muscle fibers, which might be associated with lower contractile force, increased 

ventricular wall stiffness and impaired cardiac function (Ishiwata et al., 2003b, 

Buckberg et al., 2008a). GR-/- hearts also had more dense nuclei (indicative of greater 

chromatin condensation) and less cytoplasm, indicative of smaller cell size. Small 

and round cardiomyocytes, as seen in the GR-/- myocardium, are less capable of 

assembling contractile networks than rectangular-shaped cardiomyocytes, where 

sarcomeres align in a repeated pattern based on localised focal adhesions and are able 

to generate sufficient contractile forces to respond to intracardiac pressure (Auman et 

al., 2007, Bray et al., 2008).  

During development, the most striking feature of myocyte maturation is an increase 

in, and redistribution of, contractile constituents, with mature myofibrils aligned 
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parallel to the long axis of the cardiomyocyte and, in longitudinal section, 

displaying a repeated sharp striation (Anversa et al., 1981, Canale et al., 1986, 

Smolich, 1995). Consistently, in late gestation GR+/+ hearts, cardiomyocytes 

showed well-organised, defined myofibrils with a number of consecutive 

sarcomeres. In contrast, myofibrils in GR-/- myocardium were poorly aligned, short 

and disorganised. The Z-discs, in wild-type hearts narrow and elongated, had an 

irregular margin and variable width in GR deficient hearts. This failure in 

myofibrillar maturation could underpin the functional impairments seen in GR-/- 

mice, for example the decrease in E/A wave ratio (Zhou et al., 2003a). This 

phenotype resembles that of mice lacking cardiac α-actin, which leads to perinatal 

death, heart growth retardation, disorganisation of cardiomyocytes and severe 

myofibrillar disarray, with no gross structural abnormalities in the cardiac structure 

(Kumar et al., 1986, Kumar et al., 1997, Abdelwahid et al., 2004). This suggests 

that abnormalities in contractile filament structure can impair heart maturation and 

survival.  

Levels of MyHCα mRNA increased in GR+/+ hearts between E14.5 and E17.5. This 

developmental switch from the predominance of MyHCβ towards α in the rodent 

myocardium is associated with a developmental increase in the speed and force of 

myocardial contraction and increased power output (Lompre et al., 1981, Lyons et 

al., 1990, Sweeney and Kelley, 1990, Briggs et al., 1992, Stelzer et al., 2007). In GR-

/- mice, whilst the hearts showed normal expression of MyHCα at E14.5, there was 

no maturational increase at E17.5. Reduced levels of MyHCα and the inferred 

decrease in MyHCα/β ratio in GR-/- fetal hearts are likely to contribute to the 

impaired function at E17.5 (see 3.2.4). Glucocorticoids are likely to influence the 
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maturational switch in MyHCα/β ratio: prenatal treatment with modest levels of 

dexamethasone increased the cardiac MyHCα/β ratio (by increasing MyHCα and 

decreasing MyHCβ) in newborn rats, whereas higher doses inhibited this transition 

(Bian et al., 1992b, Muangmingsuk et al., 2000). Postnatally, adrenalectomy 

decreased the MyHCα/β ratio and myosin ATPase activity, an effect abolished by 

exogenous glucocorticoid administration (Rovetto et al., 1970, Bhaskar et al., 1989, 

Stith and Reddy, 1992).  

Consistent with the lack of structural abnormalities in GR-/- hearts (see 3.2.5), there 

was no change in the mRNA levels encoding two major morphogenetic factors; 

BMP-10 (essential for proper trabeculation of the developing heart) (Neuhaus et al., 

1999, Chen et al., 2004) and GATA4 (essential for cardiac mesoderm differentiation 

and ventral formation) (Pikkarainen et al., 2004, Brewer and Pizzey, 2006). 

Expression of both these factors is highest earlier in gestation when the heart 

undergoes the morphological changes from a simple tube towards a four-chamber 

organ, a process completed before the onset of glucocorticoid signalling.  

Expression of vascular endothelial growth factor (VEGFα), a regulator of coronary 

blood vessel growth during development (Breier et al., 1995, Cheung, 1997, 

Tomanek et al., 1999) increased from E14.5 to E17.5, consistent with previous 

studies (Lagercrantz et al., 1996). GR deficiency did not seem to affect it at any time 

point. 

 

 



The role of glucocorticoid signalling in fetal heart development and maturation  

Chapter 4. The molecular phenotype of GR-/- fetal heart 233 

 

Expression of genes involved in cardiac function is altered in GR-/- hearts 

Plasma ANP levels gradually rise throughout gestation in response to increased 

volume loading and myocardiac stretch (Cheung et al., 1987, Walther et al., 2001, 

Vesely, 2002, Cameron and Ellmers, 2003). Consistent with this, in GR+/+ fetuses, 

cardiac ANP mRNA levels rose between E14.5 and E17.5. However, in GR-/- and 

GR+/- hearts, late gestation ANP mRNA levels were significantly reduced, remaining 

similar to levels at E14.5. This lack of a maturational increase in GR-/- hearts could 

result from impaired myocardial function in GR-deficient hearts. Alternatively, it 

could reflect abnormal heart-kidney axis function. ANP synthesis and secretion are 

glucocorticoid regulated. Postnatal dexamethasone administration increased cardiac 

and systemic ANP, whereas ANP declined following adrenalectomy but was restored 

with glucocorticoid treatment (Dolan and Dobrozsi, 1987, Gardner et al., 1988, 

Fullerton et al., 1991, Dananberg and Grekin, 1992, Nishimori et al., 1997). In 

addition to volume regulation, ANP modulates cardiomyocyte growth and 

proliferation (O'Tierney et al., 2010). Plausibly, reduced ANP in GR-/- hearts impairs 

both these processes. 

Changes in calcium handling accompany maturational changes in force-frequency 

relationship and contractile tension. Glucocorticoids improve sarcoplasmic reticulum 

function and calcium handling in adult hearts (Penefsky et al., 1986). Conversely, 

adrenalectomy decreased the rates of ATP-dependent calcium uptake by the 

sarcoplasmic reticulum and the contractile force and relaxation, an effect reversed by 

exogenous glucocorticoids (Rao et al., 2001). Dexamethasone also increases the 

expression of genes involved in calcium-induced calcium release, such as L-type 

calcium channels, as well as inward calcium current density (Takimoto and Levitan, 
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1994, Wang et al., 1999, Whitehurst et al., 1999, De et al., 2011). In GR+/+ mice, 

expression of genes underlying the development of calcium-induced calcium release 

mechanisms (RyR2, SERCA2a and NCX1) increased from E14.5 to E17.5. In GR-/- 

hearts, there was no change between the two time points suggesting a failure in 

maturation of calcium handling mechanisms. This, together with myofibrillar 

underdevelopment, could underlie the impaired cardiac function seen in GR-/- mice in 

late gestation.   

GR-/- fetal hearts failed to show maturational changes in energy metabolism. To 

generate the energy needed to meet its steadily increasing demands during in utero 

development, the fetus relies on carbohydrate metabolism, partly because 

cytoplasmic and mitochondrial capacity to metabolise lipids remains immature 

(Lopaschuk et al., 1992, Lopaschuk and Jaswal, 2010). As the heart nears term, the 

energy demand needed to prepare for extrauterine life increases. Indeed, the levels 

and activity of enzymes involved in glycolysis, such as phosphofructokinase, 

hexokinase, phosphoglucoisomerase and pyruvate kinase increase in late gestation in 

both humans and rodents (Rolph et al., 1982, Andrés et al., 1984, Makinde et al., 

1998, Bass et al., 2001). Consistent with this, in GR+/+ hearts there was a gestational 

increase in levels of mRNA encoding hexokinase (catalysing the first step of 

glycolysis) and PFKFB2 (rate limiting step) between E14.5 and E17.5. However, 

there was no increase in GR-/- hearts, suggesting an inability to generate sufficient 

amounts of energy to support cardiac growth and function. This, in turn, could 

contribute to the heart growth restriction and functional impairment seen in GR-/- 

fetuses. There was no effect of GR deficiency on the expression of Glut1, 

transmembrane glucose transporter, consistent with previous reports of 
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dexamethasone having no effect on glucose transport (Cleasby et al., 2003, 

Antonow-Schlorke et al., 2006). The normal decrease in Glut1 expression 

(Santalucía et al., 1992, Postic et al., 1994, Santalucía et al., 1999) was seen in both 

genotypes.  

Although glucose metabolism is the predominant path of energy formation during 

fetal life, the heart undergoes a rapid switch towards more efficient fatty acid 

metabolism in the perinatal period. This is accompanied by an increase in the 

expression and activity of proteins involved in fatty acid uptake, transport and 

oxidation (Bartelds et al., 2000). Glucocorticoids induce fatty acid oxidation in both 

developing and adult hearts (Liu et al., 2007, Qi and Rodrigues, 2007). One of the 

most important signalling molecules involved in both the perinatal switch towards 

mitochondrial fatty acid oxidation as a chief energy source as well as in 

mitochondrial biogenesis is PGC-1α. Overexpression of PGC-1α in cardiomyocytes 

increased expression of nuclear and mitochondrial genes involved in energy 

production, increased cellular mitochondrial number, and stimulated coupled 

respiration (Lehman et al., 2000, Lehman and Kelly, 2002, Finck and Kelly, 2007, 

Lehman et al., 2008). Interestingly, experiments using a tissue-specific, tetracycline-

inducible PGC-1α mouse model revealed developmental stage-specific effects of 

PGC-1α. Overexpression of PGC-1α in neonatal heart triggers dramatic expansion of 

mitochondria within cardiac myocytes, whereas overexpression of PGC-1α in the 

hearts of adult mice induces only very modest effects (Russell et al., 2004). 

Consistent with previous studies, there was a gestational increase in levels of mRNA 

encoding PGC-1α in GR+/+ hearts, reflecting gradual maturation of this cardiac 

energy generating mechanism in preparation for life after birth. In GR-/- hearts 
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however, this gestational increase was absent. This might decrease ATP levels and 

lower cardiac power as a result of reduced fatty acid oxidation, and persistently high 

reliance on glucose oxidation, a phenotype seen previously in PGC-1α deficient 

cardiac fibers, which also had diminished ability to increase work output in response 

to chemical or electrical stimulation (Lehman et al., 2008). Strikingly, the cardiac 

PGC-1αβ-/- phenotype bears a strong resemblance to the GR-/- phenotype (Lai et al., 

2008). PGC-1αβ-/- pups die early after birth with symptoms of congestive heart 

failure. Hearts are significantly smaller with no gross morphologic abnormalities. 

However, PGC-1αβ-/- hearts show severe functional impairment, with decreased E/A 

wave ratio and increased MPI index with prolonged IVRT, mirroring the GR-/- 

phenotype. In addition, expression of several fetal cardiac genes, including ANP, 

MyHCα and SERCA2a is reduced.  Abnormalities in myofibrillar structure were also 

noted. Not surprisingly, cardiac mitochondrial number and size are reduced in the 

hearts of PGC-1αβ-/- fetuses, associated with ultrastructural abnormalities including 

vacuoles and reduced cristae density (Lai et al., 2008). The latter however was not 

seen in GR-/- hearts, where there was no difference in mitochondrial DNA levels, and 

therefore mitochondrial copy number, in late gestation. This suggests alternative 

compensatory mechanisms involved in mitochondrial biogenesis. Mitochondrial 

efficiency, however, is likely to be affected in GR-/- hearts, as adrenalectomy reduced 

the activity of citrate synthase in the rabbit neonatal heart (Marver, 1984), whereas 

prenatal dexamethasone treatment increased ATP levels in rat hearts (Marver, 1984, 

Tsuzuki et al., 2009, Mizuno et al., 2010), suggesting glucocorticoid action might 

accelerate energy generation in the developing heart.  
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Uncoupling protein 2 (UCP2) is an inner mitochondrial membrane protein that is 

proposed to uncouple ATP synthesis by dissipating the proton gradient, resulting in 

the generation of heat and decreased ATP production (Bodyak et al., 2007), though 

this function has not been demonstrated and is controversial (Pecqueur et al., 2008). 

High UCP2 could have a beneficial effect on cardiomyocyte survival during hypoxia 

(e.g. in early gestation) by attenuating ROS generation and preventing mitochondrial 

calcium overload. However, later in gestation its ATP-wasting effects would become 

unfavorable (Teshima et al., 2003, Bodyak et al., 2007, Laskowski and Russell, 

2008). Indeed, the overexpression of UCP2 in cardiomyocytes led to a significant 

decline in ATP level and low functional efficiency (Murray et al., 2008). Levels of 

UCP2 mRNA decreased in GR+/+ hearts between E14.5 and E17.5. A decrease in 

UCP2 expression would be expected to enhance the coupling between citric acid 

cycle flux and mitochondrial ATP synthesis, increasing energetic efficiency 

(Teshima et al., 2003, Bodyak et al., 2007, Murray et al., 2008). Persistent UCP2 

expression in GR-/- hearts again suggests inefficient cellular mechanisms governing 

energy generation. 

As described in 3.2.6, GR deficiency does alter liver adrenaline levels. Here, cardiac 

levels of mRNA encoding PNMT, which converts noradrenaline to adrenaline, 

decreased between E14.5 and E17.5 in both genotypes, although at E14.5 they were 

increased in GR-/- compared to GR+/+. Even though PNMT expression within the 

adrenal is highly dependent on glucocorticoids, extraadrenal PNMT expression is 

largely GR-independent (Ziegler et al., 2002). Catecholamine biosynthetic enzymes, 

including TH, DBH or PNMT, are expressed in the embryonic heart before the onset 

of the catecholamine production in the adrenal chromaffin cells (Kennedy and 
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Ziegler, 1991, Ebert and Thompson, 2001, Ebert et al., 2008), with PNMT activity 

peaking close to E12 and declining thereafter. Moreover, prenatal dexamethasone 

administration has no effect on the number or affinity of cardiac βADR1 (Bian et al., 

1990, Bian et al., 1991, Chandra et al., 2006). The lack of effect of GR-deficiency on 

PNMT mRNA levels in late gestation, together with normal levels of βADR1 in GR-

/- fetal hearts further supports the hypothesis that adrenal abnormalities in GR-/- 

animals do not grossly affect peripheral adrenalin availability and signaling. This is 

consistent with normal heart rate in GR-/- fetuses compared to GR+/+ in late gestation. 

Hypoxia and apoptosis – is the GR- deficient heart more susceptible?  

Fetal hearts show a remarkable ability to develop under hypoxic conditions and 

hypoxia is in fact critical for proper myocardial formation. In particular, HIF-1, a 

transcription factor critical for the response to low oxygen tension, plays a central 

role in fetal heart formation, embryonic outflow track remodeling and coronary 

vessel growth via its interaction with VEGFα (Patterson and Zhang, 2010). 

However, the timing and magnitude of hypoxia is tightly regulated, with excess 

hypoxia causing myocardial hypoplasia and underperfusion as well as increased 

apoptosis (Patterson and Zhang, 2010). The mouse fetus is most vulnerable to 

hypoxia in midgestation (E13.5) and its tolerance increases with advancing 

gestational age (Madan et al., 2002, Nau et al., 2002, Ream et al., 2008). 

Interestingly, HIF-1α mRNA levels were increased in GR-/- hearts at E14.5. This is 

unlikely to be a direct effect of cardiac GR deficiency as glucocorticoid levels are 

extremely low in the heart at E14.5. Instead, it could be secondary to alterations in 

placental function. Additionally, as catecholamines are needed to survive transient 

hypoxic episodes, increased PNMT levels in E14.5 GR-/- hearts suggest increased 
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hypoxic stress response. HIF-1α levels decreased in the hearts of all genotypes with 

advancing gestational age, more so in the GR-/- hearts. This might reflect impaired 

cardiac responses to hypoxic stress or greater exposure to hypoxia in GR-/- hearts. 

This aspect merits further investigation.  

Interestingly, UCP2-overexpressing cardiomyocytes are more sensitive to hypoxic 

challenge, as reflected by an upregulation of apoptotic Bnip3 (a member of the Bcl-2 

family), triggering a loss of mitochondrial membrane potential and an increase in 

ROS production (Bodyak et al., 2007, Burton and Gibson, 2009). Persistently high 

UCP2 expression in late gestation GR-/- hearts could predispose them to increased 

rates of apoptosis. There was, however, no difference in mRNA encoding Bnip3 

between the genotypes at any time point.  

Although essential in early-to-mid gestation heart development for outflow tract and 

valve remodelling, excess apoptosis is detrimental for the heart. In my previous 

studies (E. Rog-Zielinska, MSc project), homogenates of GR-/- hearts displayed 

higher caspase-3 activity. Here, the number of apoptotic cells was also shown to be 

increased in GR-/- hearts compared to GR+/+ from mid-to-late gestation. On closer 

inspection, however, the apoptotic cells positive for cleaved caspase-3 staining did 

not express cardiac troponin T and were therefore distinct from cardiomyocytes. The 

exact cell type, however, was not determined. During developmental remodelling a 

large proportion of apoptotic cells in the heart are of neural crest or epicardial origin 

(Poelmann et al., 2000) and none of them would express troponin T. Alternatively, 

increased neutrophil invasion could account for increased numbers of dying cells in 

GR-/- hearts. In neonatal ovine hearts, glucocorticoids prevent increased neutrophil 
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adhesion, activation and apoptosis, detrimental during ischemia-reperfusion injury 

following cardiopulmonary bypass (Pearl et al., 2004).  

Apoptotic cells are normally only transiently detectable as they are rapidly 

phagocytosed by macrophages, a process that appeared normal in GR-/- fetal hearts.  

GR deficiency and chromatin modifications 

H3K4me3 and H3K9ac are strongly associated with transcriptional activation, and 

their presence within 500bp of transcription start sites strongly correlates with 

increased gene expression, for example during development and aging (Cheung et 

al., 2010, Zhou et al., 2010, Asp et al., 2011).  

Here, in late gestation hearts, GR deficiency was associated with lower levels of 

both H3K4me3 and H3K9ac close to the transcription start sites of genes important 

for cardiac function: MyHCα, ANP and PGC-1α, consistent with decreased 

expression of these genes compared to GR+/+ fetal hearts. This suggests that 

glucocorticoid induction of cardiac genes is associated with changes in the 

chromatin landscape. Previously, dexamethasone enhanced histone H3 lysine 9/14 

acetylation at the GLUT5 gene, as well as its gene expression in colon cancer cells 

(Mochizuki et al., 2008). Whether it is a direct effect of GR is, however, unknown.   

Thyroid hormone signalling – an overlapping pathway? 

Apart from glucocorticoids, other hormonal factors affect cardiac maturation. 

Thyroid hormone (3,5,3'-triiodothyronine, T3) increases cardiomyocyte size in late 

gestation, as well as the expression of SERCA2a and ANP. It also induced 

accumulation of contractile material (Gardner et al., 1987, Schjeide et al., 1989, 
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Chattergoon et al., 2012). Conversely, hypothyroidism of either mother or fetus 

leads to a delay in MyHC switch and lower SERCA2a levels (van Tuyl et al., 2004). 

This suggests that glucocorticoid and thyroid hormones might control overlapping 

pathways during late gestation cardiac maturation. Interestingly, T3 also induces 

epigenetic changes in H3K9ac and H3K4me3 levels within the MyHCα and β genes 

during development (Haddad et al., 2010, Pandya et al., 2010).  

Glucocorticoids are thought to affect circulating T3 levels as well as activity of 

enzymes involved in T3 metabolism (Van der Geyten et al., 2001, Van der Geyten 

and Darras, 2005). Among them, DIO2 converts inactive thyroxine (T4) to active T3 

(Croteau et al., 1996, Connor et al., 2005). In mice, cardiac-specific DIO2 

overexpression elevated cardiac T3 levels and enhanced myocardial contractility, 

associated with up-regulation of SERCA2a expression and decreased MyHCβ 

(Trivieri et al., 2006). DIO2 mRNA levels showed an expected modest rise in GR+/+ 

from E14.5 to E17.5, suggesting amplification of cardiac T3 levels in late gestation, 

similarly to the increase in 11β-HSD1 and amplification of glucocorticoid action. 

DIO2 mRNA levels in GR-/- heart at E17.5 were dramatically increased compared to 

GR+/+. This suggests a possible compensatory mechanisms being employed by the 

cardiac muscle to accelerate its maturation in the absence of glucocorticoid 

signalling. 

 

Conclusions 

GR signaling is necessary for late gestation cardiac maturation in mice. Fetuses 

lacking GR do not develop mature compact myocardium and have disrupted 

sarcomere structure, possibly underpinning the functional impairment. These 
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abnormalities are reflected in gene expression, with GR-/- hearts failing to induce 

transcription of genes important for myofibrillar structure, calcium signaling and 

energy metabolism, as seen in GR+/+ fetuses. This suggests that glucocorticoids, 

acting via GR, act to elicit structural and biochemical maturation of the heart near 

term. Additionally, glucocorticoid-induced maturational increases in gene expression 

are associated with changes in chromatin structure.   
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5.1 Introduction 

As described in Chapters 3 and 4, global GR deletion in mice results in a high 

incidence of prenatal mortality, edema and severe impairment of cardiac maturation 

in late gestation. However, as GR is a crucial mediator of a number of developmental 

processes outwith the heart, it is impossible to attribute specific cardiac phenotypes 

to GR deficiency within cardiomyocytes or the cardiovascular system as opposed to 

impaired glucocorticoid signalling in other cell types, tissues and organs. In this 

chapter I employed a Cre-loxP genetic approach to create a conditional mouse model 

of GR deficiency specifically within the cardiovascular system by using SM22α 

promoter-driven Cre recombination.  

SM22α, a member of the calponin family, is an actin-binding protein restricted to 

smooth muscle cells (Lepore et al., 2005). Previous studies detected Sm22α-driven 

Cre activity as early as E9.5 in the murine vasculature, cardiac outflow tract and in 

the myocardium of the developing right and left ventricle (Lepore et al., 2005). 

Sm22α-Cre has been used to generate conditional deletions in both the vasculature 

and the heart with relatively high efficiency of recombination (50-80%) (Holtwick et 

al., 2002, Hang et al., 2010). Breeding of Sm22α-Cre with GRfl/fl mice should lead to 

tissue specific deletion of exon 3 of the GR gene encoding the first zinc finger of the 

DNA-binding domain (Tronche et al., 1999). 
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5.1.1 Aims of the chapter 

1. To generate mice with specific GR deletion in smooth muscle cells 

(SMGRKO mice) 

2. To establish whether kidney and HPA axis are normal in SMGRKO mice 

3. To compare the cardiac phenotype of conditional and global GR-knock out 

mouse lines in late gestation. 
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5.2 Results 

5.2.1 Generation and validation of SMGRKO mice  

Previously, a SM22α-Cre transgene has been effective in driving the recombination 

in cardiomyocytes as shown by genomic DNA analysis as well as by reduction in 

target gene mRNA levels or lacZ staining of ROSA26 reporter mice (Holtwick et al., 

2002, Lepore et al., 2005, Frutkin et al., 2006, Hang et al., 2010), although one study 

also reports no effect on target mRNA and protein levels in the heart following 

SM22α-Cre recombination (Goodwin et al., 2008). 

To test this here, SM22α-Cre transgenic mice (available locally) (Boucher et al., 

2003, Welsh et al., 2010) were crossed with ROSA26 reporter mice (Soriano, 1999). 

This strain contains a lacZ reporter gene that is silenced by a “floxed” stop sequence 

immediately upstream under the control of the ubiquitously active ROSA26 

promoter (Zambrowicz et al., 1997, Soriano, 1999). Upon expression of the Cre 

recombinase in target tissues, recombination removes the stop sequence and the β-

galactosidase reporter can be detected using X-gal staining.   

Offspring of SM22α-Cre x ROSA26 were collected at postnatal day 1, frozen, then 

the whole body sectioned and stained. β-galactosidase expression was widespread in 

the heart, vasculature and the digestive tract lining (Figure 5.1A,B,C). Although the 

staining was strong within the heart, it was not uniform and areas of unstained tissue 

were observed (Figure 5.1A). Importantly, no staining was observed in the kidney, 

adrenal gland or brain (Figure 5.1D,E).  
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Figure 5.1. Sm22α-driven Cre recombinase is active in smooth muscle cells and 
cardiomyocytes. The activity of Cre was assessed in the offspring of Sm22α-Cre x 
ROSA26 reporter mice. β-galactosidase staining (blue) of frozen fetal sections 
showing positive staining of the heart (A, +/- eosin; negative control – ROSA26 
Sm22α-Cre-), vasculature (B) and intestinal muscle (C). No staining was detected in 
the adrenal gland, kidney (D) or the brain (E). Images representative of n=4. 
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5.2.2 GR levels are reduced in SMGRKO hearts 

Glucocorticoid receptor immunodetection in SMGRKO fetal tissues at E17.5 

confirmed the deletion was specific to smooth muscle (cardiomyocytes, vascular 

smooth muscle cells) and not skeletal muscle (Figure 5.2). Although GR-positive 

cells were still observed within the SMGRKO myocardium, they were typically not 

positive for cardiac marker troponin-T and therefore represented a different cell 

type (Figure 5.3).  

GR mRNA and protein levels were decreased by ~65% in SMGRKO hearts 

compared to control littermates (GRfl/fl Cre-) (Figure 5.4A,B,C). Levels of mRNA 

encoding FKBP5 (a GR-target gene) were decreased suggesting diminished 

glucocorticoid signalling (Figure 5.4D). There were no compensatory changes in 

11β-HSD1 protein expression (Figure 5.4E,F). GR mRNA levels were unaltered in 

SMGRKO fetuses in the kidney, liver and the lung (Figure 5.5). 

5.2.3 SMGRKO mice are viable but under-represented at weaning 

In matings predicted to produce homozygous conditional disruption of GR in 

cardiomyocytes (GRfl/fl Cre+ x GRfl/fl Cre-) the predicted 1:1 ratios of genotypes GRfl/fl 

Cre+ : GRfl/fl Cre- were seen at E17.5. However, at 3 weeks postnatally GRfl/fl Cre+ 

mice were present at ~60% of the numbers of GRfl/fl Cre- littermates (Table 5.1).  

Table 5.1. The GRfl/fl Cre+ and GRfl/fl Cre- fetuses were present at expected 1:1 
ratios at E17.5 but not at 3 weeks. Data were analysed with chi-square (χ2) test, 
**p=0.008. Numbers in brackets refer to the percentage of the sum of both 
genotypes. 

 GRfl/fl Cre- GRfl/fl Cre+ 
fetus E17.5 (23 litters) 62 (55%) 51 (45%) 
age 3 weeks (31 litters) 86 (62%) 53 (38%)** 
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Most mice lost by weaning were females (males 38 GRfl/fl Cre- vs 33 GRfl/fl Cre+, 

females 48 vs 20). 

Figure 5.2 The number of glucocorticoid receptor-expressing cells is 
reduced in SMGRKO myocardium and vascular smooth muscle layer. 
Representative (n=3) images of GR-immunoreactivity in formalin-fixed 
paraffin-embedded fetal heart (ventricle), vasculature and skeletal muscle tissue 
sections. GR (brown) is present in most cells (nuclei-blue) within the heart and 
vascular smooth muscle cells (arrows) in controls but not SMGRKO fetuses at 
E17.5. There is no difference in the number of GR-expressing cells within the 
skeletal muscle between the groups.  
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Figure 5.3. Glucocorticoid receptor is deleted from cardiomyocytes in 
SMGRKO fetuses. The number of GR (red)-immunoreactive cardiomyocytes 
(identified as co-expressing troponin-T, green) is reduced in SMGRKO fetal hearts 
(ventricles) at E17.5. DAPI-nuclear counterstain. Arrows – non-cardiomyocyte cells 
expressing GR.  
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Figure 5.4. GR mRNA and protein levels were reduced in E17.5 SMGRKO 
hearts, together with FKBP5 suggesting decreased glucocorticoid signalling. 
There were no compensatory changes in 11β-HSD1 protein expression. GR 
mRNA (A) and protein (B,C) levels were reduced by ~65% in E17.5 SMGRKO 
hearts compared to control GRfl/fl Cre- fetuses (arbitrarily set to 1). (D) Expression of 
FKBP5 was reduced to a similar extent. There were no compensatory changes in 
protein levels of glucocorticoid-activating 11β-HSD1 (E,F). Levels of mRNAs are 
expressed relative to TBP, used as an internal control. GR and 11β-HSD1 protein 
levels were corrected for α-tubulin, used as an internal control. Values are means ± 
SEM and were analysed by Student’s t-test. ***p<0.001, n=10. 
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Figure 5.5. Liver, lung and kidney GR mRNA levels are unaltered in 
SMGRKO mice compared to control (GRfl/fl Cre-) at E17.5. Levels of GR 
mRNAs are expressed relative to TBP, used as an internal control. Values are 
means ± SEM and were analysed by Student’s t-test. n=6. 
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5.2.4 Altered body water and electrolyte balance 

Body water content of E17.5 SMGRKO fetuses was higher than that of control 

(GRfl/fl Cre-) littermates (Figure 5.6) suggesting excess fluid accumulation. Whole-

body sodium levels were also increased in SMGRKO mice, with no change in 

potassium content (Figure 5.7), indicative of edema of predominantly extracellular 

origin.  

5.2.5 Cardiac function is impaired in SMGRKO fetuses 

To assess cardiac function of SMGRKO fetuses in late gestation, in vivo ultrasound 

was performed on E17.5 SMGRKO and control (GRfl/fl Cre-) mice. The 

echocardiographic parameters are described in detail in 3.2.4. 

E17.5 SMGRKO hearts showed an increase in the Doppler-derived myocardial 

performance index (MPI), indicating globally impaired heart function (Figure 

5.8A). Breakdown of the MPI into its 3 component parts showed that contraction 

time is augmented, with no change in relaxation or ejection times (Figure 5.8B). 

The E/A peak wave velocity ratio was unaltered in SMGRKO fetuses compared to 

littermate controls (Figure 5.8C). Further investigation of the early diastolic events 

revealed a strong trend to decreased diastolic deceleration (slope), yet unaltered 

early diastolic mitral deceleration index (MDI) (Figure 5.8D,E). 

There was no difference in heart rate which was in the range considered normal for 

late gestation mouse fetuses (Corrigan et al., 2010) (Figure 5.8F). 

 

 



The role of glucocorticoid signalling in fetal heart development and maturation  

Chapter 5. Smooth muscle cell-specific GR-/- (SMGRKO) model 254 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6. SMGRKO embryos at E17.5 show excess fluid accumulation. Wet 
(A) and dry (B) weight did not significantly differ between SMGRKO and control 
(GRfl/fl Cre-) fetuses at E17.5, yet the body water content (percentage of total weight) 
was increased (C). Values are means ± SEM, and were analysed by Student’s t-test; 
*p<0.05, n=17-24. 
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Figure 5.7. Whole body electrolyte balance is disturbed in SMGRKO fetuses at 
E17.5 with an increase in sodium content. Whole body sodium and potassium 
levels were quantified in acid tissue extracts by flame photometry and the absolute 
values are corrected for body weight. Whole body sodium is increased in GR-/- 
fetuses, with no change in potassium levels (A). Consequently there is an increase 
in Na+:K+ ratio (B). Values are means ± SEM, and were analysed by Student’s t-
test; *p<0.05, n=17-24. 
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Figure 5.8. Cardiac function of SMGRKO hearts at E17.5 is impaired. The 
myocardial performance index (MPI, A) was increased in SMGRKO fetuses 
compared to control littermates (GRfl/fl Cre-), with prolonged contraction time (B). 
E/A wave ratio (C) was unaltered. Early diastolic deceleration (slope) showed a 
strong trend to be decreased (D) and mitral deceleration index (MDI, E) was 
unaltered in SMGRKO fetuses compared to controls. (F) There was no difference in 
heart rate. Values are means ± SEM, and were analysed by Student’s t-test; 
*p<0.05, n=20-30. 
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5.2.6 Cardiac morphology in late gestation 

Histological analysis revealed no structural abnormalities of the heart or great vessels 

in E17.5 SMGRKO fetuses compared to controls (GRfl/fl Cre-) (Figure 5.9). The total 

heart size (as measured by cross-sectional area of corresponding coronal sections) 

was also unaltered (Figure 5.10). 

 

5.2.7 Myocardial architecture is disrupted in SMGRKO hearts 

Histological analysis of E17.5 hearts showed an increase in the number of nuclei per 

unit area in SMGRKO hearts, suggesting smaller cell size and less cytoplasm in the 

cardiomyocytes (Figure 5.11). 

In hearts of E17.5 control fetuses, the outer longitudinal muscle layer of the left 

ventricle was clearly delineated, with cardiomyocytes predominantly rod-shaped and 

aligned with the longitudinal axis of the heart. In contrast, the outermost myocardial 

cells in SMGRKO hearts were irregularly shaped and smaller, with little evidence of 

cellular alignment (Figure 5.12). 

5.2.8 Ultracellular abnormalities in E17.5 SMGRKO hearts 

Transmission electron microscopy showed well-organised and distinct myofibrils in 

the myocardium of E17.5 control mice (GRfl/fl Cre-). In contrast, myofibrils in 

SMGRKO myocardium were poorly aligned, disorganised and with less defined Z-

discs (Figure 5.13).  
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Figure 5.9. SMGRKO fetal hearts are morphologically indistinguishable from 
controls (GRfl/fl Cre-) at E17.5. Representative (n=5-7) hematoxylin and eosin 
staining of formalin-fixed paraffin-embedded 7µm coronal sections of fetal hearts.  
There were no obvious structural abnormalities in the hearts of SMGRKO fetuses 
compared to control littermates. Left chamber-right ventricle, right chamber-left 
ventricle. 
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Figure 5.10. There is no difference in the cross-sectional area of the heart 
between SMGRKO and control fetuses (GRfl/fl Cre-) at E17.5. Heart size was 
measured as total heart area (µm2) in formalin-fixed paraffin-embedded serial 
coronal sections. Values are means ± SEM and were analysed by Student’s t-test; 
n=5-7. 
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Figure 5.11. SMGRKO hearts have abnormal cellular architecture, with more 
densely packed nuclei and less cytoplasm at E17.5. (A) Representative (n=5-7) 
hematoxylin and eosin stained formalin-fixed paraffin-embedded 7µm sections of 
E17.5 SMGRKO and control (GRfl/fl Cre-) hearts. (B) More nuclei per unit area in 
SMGRKO hearts in late gestation. Nuclei were quantified in hematoxylin and eosin 
stained SMGRKO and control heart sections (ventricular walls) at E17.5 and are 
expressed per 10000µm2. Values are means ± SEM and were analysed by Student’s 
t-test test, n=5-7. Quantification was performed by Wiktoria Wyrzykowska, an 
undergraduate student working under my supervision. 
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Figure 5.12. SMGRKO cardiomyocytes in the compact myocardium at E17.5 
are smaller and fail to align in the outermost layer. Control (GRfl/fl Cre-) 
cardiomyocytes at E17.5 are rod shaped and align in the outermost layer of the left 
ventricle. SMGRKO cardiomyocytes display an immature, oval shape and are 
disorganised. Formalin-fixed paraffin-embedded 7µm sections were stained with 
wheat germ agglutinin (WGA) for plasma membranes (green). Images representative 
of n=4. 
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Figure 5.13. SMGRKO myofibrils are disorganised and lack distinct striation 
compared to control (GRfl/fl Cre-) hearts at E17.5. Electron micrographs of 60nm 
glutaraldehyde-fixed uranyl acetate and lead citrate-stained heart sections 
(ventricular wall) with corresponding nuclear profiles. Images representative of n=2. 
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5.2.9 Gene expression in SMGRKO hearts indicates delayed 
maturation 

To investigate whether changes in gene expression underlie abnormalities in cardiac 

function and ultrastructure in E17.5 SMGRKO hearts, mRNAs encoding genes 

relevant to the development and maturation of cardiac function and structure were 

examined at E17.5; their brief description can be found in 4.2.3.  

There was no significant difference in levels of mRNA encoding MyHCANP, 

PFKFB2, PGC-1α, Cav1.2 and NCX1 mRNA levels between SMGRKO and control 

(GRfl/fl Cre-) fetuses at E17.5 (Figure 5.14A,B,D,E,F,I). Glycolytic hexokinase-1 

mRNA levels were reduced in SMGRKO hearts (Figure 5.14C). Similarly, levels of 

mRNA encoding proteins involved in calcium handling (RyR2, SERCA2a) were 

decreased in SMGRKO (Figure 5.14G,H). 

5.2.10 SMGRKO fetuses have normal plasma corticosterone levels  

There was no difference in plasma corticosterone levels between E17.5 SMGRKO 

and control (GRfl/fl Cre-) fetuses at E17.5 (Figure 5.15). 
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Figure 5.14. Expression of genes involved in cardiac contractility, metabolism 
and calcium handling is decreased in SMGRKO hearts at E17.5. Levels of 
mRNAs encoding hexokinase-1 (C), ryanodine receptor (RyR2, G) and 
sarcoplasmic reticulum Ca2+ ATPase  (SERCA2a, H) are reduced in E17.5 
SMGRKO hearts compared to control (GRfl/fl Cre-) fetuses, whereas levels of 
mRNA encoding myosin heavy chain α (MyHCα, A), PPARγ coactivator-1α (PGC-
1α, E), calcium-gated voltage channel (Cav1.2, F), and Na+/Ca2+ exchanger (NCX1, 
I) are not significantly different. Levels of mRNAs are expressed relative to TBP, 
used as an internal control. Values are means ± SEM and were analysed by 
Student’s t-test. *p<0.05, n=10. 
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Figure 5.15. Plasma corticosterone levels were unaltered in SMGRKO fetuses at 
E17.5 compared to control (GRfl/fl Cre-) fetuses. Corticosterone was quantified in 
plasma by colorimetric ELISA. Absolute values are expressed as ng corticosterone 
per ml of plasma. Values are means ± SEM, and were analysed by Student’s t-test, 
n=7-8. 
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5.3 Discussion 
Conditional disruption of GR signalling in SMGRKO mice caused approximately 

65% reduction in GR mRNA and protein levels within the E17.5 fetal 

heart.However, it is unclear whether the reduction was present at that levels across 

all the cardiomyocytes within the heart or whether there were areas where the 

recombination did not take place; lacZ reporter expression pattern supports the latter. 

Although not quantified, Cre was also shown to be active in the vasculature and the 

wall of the digestive tract, and in adult SMGRKO mice, GR mRNA levels are 

reduced in the aorta (~50%, R. Richardson, personal communication). As expected, 

no Cre activity was detected within the kidney, adrenal gland or brain, and there 

were no changes in GR mRNA levels in fetal liver, lung or the kidney. Importantly, 

unlike in global GR deficiency (Michailidou et al., 2008), plasma corticosterone 

levels are unaltered in SMGRKO mice. 

The cardiac phenotype of SMGRKO mice is similar in some respects, but distinct in 

others, to global GR-deficiency (summarised in Table 5.2). 

Table 5.2. Phenotypic comparison between E17.5 global GR-/- and SMGRKO 
hearts. Data are described in detail in Chapters 3,4 and 5. 

Global GR-/- SMGRKO 
GR expression in the heart 
None (non-functional chimeric protein) 35% of control 
Survival 

>50% die before birth 
No significant difference at E17.5, 
under-represented at 3 weeks. 

Edema 
Excess fluid + increased body sodium Similar phenotype, smaller magnitude 
Heart size 
20% reduction in size No difference 
Number of nuclei per unit area 
Increased Increased 
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Left ventricle compact myocardium – cardiomyocyte alignment 
Lacking a layer of rod-shaped aligned 
cells 

Similar phenotype 

Myofibrills 
Short and disorganised Disorganised 
Cardiac function (left ventricle) 
MPI increased 
-due to prolonged isovolumetric 
contraction and relaxation times 
 
E/A wave ratio decreased 
Early diastolic function impairment 

MPI increased 
-due to prolonged isovolumetric   
contraction time 
 
No difference 
Modest change. 

Gene expression 
Decreased mRNA levels of: 
Structure – MHCα 
Calcium handling – RyR2, SERCA2a, 
NCX1 
Energy metabolism – hexokinase-1, 
PGC-1α 
ANP 

 
 
     Also decreased but smaller 

magnitude 
 
 
No difference 

 

SMGRKO mice are viable in utero but some die before weaning 

Sm22α-Cre-mediated deletion of GR was not associated with increased mortality in 

late gestation, in contrast to global and complete knock-out of GR.  However, at 

weaning (3 weeks) SMGRKO mice were present at lower than expected numbers 

suggesting that transgenic mice die in the early postnatal period. In a previous study, 

Sm22α-GR knock-out mice were born at the expected ratio (Goodwin et al., 2008). 

However, the number of transgenic mice that survived to weaning is unknown. 

Moreover, in that report GR expression in adult heart was actually higher than in 

control mice (Goodwin et al., 2008). In contrast, in adult SMGRKO mice GR mRNA 

levels are reduced by 60% (R.Richardson, personal communication).  
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It is plausible that prenatal lethality associated with global disruption of GR is a 

consequence of a lack of GR within some other organ. Alternatively, 35% residual 

GR may be enough to ensure sufficient heart function to survive past birth.  

Although complete GR knock out results in 100% neonatal lethality due to severe 

lung abnormalities, the original GR knock-out mouse (GRhypo/hypo) bearing a targeted 

insertion in exon 2 showed a variable phenotype, with 10-15% of mutant mice 

surviving to maturity (Cole et al., 1995a). It subsequently became clear that 

GRhypo/hypo mice express a truncated GR which retains some function and is probably 

expressed at around 60% of wild-type levels in the lung, 50% in kidney, 40% in 

brain and 35% in liver (Cole et al., 2001). Similarly, an antisense GR transgene 

(expressed variably throughout the body) that decreased GR mRNA levels by 50-

70% in the brain and 30-55% in liver (Pepin et al., 1992) allowed mice to survive to 

adulthood.  

Approximately 40% of SMGRKO mice die between E17.5 and 3 weeks of age, 

similarly to global GR+/- mice (see 3.2.2). This suggests that although GR+/- and 

SMGRKO mice are able to survive birth (with 50% residual and 100% pulmonary 

GR, respectively), GR deficiency within the heart compromises survival with 

increasing cardiac demand in the first weeks of life.  

 

Cardiac failure in SMGRKO late gestation fetuses 

Late gestation SMGRKO fetuses display a strikingly similar phenotype to GR-/- 

mice, although often of smaller magnitude, possibly owing to residual GR expression 

in cardiomyocytes. As is the case in GR-/- fetuses, SMGRKO hearts are functionally 

impaired and show aberrations in cytoarchitecture of the muscle fibers, with small 
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cells that show little or no evidence of the alignment and organisation already clearly 

present in control littermates. Additionally, a small degree of edema was also 

observed. Gene expression changes to a large extent also mirrored those seen in GR-/- 

fetuses, with reduced levels of mRNA for genes involved in the maturation of 

cardiac structure, energy metabolism and calcium handling. Again, the magnitude of 

changes was smaller, proportionally to a 65% vs 100% reduction in functional GR 

levels. 

Hearts of SMGRKO mice show qualitative differences to those of GR-/- fetuses 

One of the most interesting observations when comparing GR-/- fetuses with the 

conditional SMGRKO is the disappearance of certain phenotypes. The hearts of late 

gestation SMGRKO fetuses were the same size as those of littermate controls, 

whereas GR-/- fetuses exhibited a considerable volume reduction. Additionally, the 

diastolic impairment evident in the global knock-out mouse is not apparent in the 

SMGRKO heart, although contractile function is still compromised. This again could 

be a result of an incomplete knock-out of GR or, alternatively, could point to the 

global phenotype being secondary to GR deficiency elsewhere in the body.  

If not the heart, the kidney is most likely to underpin the reduction in cardiac volume 

and diastolic failure in global GR-/- mice. In SMGRKO fetuses, the kidney retains 

normal GR expression. In models of prenatal glucocorticoid excess, kidney growth is 

negatively affected, with decreased nephrogenesis and postnatal kidney function 

leading to cardiac failure (Langley-Evans et al., 1999, Nwagwu et al., 2000). Kidney 

development is severely impaired in GR-/- fetuses (unpublished data from our lab).  
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It has been suggested that the developing fetal heart and kidney drive each other’s 

growth (Lampl et al., 2005, Geelhoed and Jaddoe, 2010). During normal 

development, the gradually increasing renal volume causes an increase in cardiac 

preload which, in turn, promotes cardiac growth via cell-stretch mediated effects. 

This, in turn, further augments blood volume and distribution to reinforce kidney 

development and keep pace with the growing fetus (Lampl et al., 2005, Geelhoed 

and Jaddoe, 2010). Plausibly, when the heart and kidney are simultaneously affected, 

the deleterious effects of each synergise in a feedback cycle, accelerating the 

progression of both renal and myocardial damage.  

Lower cardiac pre-load as a result of renal insufficiency in a GR-/- fetus could lead to 

impaired cardiac growth, as has been shown in experiments where fetal nephrectomy 

led to decreased heart weight and volume (Karnak et al., 1996, Gibson and Lumbers, 

1999). This hypothesis is further supported by preserved ANP mRNA levels in 

SMGRKO hearts (significantly reduced in GR-/- fetuses, see 4.2.3). As mentioned 

above, blood volume expansion and the resulting increased atrial pressure and 

myocardial stretch are a major stimulus for cardiac ANP production during fetal 

development (Anderson et al., 1986, Panos et al., 1989, Ruskoaho et al., 1989, 

Walther et al., 2001). In a GR-/- fetus, inadequate kidney function might fail to 

promote cardiac growth, reflected in reduced ANP levels. This is, however, not the 

case in SMGRKO fetuses, where renal function is maintained.  

Impaired kidney function could also induce or exacerbate diastolic dysfunction. In 

adults, chronic renal insufficiency is strongly associated with the occurrence and 

severity of diastolic heart failure presenting with or without preserved systolic 

function (Curtis and Parfrey, 2005, Galderisi, 2005, Singh et al., 2009, Victor and 



The role of glucocorticoid signalling in fetal heart development and maturation  

Chapter 5. Smooth muscle cell-specific GR-/- (SMGRKO) model 271 

 

Barron, 2010, Lazzeri et al., 2011). Plausibly, renal insufficiency determines whether 

diastolic dysfunction becomes symptomatic, as it is volume regulation that is 

particularily difficult for a heart with impaired relaxation properties (Curtis and 

Parfrey, 2005, Galderisi, 2005, Singh et al., 2009, Victor and Barron, 2010, Lazzeri 

et al., 2011). Therefore the absence of obvious diastolic impairment in SMGRKO 

mice could reflect preserved kidney function. In a situation where renal performance 

is compromised, the differences in cardiac function might become more pronounced. 

Another possible explanation for the more severe cardiac phenotype of GR-/- fetal 

hearts is placental insufficiency. In previous studies, placental insufficiency 

increased venous pressure and altered cardiac afterload, causing persistent cardiac 

structural and functional impairment (Mäkikallio et al., 2002). Additionally, fetuses 

exposed to experimental placental insufficiency had smaller hearts, a result of 

suppressed proliferation and maturation of cardiomyocytes (Louey et al., 2007). 

Excess glucocorticoids decrease placental vascularisation and nutrient transport, 

compromising placental development and function (Hewitt et al., 2006a, Hewitt et 

al., 2006b, Wyrwoll et al., 2009, Yiallourides et al., 2009, Vaughan et al., 2012). The 

lack of glucocorticoid signalling may adversely affect placental development and 

function, further compromising cardiac function in GR-/- fetuses. 

The cardiac impairment seen in SMGRKO fetuses is most likely a direct result of GR 

deficiency within cardiomyocytes. However, an effect of GR deletion in the 

vasculature (also within the placenta) on cardiac performance cannot be excluded. 

Prenatal glucocorticoid affects vascular tone and reactivity, possibly via effects on 

endothelin receptor expression and responsiveness to catecholamines (Docherty et 
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al., 2001, Molnar et al., 2003, Pulgar and Figueroa, 2006, Eckman et al., 2010). In a 

previous report, Sm22α-GR knock-out mice showed an attenuated but not abolished 

response to dexamethasone-induced hypertension (Goodwin et al., 2008). This 

contrasts with endothelial cell-specific GR knock-out mice, in which baseline blood 

pressure was elevated and the mice were resistant to the hypertensive actions of 

dexamethasone. Ex vivo, the contractile response of resistance arterioles to 

dexamethasone was reduced (Goodwin et al., 2011). Interestingly, GR deletion in the 

distal nephron had no effect on acute hypertension elicited by dexamethasone 

(Goodwin et al., 2010). Although it is difficult to predict how the lack of GR within 

the smooth muscle would affect cardiac development, it is plausible that if such 

deletion affected vascular resistance, it would induce pathological remodelling of the 

heart, unable to generate sufficient forces to counteract it.  

 
Conclusions 

GR signaling specifically in cardiomyocytes is important for heart maturation in late 

gestation, with decreased levels leading to abnormal function and intracellular 

structure. Importantly, SMGRKO mice are also a valuable model to study adult 

cardiac function and remodeling, allowing for dissection of GR vs MR-dependent 

events in cardiac fibrosis and vascular inflammation (Pitt et al., 1999, Young, 2008, 

Young et al., 2010).  
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6.1 Introduction 
The heart is composed of a variety of cells including myocytes, fibroblasts, vascular 

endothelial and smooth muscle. These cell types maintain the electrical, chemical, 

and biomechanical integrity of the organ via autocrine, paracrine, and cell-cell 

interactions and their contribution to the response to various stimuli has to be 

acknowledged. During development and maturation, the relative proportions of cells 

within the heart change, from predominantly myocytes in utero towards fibroblast 

dominance later in life. In an adult myocardium, myocytes constitute a relatively 

small proportion of cells in the heart, although they still occupy a majority of its 

volume (Soonpaa et al., 1996, Banerjee et al., 2007).  

Despite the predominance of myocytes in the late gestation mouse heart, it is 

possible that the cardiac effects of GR-deficiency described in Chapters 3-5, as well 

as the physiological consequences of glucocorticoid signalling upon the heart are 

attributable to indirect paracrine mechanisms. In vitro models present an opportunity 

to study the direct impact of glucocorticoids on cardiomyocyte function and 

structure. Use of isolated cardiac myocytes has a number of advantages, including 

the ability to select cells from different areas of the heart, an ability to visualise 

cellular structure and the precise localization of intracellular molecules within the 

cardiomyocyte. Isolated cardiomyocytes can also be transfected for gene 

manipulation studies. By combining these data with experimental findings in 

vivo, cardiac function can be assessed in a hierarchical manner. 

The most popular models for in vitro cardiomyocyte culture are cardiomyocytes 

derived from stem and induced pluripotent cells (Mummery et al., 2012), cardiac cell 
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lines such as HL-1 (Claycomb et al., 1998) and primary cardiomyocyte cultures 

(Louch et al., 2011). For the purpose of this study, primary fetal cardiomyocyte 

cultures were chosen as the most suitable and physiologically relevant model. Most 

importantly, precise time of isolation allows the cell to be captured at a specific 

developmental stage. This cannot normally be achieved using other models, as the 

developmental stage would be hard to estimate.  

In this chapter I used wild-type primary E15.5-E16.5 murine fetal cardiomyocytes to 

mimic the developmental changes induced by glucocorticoid signalling on 

cardiomyocyte function, structure and gene expression. 

 

6.1.1 Aims of the chapter 

 

1. To develop a reproducible in vitro model to study developmental actions of 

glucocorticoids in fetal cardiomyocytes 

2. To characterize the effects of glucocorticoid signaling on biochemical, 

structural and functional maturation of cardiomyocytes 

3. To identify potential mediators of glucocorticoid actions in the fetal heart 
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6.2 Characterisation of primary fetal cardiomyocytes  
6.2.1 The cultures contain ≥ 98% cardiomyocytes 

Cardiomyocytes were isolated from E15.5-E16.5 C57BL/6J fetal hearts. To establish 

the purity of cultures, flow cytometry was performed on cardiomyocyte cultures at 

day 3 (Figure 6.1A). Undifferentiated fibroblast-like murine preadipocytes (3T3-L1) 

were used as a negative control. Cardiomyocytes, labelled with anti-troponin T 

antibody, constituted ≥ 98% of live cells within the culture (Figure 6.1B).    

6.2.2 Cardiomyocytes proliferate and form spontaneously 
beating clusters 

Primary fetal cardiomyocytes often formed clusters of spontaneously beating cells, 

with many of typical elongated shape (Figure 6.2). Cardiomyocytes (identified as α-

actinin-positive cells) maintained the ability to proliferate in culture as shown by 

staining for the mitotic histone mark, histone H3 serine 10 phosphorylation 

(H3S10p) (Figure 6.3). 

6.2.3 Cardiomyocytes contain functional GR 

To establish whether glucocorticoids activate GR in cardiomyocytes in vitro, 

immunohistochemistry was performed on untreated cells and following treatment 

with 100nM corticosterone or the synthetic glucocorticoid dexamethasone (1µM) for 

1h. GR was distributed equally throughout untreated cells. Following addition of 

glucocorticoid, GR was predominantly localized to the nucleus (Figure 6.4). After 

24h treatment with 1µM dexamethasone, levels of mRNA encoding known GR-

target genes (MKP1, FKBP5) were increased, confirming that cells respond to 

glucocorticoids (Figure 6.5).  
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Figure 6.1. Primary fetal cardiomyocyte cultures contain ≥ 98% of troponin T+ 
cells. (A) Schematic representation of the procedure (details in 2.2.6.1; adapted from 
(Martin, 1994, Marieb and Hoehn, 2007)). Primary fetal mouse cardiomyocytes and 
undifferentiated 3T3-L1 cells (used as a negative control) were labelled with anti-
troponin T antibody and Alexa Fluor 488 secondary antibody and analysed using 
flow cytometry. (B) Troponin T-positive cardiomyocytes are shown in red, negative 
control (troponin-T stained 3T3-L1 preadipocytes) in yellow in the left panel/black in 
the right panel. Blue – live cells, green - secondary antibody only (non-
autofluorescent cells). There was no labelling of 3T3-L1 cells and troponin T-
positive cardiomyocytes represented ≥ 98% of total cells. Experiment carried out 
with assistance of Shonna Johnston. 
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Figure 6.2. Primary fetal cardiomyocytes in culture assemble into spontaneously 
contracting clusters and often maintain an elongated shape.  Low (A) and high 
(B) magnification brightfield images of a representative day 3 culture.  Images 
representative of n=5. 
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Figure 6.3. Primary fetal cardiomyocytes in culture maintain the ability to 
proliferate. Cells were fixed and stained for the mitotic histone mark, histone H3 
serine 10 phosphorylation (H3S10p, green) and the cardiac marker, α-actinin (red). 
DAPI (blue) was used as a nuclear counterstain. Images shown represent early (A,B) 
and late (C) stages of mitosis. Images representative of n=7. 
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Figure 6.4. Primary fetal cardiomyocytes contain GR which translocates to the 
nucleus following glucocorticoid treatment. Primary murine cardiomyocytes were 
stained with anti-GR antibody (green) and DAPI (nuclear counterstain, blue). In 
untreated cells GR is present throughout the cell. Following 1h glucocorticoid 
treatment (100 nM corticosterone or 1µM dexamethasone) GR rapidly translocates to 
the nucleus (images captured using confocal microscope). Untreated cells were 
treated with vehicle (96% ethanol) only. Images representative of n(replicates)=5. 

 

 

 

 



The role of glucocorticoid signalling in fetal heart development and maturation  

Chapter 6. Primary fetal cardiomyocytes as a model for glucocorticoid-induced heart maturation 281 

 

 

 

 

Figure 6.5. Primary fetal cardiomyocytes upregulate known GR-target genes in 
response to dexamethasone. Increased levels of mRNA encoding MKP-1 (A) and 
FKBP5 (B) following treatment with 1µM dexamethasone for 24h. Untreated cells 
were incubated with vehicle (96% ethanol) only. Levels of mRNAs are expressed 
relative to TBP, used as an internal control. Values are means ± SEM and were 
analysed by Student’s t-test. **p<0.01, ***p<0.001, n(replicates)=3. 
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6.3 Glucocorticoids induce cardiomyocyte maturation 
6.3.1 Transcriptional effects of glucocorticoids 

To address the transcriptional response to glucocorticoids, cultures of primary 

murine fetal cardiomyocytes were treated with dexamethasone or corticosterone and 

levels of mRNAs encoding genes involved in cardiac maturation measured. A brief 

description of genes analysed in this chapter can be found in 4.2.3.  

Dexamethasone induced mRNA encoding GILZ, MyHCα, ANP and PGC-1α in a 

dose-dependent manner, both in the high dose range (50-1000nM) and low dose 

range (0.5-100nM) (Figure 6.6).  

Similarly, corticosterone at doses spanning the physiological range (20-200nM) 

increased levels of GILZ, MyHCα, ANP and PGC-1α mRNA (Figure 6.7).  

A time-course analysis performed over 24h with 1µM dexamethasone showed an 

initial increase in mRNAs encoding GILZ, MyHCα, ANP and PGC1α, yet at 24h, 

the expression of MyHCα, ANP and PGC1α decreased relative to the earlier time 

points (Figure 6.8). It was paralleled by a rise in GR mRNA levels at 2h, which then 

decreased to below the levels seen in untreated cells (Figure 6.9A). This effect at 

24h was observed across all dexamethasone concentrations (50-1000nM) (Figure 

6.9B). GR protein levels also decreased following 24h treatment with 1µM 

dexamethasone (Figure 6.9C,D).   
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Figure 6.6. Treatment of primary fetal cardiomyocytes with dexamethasone 
dose-dependently increases levels of mRNA encoding genes involved in cardiac 
maturation. Glucocorticoid-induced leucine zipper (GILZ, A,E; a known GR target 
used as a positive control), myosin heavy chain α (MyHCα, B,F), atrial natriuretic 
peptide (ANP, C,G) and PPARγ coactivator-1α (PGC-1α, D.H) mRNA levels 
increase in a dose-dependent manner following 24h incubation with dexamethasone. 
Left panels (A-D), low concentration range (0.5-100nM). Right panels (E-H), high 
concentration range (50-1000nM). Untreated cells were incubated with vehicle 
(96% ethanol) only. Levels of mRNAs are expressed relative to TBP, used as an 
internal control. Values are means ± SEM and were analysed by one-way ANOVA 
with Bonferroni’s post-hoc test. *p<0.05, ***p<0.001, n(replicates)=4. 
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Figure 6.7. Treatment of primary fetal cardiomyocytes with corticosterone 
dose-dependently increases levels of mRNA encoding genes involved in cardiac 
maturation. Glucocorticoid-induced leucine zipper (GILZ, A; a known GR target 
used as a positive control), myosin heavy chain α (MyHCα, B), atrial natriuretic 
peptide (ANP, C) and PPARγ coactivator-1α (PGC-1α, D) mRNA levels increase in 
a dose-dependent manner following 24h incubation with corticosterone (20-
200nM). Untreated cells were incubated with vehicle (96% ethanol) only.  Levels of 
mRNAs are expressed relative to TBP, used as an internal control. Values are 
means ± SEM and were analysed by one-way ANOVA with Bonferroni’s post-hoc 
test. *p<0.05, ***p<0.001, n(replicates)=4. 
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Figure 6.8. Treatment of primary fetal cardiomyocytes with dexamethasone 
time-dependently alters levels of mRNA encoding genes involved in cardiac 
maturation. Glucocorticoid-induced leucine zipper (GILZ, A; a known GR target 
used as a positive control) mRNA levels increase over 24h following incubation 
with 1µM dexamethasone. Myosin heavy chain α (MyHCα, B), atrial natriuretic 
peptide (ANP, C) and PPARγ coactivator-1α (PGC-1α, D) mRNA levels increase 
over 8h following incubation with 1µM dexamethasone then decrease at 24h. 
Untreated cells were incubated with vehicle (96% ethanol) only. Levels of mRNAs 
are expressed relative to TBP, used as an internal control. Values are means ± SEM 
and were analysed by one-way ANOVA with Bonferroni’s post-hoc test. *p<0.05, 
**p<0.01, ***p<0.001, n(replicates)=4. 
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Figure 6.9. Expression of GR decreases following 24h incubation with 
dexamethasone.  (A) 1µM dexamethasone treatment causes an initial increase in 
GR mRNA levels at 2h, with levels decreasing thereafter. (B) At 24h GR mRNA 
levels are decreased across a range of dexamethasone concentrations (50-1000nM). 
(C,D) GR protein levels are also decreased following 24h of 1µM dexamethasone. 
Untreated cells were incubated with vehicle (96% ethanol) only. Levels of mRNAs 
are expressed relative to TBP, used as an internal control. GR protein levels are 
expressed relative to β-tubulin, used as an internal control. Values are means ± SEM 
and were analysed by one-way ANOVA with Bonferroni’s post-hoc test (A,B) or 
Student’s t-test (C). *p<0.05, **p<0.01, n(replicates)=3-4. 
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To address whether changes in GILZ, ANP, MyHCα and PGC-1α expression are 

direct effects of GR signalling, siRNA was used to knock-down GR prior to 

glucocorticoid treatment. Additionally, 30min pre-treatment with the GR antagonist, 

RU38486 (RU486, mifepristone), was used. siRNA mediated knock-down reduced 

GR mRNA levels by 80% and protein by 35% after 40h (Figure 6.10).  

The dexamethasone-induced increase in mRNAs encoding GILZ, MyHCα, ANP 

and PGC-1α was attenuated by siRNA-mediated knock-down of GR and blocked by 

RU486 pre-treatment, confirming GR as a crucial mediator of the transcriptional 

responses to glucocorticoids (Figure 6.11). Transfection of scrambled siRNA alone 

did not affect dexamethasone-induced transcriptional responses (Figure 6.12). 

To identify potential primary target genes, cycloheximide was administered prior to 

dexamethasone treatment. Glucocorticoid-induction of GILZ and PGC1α mRNA 

was maintained (and increased) in the presence of cycloheximide, suggesting these 

genes are direct targets of GR in cardiomyocytes (Figure 6.11A,D). In contrast, 

glucocorticoid-induction of MyHCα and ANP mRNAs was abolished by 

cycloheximide suggesting this regulation is dependent on new protein synthesis 

(Figure 6.11B,C).  
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Figure 6.10 siRNA-mediated knock-down decreases GR mRNA and protein 
levels. GR mRNA (A) and protein (B, C) levels were decreased at 40h following 
transfection with GR siRNA, by 80% and 35%, respectively; with no effect of 
scrambled siRNA on GR mRNA levels. Untreated cells were incubated with vehicle 
(96% ethanol) only. Levels of mRNAs are expressed relative to TBP, used as an 
internal control. GR protein levels are expressed relative to β-tubulin, used as an 
internal control.  Values are means ± SEM and were analysed by Student’s t-test. 
*p<0.05, ***p<0.001; n (A)=6-7 replicates over two independent experiments, (B)=3 
(replicates). 
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Figure 6.11. Transcriptional effects of dexamethasone in primary fetal 
cardiomyocytes are mediated via GR. The increase in the expression of GILZ 
and PGC-1α is independent of new protein biosynthesis.  Glucocorticoid-induced 
leucine zipper (GILZ, A; a known GR target used as a positive control), myosin 
heavy chain α (MyHCα, B), atrial natriuretic peptide (ANP, C) and PPARγ 
coactivator-1α (PGC-1α, D) mRNA levels increased following 16h incubation with 
1µM  dexamethasone. Transfection with GR siRNA for 40h prior to glucocorticoid 
treatment attenuated the mRNA increase and 30min 10µM RU486 pre-treatment 
abolished it completely. Cycloheximide pre-treatment (30min, 10µM) blocked the 
dexamethasone-induced increase in mRNAs encoding MyHCα and ANP, but not 
GILZ and PGC-1α. Untreated cells were incubated with vehicle (96% ethanol) only. 
Levels of mRNAs are expressed relative to TBP, used as an internal control. Values 
are means ± SEM and were analysed by one-way ANOVA with Bonferroni’s post-
hoc test. *p<0.05, ***p<0.001 vs untreated; #p<0.05, ##p<0.01, ###p<0.001 vs dex; 
statistical significance vs dex is only indicated for dexamethasone-treated groups; 
n(replicates)=4-5.  
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Figure 6.12. Control scrambled siRNA did not attenuate the glucocorticoid 
induction of gene expression in primary fetal cardiomyocytes. Glucocorticoid-
induced leucine zipper (GILZ, A; a known GR target used as a positive control), 
myosin heavy chain α (MyHCα, B), atrial natriuretic peptide (ANP, C) and PPARγ 
coactivator-1α (PGC-1α, D) mRNA levels increased following 16h incubation with 
1µM  dexamethasone. Transfection with scrambled siRNA (scr siRNA) for 40h 
prior to glucocorticoid treatment did not attenuate dexamethasone induction of 
mRNA levels. ANP mRNA levels were decreased following scrambled siRNA 
treatment alone.  Untreated cells and cells treated with scrambled siRNA only were 
incubated with vehicle (96% ethanol). Levels of mRNAs are expressed relative to 
TBP, used as an internal control. Values are means ± SEM and were analysed by 
one-way ANOVA with Bonferroni’s post-hoc test. *p<0.05, **p<0.01, n=6-8 
replicates of two independent experiments. 

 



The role of glucocorticoid signalling in fetal heart development and maturation  

Chapter 6. Primary fetal cardiomyocytes as a model for glucocorticoid-induced heart maturation 291 

 

Glucocorticoids can also act via MR in cells that lack 11β-HSD2 (see 1.2.3). To test 

whether MR activation may contribute to effects of glucocorticoids in 

cardiomyocytes, cells were treated with the mineralocorticoid receptor antagonist, 

spironolactone (30min, 10µM), prior to glucocorticoid treatment. It had no effect on 

dexamethasone induction of GILZ, MyHCα, ANP, PGC-1α mRNA levels (Figure 

6.13). 
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Figure 6.13. Mineralocorticoid receptor antagonist has no effect on 
dexamethasone-induced changes in mRNA expression. Glucocorticoid-induced 
leucine zipper (GILZ, A; a known GR target used as a positive control), myosin 
heavy chain α (MyHCα, B), atrial natriuretic peptide (ANP, C) and PPARγ 
coactivator-1α (PGC-1α, D) mRNA levels increased following 16h incubation with 
1µM  dexamethasone. Pre-treatment with the mineralocorticoid receptor antagonist, 
spironolactone (30min, 10µM), did not affect dexamethasone induction of gene 
expression. Spironolactone alone decreased MyHCα mRNA levels. Untreated cells 
were incubated with vehicle (96% ethanol) only. Levels of mRNAs are expressed 
relative to TBP, used as an internal control. Values are means ± SEM and were 
analysed by one-way ANOVA with Bonferroni’s post-hoc test. *p<0.05, **p<0.01 vs 
untreated, n(replicates)=4. 
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6.3.2 Structural changes induced by glucocorticoids. 

To address whether glucocorticoid treatment could affect the intracellular structure 

of cardiomyocytes, cells were treated with 100nM corticosterone for 24h then 

stained for components of the contractile myofibrils. Corticosterone treatment 

induced formation of troponin T-associated α-actin fibers (Figure 6.14) and a 

dramatic change in myofibril organisation, as shown by staining of α-actinin, a 

sarcomeric marker for myofibrilar Z-discs (Figure 6.15, Figure 6.16). Although Z-

disc structures were present in untreated cells, following corticosterone, they 

became better-defined, aligned and regularly distributed throughout the 

cardiomyocytes. Pre-treatment with the GR antagonist, RU486, attenuated the effect 

of corticosterone on myofibrillar structure (Figure 6.15, Figure 6.16). Additionally, 

sarcomere length (measured as the distance between neighbouring Z-discs) and Z-

disc width were increased following corticosterone treatment (Figure 6.17).  

Transmission electron microscopy confirmed the above finding, showing that 

corticosterone treatment increases the amount of contractile material as well as 

improving the appearance of sarcomeres. Myofibrils in corticosterone-treated cells 

were delineated, often with well-defined Z-discs and mitochondria localised in close 

proximity. Although some fibrillar material was also present in the untreated cells, it 

was predominantly disorganised and scatted throughout the cell (Figure 6.18, Figure 

6.19).  
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Figure 6.14. Corticosterone induced the formation of troponin T-associated 
fibers in primary fetal cardiomyocytes. Cells were treated with 100nM 
corticosterone for 24h, fixed and stained for α-actin (green) and troponin T (red). 
DAPI (blue) was used as a nuclear counterstain. Bottom panel shows merged images. 
Untreated cells were incubated with vehicle (96% ethanol) only. Images 
representative of n=12 replicates over two independent experiments.   
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Figure 6.15. Corticosterone promotes myofibril maturation in fetal 
cardiomyocytes in a GR-dependent manner.  Cells were treated with 100nM 
corticosterone for 24h. To block GR-mediated effects, cells were pre-treated with 
1µM RU486 for 30min prior to corticosterone treatment. Cells were fixed and 
stained for α-actinin (red). DAPI (blue) was used as a nuclear counterstain. Untreated 
cells were incubated with vehicle (96% ethanol) only. Images representative of 
n=50-80 replicates over three independent experiments.   
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Figure 6.16. Corticosterone promotes structural maturation of myofibrils in 
fetal cardiomyocytes, an effect attenuated by RU486 pre-treatment. Cells were 
treated with 100nM corticosterone for 24h. To block GR-mediated effects, cells were 
pre-treated with 1µM RU486 for 30min prior to corticosterone treatment. Untreated 
cells were incubated with vehicle (96% ethanol) only. Images (Figure 6.15) were 
scored on the basis of the structural maturity of the myofibrils (appearance of the Z-
lines, width and distribution) from 1 (the lowest) to 3 (the highest). The scoring was 
performed independently and blind to treatment group by Rachel Richardson, Val 
Kelly and Janet Man. Details of the scoring system in 2.2.4.8.1. Values are means ± 
SEM and were analysed by one-way ANOVA with Bonferroni’s post-hoc test. 
**p<0.01, ***p<0.001 vs untreated, +++p<0.001 vs cort, n=50-80 replicates over 
three independent experiments.  
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Figure 6.17. Sarcomere length and Z-disc width were increased in 
corticosterone treated cardiomyocytes. Cells were treated with 100nM 
corticosterone for 24h. Untreated cells were incubated with vehicle (96% ethanol) 
only. Sarcomere length was measured as the distance between two neighbouring Z-
discs using Adobe Photoshop CS5 (Adobe). Values are means ± SEM and were 
analysed by Student’s t-test. *p<0.05, ***p<0.01, n=50-80 images from three 
independent experiments. 
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Figure 6.18 Corticosterone increases the amount and organisation of contractile 
material in fetal cardiomyocytes.  Cells were treated with 100nM corticosterone for 
24h then fixed and analysed by transmission electron microscopy (TEM). Untreated 
cells were incubated with vehicle (96% ethanol) only. Images representative of 2 
replicate cultures. Arrow-myofibrills, mt-mitochondria, f-fibers, n-nuclei. TEM was 
carried out with assistance of Stephen Mitchell. 
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Figure 6.19 Corticosterone promotes myofibrillar structural organisation in 
fetal cardiomyocytes. Cells were treated with 100nM corticosterone for 24h. 
Untreated cells were incubated with vehicle (96% ethanol) only. Multiple TEM 
images (Figure 6.18) were scored on the basis of the structural appearance of the 
myofibrils, details of the scoring system can be found in 2.2.7.2.1. The scoring was 
performed independently and blind to treatment group by Karen Chapman and James 
O’Reilly. Values are means ± SEM and were analysed by Student’s t-test. *p<0.05, 
n=2 replicate cultures.  
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6.3.3 Functional changes induced by glucocorticoids 

Contractile function of cardiomyocytes requires both the contractile proteins (e.g. 

MyHCα) and proteins required for calcium handling. To determine whether 

glucocorticoid treatment elicits maturational changes in calcium handling, levels of 

mRNAs encoding Cav1.2, RyR2, SERCA2a and NCX1 were examined. 

Dexamethasone (1µM, 16h) induced the expression of all four genes (Figure 6.20).  

To assess the effects of glucocorticoids on the the mechanical properties of primary 

fetal cardiomyocytes, soft video edge detection was used to measure the spontaneous 

contractions in untreated cells and cells treated with 100nM corticosterone for 24h. 

Corticosterone treatment did not have a discernible effect on contractile frequency 

(Figure 6.21). However, glucocorticoid administration caused a marked increase in 

spontaneous contraction amplitude (Figure 6.22B), measured as the distance 

travelled by the cardiomyocyte edge during the shortening phase. It also decreased 

both contraction and relaxation times (bottom-to-peak and peak-to-bottom time, 

respectively) (Figure 6.22C), associated with an improvement in the relaxation 

kinetics, measured as the time to reach 90% relaxation (Figure 6.22D).  
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Figure 6.20. Dexamethasone increases mRNAs encoding genes involved in 
calcium handling. Levels of mRNAs encoding calcium-gated voltage channel 
(Cav1.2, A), ryanodine receptor (RyR2, B), sarcoplasmic reticulum Ca2+ ATPase  
(SERCA2a, C) and Na+/Ca2+ exchanger (NCX1, D) are increased following 16h 
treatment with 1µM dexamethasone. Untreated cells were incubated with vehicle 
(96% ethanol) only. Levels of mRNAs are expressed relative to TBP, used as an 
internal control. Values are means ± SEM and were analysed by Student’s t-test. 
*p<0.05, **p<0.01, n(replicates)=3 using RNA as in Figure 6.13. 
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Figure 6.21. Corticosterone treatment does not significantly affect the 
spontaneous contraction frequency of primary fetal cardiomyocytes. 
Spontaneous contractions were recorded using soft video edge-detection. Cells were 
treated with 100nM corticosterone for 24h. (A) Representative traces of cell edge 
movement with time, of untreated (top) and corticosterone treated (bottom) cells. (B) 
The frequency of contractions was not significantly affected by corticosterone. 
Untreated cells were incubated with vehicle (96% ethanol) only. Values are means ± 
SEM and were analysed by Student’s t-test, n=38 cells across three replicate cultures. 
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Figure 6.22 Corticosterone treatment improves the contraction-relaxation of 
fetal cardiomyocytes. Spontaneous contractions were recorded using soft video 
edge-detection. Cells were treated with 100nM corticosterone for 24h. (A) 
Representative edge-detection traces showing single contraction 
(upwards)/relaxation (downwards) events for untreated (black) and corticosterone-
treated (red) cells. (B) Corticosterone treatment increased the amplitude of 
contraction and (C) decreased the time of contraction and relaxation. (D) Time to 
90% relaxation was also decreased following corticosterone treatment, indicating 
improved relaxation kinetics. Untreated cells were incubated with vehicle (96% 
ethanol) only. Values are means ± SEM and were analysed by Student’s t-test. 
*p<0.05, **p<0.01, n=38 cells across three replicate cultures.  
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6.4 PGC-1α as a mediator of GR actions 

As described above (6.3.1), PGC-1α expression is rapidly induced in primary fetal 

cardiomyocytes following glucocorticoid treatment, in a GR-dependent manner and 

independently of new protein biosynthesis suggesting PGC-1α might be a direct 

genomic target of GR. The experiments described in this section addressed the 

regulation of PGC-1α by glucocorticoids and its role in glucocorticoid-mediated 

effects on cardiomyocytes. 

6.4.1 The effect of PGC-1α knock-down on glucocorticoid actions 
in cardiomyocytes  

Deficiency in PGC-1αβ causes a cardiomyocyte phenotype similar to GR-/- (Lai et 

al., 2008). In order to establish whether PGC-1α mediates the effects of 

glucocorticoids on cardiomyocytes, primary fetal cardiomyocytes were transfected 

with PGC-1α siRNA. Following 40h incubation, levels of mRNA encoding PGC-1α 

were reduced by ~60% (Figure 6.23A). Dexamethasone treatment (1µM, 16h) 

increased PGC-1α mRNA levels in siRNA-treated cells, restoring it to the level seen 

in the untreated group. PGC-1α siRNA treatment did not affect the increases in 

MyHCα or ANP mRNA levels induced by dexamethasone (Figure 6.23C,D), nor, as 

expected, did it affect the levels of GILZ induced by dexamethasone (Figure 6.23B). 

However, PGC-1α siRNA pre-treatment attenuated the effects of corticosterone on 

myofibrillar structure (Figure 6.24, Figure 6.25). 
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Figure 6.23. siRNA-mediated knock down of PGC-1α does not affect 
transcriptional responses to dexamethasone in primary fetal cardiomyocytes. 
(A) PGC-1α mRNA levels were decreased by ~60% following 40h siRNA 
transfection, with no effect of scrambled siRNA (scr siRNA). PGC-1α knock-down 
did not attenuate the dexamethasone (1µM, 16h)-induced increase in GILZ (B), 
MyHCα (C) or ANP (D) mRNA levels. Untreated cells were incubated with vehicle 
(96% ethanol) only. Levels of mRNAs are expressed relative to TBP, used as an 
internal control. Values are means ± SEM and were analysed by one-way ANOVA 
with Bonferroni’s post-hoc test. ***p<0.001, **p<0.01, *p<0.05 vs untreated/scr 
siRNA; n(replicates)=3. 
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Figure 6.24. Corticosterone-induced maturational changes in myofibrils are 
abrogated by PGC-1α knock-down.  Cells were treated with 100nM corticosterone 
for 24h. To block PGC-1α-mediated effects, cells were transfected with PGC-1α 
siRNA 40h prior to glucocorticoid treatment. Cells were fixed and stained for α-
actinin (red). DAPI (blue) was used as a nuclear counterstain. Untreated cells were 
incubated with vehicle (96% ethanol) only. Images representative of n=70-90 cells 
over two independent experiments. 
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Figure 6.25. Knock-down of PGC-1α attenuates corticosterone-induced changes 
in myofibrillar structure.  Cells were treated with 100nM corticosterone for 24h. 
To block PGC-1α-mediated effects, cells were transfected with PGC-1α siRNA 40h 
prior to glucocorticoid treatment. Corticosterone promoted structural maturation of 
myofibrils. Scrambled siRNA had no effect, whereas PGC-1α siRNA attenuated the 
corticosterone-induced effect. Untreated cells were incubated with vehicle (96% 
ethanol) only. Images (Figure 6.24) were scored on the basis of the structural 
maturity of the myofibrils. Details of the scoring system can be found in 2.2.4.8.1. 
The scoring was performed independently and blind to treatment group by Rachel 
Richardson and James O’Reilly. Values are means ± SEM and were analysed by 
one-way ANOVA with Bonferroni’s post-hoc test. ***p<0.001, **p<0.01 vs 
untreated, +++p<0.001 vs cort, n=70-90 cells over 2 independent experiments. 
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6.4.2 Investigating the mechanism of glucocorticoid induction of 
PGC-1α 

PGC-1α expression in primary fetal cardiomyocytes increases significantly after 2h 

treatment with 100nM dexamethasone, an effect not abolished by cycloheximide 

(Figure 6.26). Because further investigation of the mechanism was impractical in 

primary cardiomyocytes, several cell lines were tested for the ability of 

glucocorticoids to induce PGC-1α mRNA in the presence of cycloheximide.  

The 5’-flanking regions (to -5kb) of the human and mouse PGC-1α genes share a 

high degree of similarity (Appendix III). However, in human A549 lung epithelial 

cells glucocorticoid treatment had no effect on PGC-1α mRNA levels, although the 

expression of GILZ was increased, confirming the cells are glucocorticoid-

responsive (Figure 6.27A,B). Induction of murine 3T3-L1 preadipocyte 

differentiation into adipocytes in the presence of 100nM dexamethasone was 

associated with a decrease in PGC-1α mRNA levels and an increase in GILZ mRNA 

levels (Figure 6.27C,D). Interestingly, RU486 alone increased PGC-1α mRNA levels 

suggesting GR as a negative regulator of PGC-1α expression in 3T3-L1 adipocyte 

differentiation (Figure 6.27C).  
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Figure 6.26. PGC-1α mRNA levels are rapidly increased following 
dexamethasone treatment in primary fetal cardiomyocytes. Cells were treated 
with 100nM dexamethasone for 2h. Pre-treatment with cycloheximide (10µM, 
30min) did not affect the dexamethasone-response. Untreated cells were incubated 
with vehicle (96% ethanol) only. Levels of mRNAs are expressed relative to TBP, 
used as an internal control. Values are means ± SEM and were analysed by one-way 
ANOVA with Bonferroni’s post-hoc test. **p<0.01 vs untreated, +p<0.05 vs dex; n 
(replicates)=3. 
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Figure 6.27. Human A549 and murine 3T3-L1 cells are not suitable models for 
studying glucocorticoid effects on PGC-1α transcription in primary 
cardiomyocytes. A549 (A,B) and 3T3-L1 (C,D) cells were treated with 100nM 
dexamethasone for 2h with or without RU486 or cycloheximide pretreatment (10µM, 
30min both) prior to dexathasone. PGC-1α mRNA levels were unaffected by 
dexamethasone in A549 cells (A) and decreased in 3T3-L1 cells (C). GILZ was used 
as a positive control for glucocorticoid responsiveness and was increased following 
glucocorticoid treatment in both cases (B,D). Untreated cells were incubated with 
vehicle (96% ethanol) only.  Levels of mRNAs are expressed relative to TBP, used 
as an internal control. Values are means ± SEM and were analysed by one-way 
ANOVA with Bonferroni’s post-hoc test. *p<0.05, **p<0.01, ***p<0.001 vs 
untreated; ++p<0.01, +++p<0.001 vs dex; #p<0.05 vs chx, n(replicates)=3. 
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In contrast, dexamethasone increased PGC-1α mRNA levels in murine hepatoma 

BWTG3 cells and this effect was abolished by RU486 pre-treatment, but not by 

cycloheximide (Figure 6.28).  For this reason BWTG3 cells were chosen to conduct 

further experiments. 

6.4.3 BWTG3 and cardiomyocytes use the same PGC-1α promoter 

A database search showed that PGC-1α transcript initiates at 2 promoters, spaced 

~13.8kb apart (Figure 6.29). They were both shown to give rise to functional proteins 

(Miura et al., 2008, Yoshioka et al., 2009).   In order to identify which of the two 

potential Ppargc1a (encoding PGC-1α) promoters is induced by glucocorticoids, 

PCR reactions were carried out to amplify unique mRNA regions corresponding to 

either promoter (a) or (b) usage (Figure 6.29). 

In E14.5 wild-type fetal hearts, PGC-1α transcription initiates solely at promoter (a); 

at E17.5 PGC-1α transcription also initiates at promoter (b) though promoter (a) 

remains clearly predominant (Figure 6.30A). In both primary fetal cardiomyocytes 

and BWTG3 cells, promoter (a) is predominantly used to transcribe PGC-1α both in 

the absence and presence of glucocorticoids (Figure 6.30B,C).  

6.4.4 Glucocorticoids increase activating histone marks at the 
Ppargc1a promoter  

To determine whether glucocorticoid-induced changes in PGC-1α mRNA are also 

associated with changes in histone H3 marks, levels of H3K4me3 and H3K9ac, 

associated with gene transcription, were measured at Ppargc1a promoter (a). 

Dexamethasone treatment (100nM, 2h) increased levels of H3K4me3 and H3K9ac 
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within the initial transcribed region (+31/+121bp) relative to the transcription start 

site (+1, promoter a) (Figure 6.31).   

  

 

 

 

 

 

 

 

 

 

Figure 6.28. PGC-1α mRNA levels are rapidly increased following 
dexamethasone treatment in BWTG3 hepatoma cells. Cells were treated with 
100nM dexamethasone for 2h. Pre-treatment with RU486 (10µM, 30min) blocked 
the increase in mRNA encoding PGC-1α. Pre-treatment with cycloheximide (10µM, 
30min) did not abolish the dexamethasone response. Untreated cells were incubated 
with vehicle (96% ethanol) only. Levels of mRNAs are expressed relative to TBP, 
used as an internal control.  Values are means ± SEM and were analysed by one-way 
ANOVA with Bonferroni’s post-hoc test. ***p<0.001 vs untreated, +++p<0.001 vs 
dex, n(replicates)=3.  
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Figure 6.29. Schematic representation of two alternative promoter sites in the 
Ppargc1a gene. Source – http://www.ensembl.org.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.30. Promoter (a) of the Ppargc1a gene is the predominant promoter 
used in fetal heart, primary fetal cardiomyocytes and BWTG3 cells in response 
to dexamethasone. Representative gel analysis of PCR products obtained with 
cDNA from fetal hearts at E14.5 and E17.5 (A), primary cardiomyocytes (B) and 
BWTG3 cells (C) untreated or treated with 100nM dexamethasone for 2h. Primers 
detected mRNA initiating from promoter (a), open arrows; or (b), closed arrows, 
yielding products of 215bp (a) and 90bp (b).  
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Figure 6.31 The levels of histone H3 marks associated with active genes 
downstream of the Ppargc1a transcription start site increase in BWTG3 cells 
following dexamethasone treatment. Levels of histone H3 modifications associated 
with gene activation (H3K9ac, H3K4me3) increase following dexamethasone 
(100nM, 2h) within the +31/+121 region (relative to the transcription start site, +1; 
promoter a) (A,C), but the increase is not significant at the +278/+380 region (B,D) 
of the Ppargc1a gene in murine BWTG3 hepatoma cells. Histone mark abundance 
was quantified by qPCR of chromatin immunoprecipitation (ChIP) products and is 
expressed as % of the values for the input samples. Values are means ± SEM and 
were analysed by Student’s t-test. *p<0.05, n(replicates)=5. 
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6.4.5 Lack of glucocorticoid-responsive elements within 4kb of 
the PGC-1α promoter (a) 

In order to identify glucocorticoid-response regions within the PGC-1α promoter (a), 

BWTG3 cells were transfected with a plasmid containing luciferase under the control 

of a 4053bp fragment of the Ppargc1a gene encoding -4002/+51, relative to 

transcription start site (+1) of promoter a. Sequence analysis revealed >9 potential 

GR-binding sites (Appendix IV). However, dexamethasone treatment only modestly 

increased luciferase activity (Figure 6.32). Therefore it is unlikely that the fragment 

contains a strong glucocorticoid-response element. No further attempt was made to 

identify the PGC-1α GRE. 
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Figure 6.32. Dexamethasone only modestly increases luciferase activity driven 
by the PGC-1α promoter. (A) pEARZ1 plasmid containing a 4053bp fragment of 
the PGC-1α promoter (a) comprising -4002/+51, relative to transcription start site 
(+1); subcloned into pGL3-basic vector. (B) Dexamethasone treatment (100nM, 24h) 
modestly increased luciferase activity in BWTG3 cells transfected with 100ng of 
pEARZ1. Absolute luciferase values are expressed relative to β-galactosidase 
activity, used as an internal control. Dexamethasone had no effect on luciferase 
activity in cells transfected with pSV2-Luc (used as a control) or with empty vector 
(pGL3-basic). Untreated cells were incubated with vehicle (96% ethanol) only and 
are arbitrarily set to 1. Values are means ± SEM and were analysed by Student’s t-
test. *p<0.05, n(replicates)=9 over three independent experiments.  
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6.5 RNAseq analysis of gene expression  

The experiments above suggest a role for PGC-1α in the glucocorticoid effects on 

cardiomyocytes, but other factors are also clearly involved. To identify primary 

glucocorticoid target genes in cardiomyocytes, some of which might be novel, RNA 

sequencing (RNAseq, or whole transcriptome shotgun sequencing) was performed 

on primary fetal cardiomyocytes treated with dexamethasone (100nM, 2h) in the 

presence of cycloheximide (10µM). Control cells were treated with cycloheximide 

alone. TruSeq libraries were prepared from total RNA (n=3 per group, 2 independent 

experiments) and sequenced using an Illumina HiSeq 2000 platform, generating 50 

base single-end sequences, yielding 30-50M reads per sample. Output data were 

assigned to exon features, specifying a non-stranded library, a minimum quality of 

20 and mouse genome version NCBI m37 (Ensembl 67) as reference annotation. 

Counts were then normalised by effective library size, and differential expression 

(count) assessed. This was carried out by the GenePool and The BHF CoRE 

Bioinformatics Team.                                    

Data were analysed based on fold-change and statistical significance. Over 600 genes 

were differentially expressed in glucocorticoids treated cardiomyocytes. They were 

assigned to groups, according to predicted function and representative groups can be 

found in Table 6.1. The full data set can be found in Appendix V. 

A representative graphic depiction of the output data is shown in Figure 6.33 in the 

form of a “heat map”, with individual values represented as colors and contained in 

a matrix, demonstrating the reproducibility and grouping across replicates. For 
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simplicity, the map was constructed using only a subset of differentially expressed 

solute carrier (Slc) family members. 

Table 6.1. Representative genes differentially expressed in control 
(cycloheximide only) vs cycloheximide+dexamethasone (dex) treated primary 
fetal cardiomyocytes. Genes are assigned to groups according to predicted function. 
Full data set in Appendix V. Fold-change (dex/control) and the p-value are indicated. 
Italics indicate instances when 0.05>p<0.1.  

KNOWN GR TARGETS fold p-value 
Fkbp5 FK506 binding protein 5 17.66 <10-12 
Sgk1 serum/glucocorticoid regulated kinase 1 6.19 <10-12 
Tsc22d3 TSC22 domain family member 3 2.11 <10-12 
Dusp1 dual specificity phosphatase 1 1.75 <0.001 
CYTOSKELETON  
Tuba3b tubulin alpha 3B 15.95 <10-12 
Mybph myosin binding protein H 5.90 <10-12 
Actn3 actinin alpha 3 5.39 <0.08 
Myo1h myosin 1H 3.96 <0.001 
Amotl1 angiomotin-like 1 3.70 <10-12 
Myh13 myosin heavy polypeptide 13 skeletal muscle 3.23 <0.001 
Tnnt3 troponin T3 skeletal fast 1.81 <0.1 
Dync1i1 dynein cytoplasmic 1 intermediate chain 1 1.76 <0.001 
Mybpc1 myosin binding protein C slow-type 1.60 <0.01 
Tcap titin-cap 1.59 <0.05 
Snta1 Syntrophin, acidic 1 1.57 <0.05 
Synpo2 synaptopodin 2 1.51 <0.08 
CALCIUM SIGNALLING  
Calr4 calreticulin 4 17.85 <10-12 
Cacna1i calcium channel voltage-dependent alpha 1I subunit 2.00 <0.1 

Atp2a1 ATPase Ca++ transporting cardiac muscle fast twitch 
1 1.81 <0.1 

Jph1 junctophilin 1 1.62 <0.08 
ION CHANNELS  
Scnn1b sodium channel nonvoltage-gated 1 beta 50.93 <10-12 

Kcna5 
potassium voltage-gated channel shaker-related 
subfamily member 5 3.87 

<0.001 

Kcnk1 potassium channel subfamily K member 1 3.59 <10-4 
Kcnv2 potassium channel subfamily V member 2 2.82 <0.08 
Scnn1a sodium channel nonvoltage-gated 1 alpha 2.76 <0.01 
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Kcne4 potassium voltage-gated channel Isk-related subfamily 
gene 4 2.59 <10-12 

Kcnk5 potassium channel subfamily K member 5 2.45 <10-12 
Clca1 chloride channel calcium activated 1 2.24 <10-12 
Kcnip3 Kv channel interacting protein 3 calsenilin 2.06 <0.08 

Kcnj12 potassium inwardly-rectifying channel subfamily J 
member 12 1.61 <0.08 

Kcnk12 potassium channel subfamily K member 12 -7.62 <0.1 
CELL-CELL JUNCTIONS  
Gjd4 gap junction protein delta 4 25.27 <10-12 
Cdhr3 cadherin-related family member 3 15.96 <10-12 
Cadm2 cell adhesion molecule 2 4.53 <0.08 
Pcdh20 protocadherin 20 2.89 <0.001 
Cdh22 cadherin 22 2.39 <0.05 
Cdh6 cadherin 6 2.00 <0.1 
ENERGY METABOLISM  
Gck glucokinase 5.39 <10-4 
Pdk4 pyruvate dehydrogenase kinase isoenzyme 4 3.88 <10-12 
Pfkfb4 6-phosphofructo-2-kinase/fructose-26-biphosphatase 4 3.65 <10-12 
Pck1 phosphoenolpyruvate carboxykinase 1 cytosolic 2.68 <0.08 
Pfkfb3 6-phosphofructo-2-kinase/fructose-26-biphosphatase 3 2.20 <0.01 

Atp5g2 
ATP synthase H+ transporting mitochondrial F0 
complex subunit C2 (subunit 9) 1.59 

<0.08 

EARLY EMBRYONIC MARKERS  
 

Bmp8a bone morphogenetic protein 8a 9.81 <10-12 
Sox8 SRY-box containing gene 8 3.63 <0.08 
Bmp4 bone morphogenetic protein 4 -1.56 <0.01 
Gata4 GATA binding protein 4 -2.45 <0.01 
Efna1 ephrin A1 -2.89 <10-5 
Shh sonic hedgehog -3.05 <0.1 
tbx1 T-box 1 -3.35 <0.1 
hey1 hairy/enhancer-of-split related with YRPW motif 1 -3.38 <10-5 
Nkx3-1 NK-3 transcription factor locus 1 (Drosophila) -3.57 <0.1 
Hes1 hairy and enhancer of split 1 (Drosophila) -3.73 <10-4 
RECEPTORS  

 
Drd1a dopamine receptor D1A 43.24 <10-12 
Adra2c adrenergic receptor alpha 2c 14.06 <10-4 
Ptger2 prostaglandin E receptor 2 (subtype EP2) 11.82 <0.05 
Htr3a 5-hydroxytryptamine (serotonin) receptor 3A 8.98 <10-12 
Htr1d 5-hydroxytryptamine (serotonin) receptor 1D 8.73 <10-5 
Ptgfr prostaglandin F receptor 5.35 <10-5 
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Gabrr2 
gamma-aminobutyric acid (GABA) C receptor subunit 
rho 2 4.63 

<0.001 

Vdr vitamin D receptor 4.02 <10-12 
Tnfrsf21 tumor necrosis factor receptor superfamily member 21 3.58 <10-5 
Chrna5 cholinergic receptor nicotinic alpha polypeptide 5 3.58 <0.1 
Tgfbr3 transforming growth factor beta receptor III 2.68 <10-4 
Tgfbr1 transforming growth factor beta receptor I 2.36 <0.001 
Lepr leptin receptor 1.79 <0.1 
Rarb retinoic acid receptor beta -1.61 <0.01 
Adrb1 adrenergic receptor beta 1 -1.97 <10-5 
DNA REPLICATION   
Cdkn1a cyclin-dependent kinase inhibitor 1A (P21) 2.70 <10-12 
Ccnjl cyclin J-like 2.40 <10-12 
Orc1 origin recognition complex subunit 1 2.08 <0.01 
Ell2 elongation factor RNA polymerase II 2 1.97 <10-4 
Eef2k eukaryotic elongation factor-2 kinase 1.97 <10-5 
Ccnd2 cyclin D2 -1.67 <0.001 
APOPTOSIS   
Dapk2 death-associated protein kinase 2 6.97 <10-12 
Bcl2l1 BCL2-like 1 3.95 <10-12 
Card10 caspase recruitment domain family member 10 1.86 <0.01 
Bnip3 BCL2/adenovirus E1B interacting protein 3 1.61 <0.01 
Casp14 caspase 14 -1.72 <0.01 
Bik BCL2-interacting killer -2.11 <10-5 
MASTER REGULATORS   

Mycl1 v-myc myelocytomatosis viral oncogene homolog 1 
lung carcinoma derived (avian) 6.53 <10-12 

Nrdg1 N-myc downstream regulated gene 1 3.01 <10-12 
Ppara peroxisome proliferator activated receptor alpha 2.93 <10-12 
Wt1 Wilms tumor 1 homolog 2.1 <10-5 
Myc myelocytomatosis oncogene 2.09 <10-5 
Notch1 Notch gene homolog 1 (Drosophila) 2.07 <0.05 

Ppargc1a peroxisome proliferative activated receptor gamma 
coactivator 1 alpha 1.97 <0.001 

Notch4 Notch gene homolog 4 (Drosophila) 1.83 <0.08 

Ppargc1b peroxisome proliferative activated receptor gamma 
coactivator 1 beta -1.85 <0.05 

TRANSPORTERS  
Slc45a3 solute carrier family 45 member 3 34.71 <10-12 
Slc12a3 solute carrier family 12 member 3 (sodium/chloride) 25.51 <10-5 

Slc10a6 solute carrier family 10 member 6 (sodium/bile acid 
cotransporter family)  21.73 <10-12 
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Slc26a3 solute carrier family 26 member 3 (chloride) 11.30 <0.05 
Slc5a4a solute carrier family 5 member 4a (glucose) 10.60 <0.01 
Slc26a9 solute carrier family 26 member 9 (anion sulphate) 7.93 <0.01 
Slc25a18 solute carrier family 25 member 18 (glutamate) 6.12 <0.01 

Slc6a12 
solute carrier family 6 member 12 (neurotransmitter 
transporter betaine/GABA)  3.22 

<0.05 

Slc22a1 solute carrier family 22 member 1 (organic cations)  2.92 <0.05 
Slc35d3 solute carrier family 35 member D3 2.90 <0.08 
Slc31a2 solute carrier family 31 member 2 (copper) 2.65 <10-12 

Slc16a6 solute carrier family 16 member 6 (monocarboxylic 
acid) 2.37 <0.001 

Slc25a33 solute carrier family 25 member 33 (pyrimidine 
nucleotide) 2.36 <10-5 

Slc30a2 solute carrier family 30 member 2 (zinc) 2.36 <0.05 
Slc39a14 solute carrier family 39 member 14 (zinc) 1.96 <10-4 

Slc25a25 solute carrier family 25 member 25 (mitochondrial 
phosphate carrier)  1.83 <10-5 

Slc41a3 solute carrier family 41 member 3 1.70 <0.01 
Slc39a5 solute carrier family 39 member 5 (metal ion)  1.68 <0.05 
Slc25a30 solute carrier family 25 member 30 (mitochondrial) 1.64 <0.01 
Slc1a7 solute carrier family 1 member 7 (glutamate) -2.42 <0.001 
VARIOUS  

Ace angiotensin I converting enzyme (peptidyl-dipeptidase 
A) 1 1.79 <0.1 

Adm adrenomedullin 2.46 <10-12 

Agt angiotensinogen (serpin peptidase inhibitor clade A 
member 8) 1.84 <0.1 

Angpt4 angiopoietin 4 3.27 <0.1 
Angptl3 angiopoietin-like 3 2.11 <0.05 
Capn10 calpain 10 2.96 <10-12 
Dio2 deiodinase iodothyronine type II 2.43 <0.01 
Edn3 endothelin 3 3.68 <0.05 
Hif3a hypoxia inducible factor 3 alpha subunit 7.36 <10-12 
Igf2bp2 insulin-like growth factor 2 mRNA binding protein 2 2.24 <10-5 
Irs1 insulin receptor substrate 1 1.92 <10-5 
Klf9 Kruppel-like factor 9 5.55 <10-12 
Klf13 Kruppel-like factor 13 2.09 <10-5 
Klf15 Kruppel-like factor 15 3.07 <10-12 
Lpin1 lipin 1 1.66 <0.05 
Lrrc10 leucine rich repeat containing 10 3.31 <10-12 
Pnmt phenylethanolamine-N-methyltransferase 35.27 <10-12 
Vasn vasorin 1.57 <0.01 



The role of glucocorticoid signalling in fetal heart development and maturation  

Chapter 6. Primary fetal cardiomyocytes as a model for glucocorticoid-induced heart maturation 322 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.33. Representative heat map showing members of the solute carrier 
(Slc) family transcript abundance based on RNAseq expression profiling. 
Relative expression is represented by color scales, right. Blue represents low levels 
of expression (1-50 reads), red-high levels (50-10000 reads). The plot shows two 
well segregated groups that correspond to the control and dexamethasone-treated 
samples. 
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6.6 Discussion 
The use of primary murine fetal cardiomyocytes in vitro allowed me to investigate 

the direct effects of glucocorticoids at a cellular level, excluding any potential 

influences of surrounding cell populations and peripheral organs. Additionally, as 

fetal and adult cardiomyocytes differ vastly in the nature of their responses to 

external influences, the timed isolation offered a unique opportunity to capture the 

cells at a specific developmental stage, allowing me to obtain a highly relevant and 

reproducible model to mimic the effects of glucocorticoids on the immature 

cardiomyocyte. The cultures comprised a relatively pure cardiomyocyte population, 

though a minor contribution from other cell types, like fibroblasts, may be necessary 

during the initial culture period to support cardiomyocyte growth and function 

(LaFramboise et al., 2007). Cardiomyocytes maintained their ability to proliferate in 

vitro, typical of the fetal heart and a property lost after birth (Banerjee et al., 2007). 

They contained GR and were responsive to glucocorticoids (both physiological and 

synthetic) as shown by transcriptional increases in the known GR-target genes, 

FKBP5 and GILZ (considered good in vitro markers for glucocorticoid sensitivity 

and potency) (Vermeer et al., 2003, Aguilar et al., 2012).  

Glucocorticoids improve cardiomyocyte contractile function  

Cardiomyocytes could be seen to contract spontaneously from day 2 of culture, 

initially at different rates but subsequently forming synchronised clusters. Such 

behaviour is consistent with previous observations, in which spontaneous contractile 

activity by myocytes was maintained and reinforced by formation of inter-cellular 

focal adhesions, often concurrent with parallel reassembly of myofibrils, allowing for 

efficient transmission of contractile forces within the 2-dimensional cell layer 
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(DeHaan and Hirakow, 1972, Leung and Munck, 1975, Simpson et al., 1995, Clark 

et al., 1998). A similar sequence of events is seen in vivo when, as the heart is forced 

to generate increasingly potent forces, cardiomyocytes align, forming proficient 

contractile units (Sedmera et al., 2000, Henderson and Anderson, 2009). 

Previously, corticosteroids were shown to exert chronotropic actions in 

ventricular neonatal cardiomyocytes (McCarl et al., 1965, Rossier et al., 2008, 

Maturana et al., 2009). Here, corticosterone did not significantly affect the frequency 

of spontaneous contractions in fetal cardiomyocytes. However, corticosterone 

significantly improved the contractile (shortening) amplitude and contraction-

relaxation kinetics. The only other evidence of an impact of glucocorticoids on these 

parameters comes from studies where the effects of in vivo dexamethasone 

administration in adult animals were assessed ex vivo in whole hearts and in isolated 

fibres (Penefsky et al., 1986). Dexamethasone increased the isometric tension, the 

peak and the velocity of tension development and the velocity of relaxation and 

significantly shortened total relaxation time as well as the time to 50% relaxation 

(Penefsky et al., 1986), very similar to the effect of corticosterone on fetal 

cardiomyocytes. The changes in cardiomyocytes exerted by corticosterone are 

consistent with increased maturity, which in vivo is also associated with shortening 

of the relaxation phase and increased contraction velocity (Chen et al., 2006, 

Corrigan et al., 2010). The exact mechanism underlying this glucocorticoid effect is 

unknown and several factors might contribute to the enhanced mechanical function 

of glucocorticoid-treated cardiomyocytes including increased levels of contractile 

proteins, improved calcium handling mechanisms or alterations in myofilament 

calcium sensitivity. Previously, glucocorticoids have been shown to regulate 
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cardiac L- and T-type type calcium current amplitude and channel distribution in 

vivo and in vitro (Wang et al., 1999, Whitehurst et al., 1999, BenMohamed et al., 

2009, De et al., 2011, Wagner et al., 2011). In addition, glucocorticoids were 

suggested to improve rates of ATP-dependent calcium uptake by sarcoplasmic 

reticulum in adult animals (Rao et al., 2001, Narayanan et al., 2004, Pearl et al., 

2011). In contrast, cardiomyocytes isolated from GR knock-out near-term embryos 

were shown to have lower peak calcium channel amplitude and required higher 

voltage to reach 50% channel activation (V½) (Rougier et al., 2008).   

Corticosterone improves myofibrillar structure 

Glucocorticoids exerted a striking effect on myofibrillar structure, inducing a 

dramatic assembly of sarcomeric structures. Untreated fetal cardiomyocytes 

contained poorly organised arrays of contractile filaments either reflecting their 

immature stage or due to myofibrillar disassembly, often seen in cultured adult 

cardiomyocytes (Dabiri et al., 1997). However, the punctuate pattern of α-actinin (Z-

disc) staining in these cells is consistent with the appearance of immature 

premyofibrils which mature over time into new myofibrils (Dabiri et al., 1997).  

Previously, dexamethasone treatment of newborn rat myocytes was shown to 

promote the development of myofibrils with prominent Z-discs (Muir et al., 1992), 

much as seen here in fetal cardiomyocytes. Additionally, dexamethasone caused a 

reorganisation of actin filaments into sarcomeric units (Lister et al., 2006), again as 

seen here in fetal cells where corticosterone induced the formation of troponin T-

associated α-actin fibers. Such bundles often serve as templates for the assembly of 

myofibrils during the development of striated muscle cells (Tojkander et al., 2012). 
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The exact mechanisms underlying glucocorticoid effects on the myofibrillar structure 

are unknown. Here, PGC-1α was demonstrated to be involved in eliciting structural 

changes by glucocorticoids, possibly through higher ATP production and availability 

to support the maintenance of structure and contractile activity of sarcomeres. Such 

finding warrants further investigation. 

A previous study suggested that the GR-regulated transcriptional modulator GMEB-

1 (glucocorticoid modulatory element binding protein-1) might physically interact 

with MURF-1 (muscle-specific ring finger 1), which via its interaction with titin, 

helps maintain the structure of sarcomeric M-line components in cardiac myocytes 

(McElhinny et al., 2004). Therefore, dual interactions of MURF-1 with titin and 

GMEB-1 may link myofibril signaling pathways with transcriptional effects of 

glucocorticoids.  

 

Direct and indirect transcriptional responses to glucocorticoids 

GR-mediated effects on gene expression 

Glucocorticoids are generally more abundant than aldosterone in the circulation, 

therefore cardiac MR is thought to be primarily occupied by glucocorticoids, 

suggesting that both GR and MR are potential mediators of glucocorticoid signaling 

in the heart. Although MR plays an important role in the adult heart, its role in 

development is unknown. Previously, the MR ligand aldosterone was shown to 

modulate the expression of cardiac calcium channels and exert chronotropic actions 

on neonatal rat ventricular myocytes, an effect prevented by spironolactone and 

reduced by RU486, suggesting a mixed MR/GR-dependent mechanism (Lalevée et 

al., 2005, Rossier et al., 2010). Here, blocking MR had no effect on glucocorticoid 
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induced increases in mRNA levels of MyHCα, ANP or PGC-1α. GR (but not MR) 

activation by dexamethasone as well as corticosterone increased mRNAs encoding 

all three genes in a dose-dependent manner. Glucocorticoid treatment caused an 

overall decrease in GR mRNA. Such negative feedback is common for most cells 

and tissues and occurs predominantly at a transcriptional level (Dong et al., 1988, 

Rosewicz et al., 1988, Freeman et al., 2004). In contrast, in late gestation heart there 

is an increase in GR mRNA concurrent with a rapid surge of circulating 

glucocorticoid, consistent with previous studies, where, unlike in adults, fetal and 

neonatal GR mRNA abundance was not regulated by glucocorticoids (Kalinyak et 

al., 1989). 

Previous experiments using promoter constructs in neonatal cardiomyocytes showed 

direct glucocorticoid regulation of MyHCα expression via regulatory elements 

localised between -200 and -74bp upstream from the transcription start 

(Muangmingsuk et al., 2000). Additionally, glucocorticoids increase ANP 

expression, protein processing and secretion, both in vivo and in vitro (Matsubara et 

al., 1987, Gardner et al., 1988, Shields and Glembotski, 1988, Shields et al., 1988, 

Muir et al., 1992), possibly via glucocorticoid response element identified in the 

distal 5'-flanking sequences of the rat ANP gene. Here, however, the glucocorticoid-

induced increase in mRNAs encoding MyHCα and ANP was dependent on new 

protein biosynthesis. This could reflect a development stage-dependence of the 

induction by glucocorticoids. Alternatively, it is possible that the induction of ANP 

or MyHCα expression by GR in fetal cardiomyocytes requires a labile protein in 

addition to GR binding.  
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Activation of GR also induced the expression of PGC-1α in dose-dependent manner 

and independently of new protein biosynthesis, possibly indicating PGC-1α as a 

direct genomic target for GR binding. 

PGC-1α – a novel mediator of glucocorticoid actions? 

Cardiomyocyte maturation is associated with a progressively increasing demand for 

ATP and hence during cardiac development major changes occur in the cellular 

pathways governing energy generation. In vivo, PGC-1α prepares the heart for the 

perinatal switch towards fatty acid oxidation as a more efficient source of ATP 

(Finck and Kelly, 2007). PGC-1α docking to specific transcription factors provides a 

platform for the recruitment of regulatory protein complexes including these with 

histone acetyltransferase activity (Huss and Kelly, 2004, Finck and Kelly, 2007). 

PGC-1α reportedly interacts with GR to enhance GR-induced transcription of 

specific hepatic genes (Knutti et al., 2000, Yoon et al., 2001). Interestingly, the 

phenotype of PGC-1αβ-/- mice is strikingly similar to the phenotype seen in GR-/- 

fetuses. They die shortly after birth with small hearts and cardiac failure (Lai et al., 

2008). Additionally, the hearts of PGC-1αβ-/- mice exhibit symptoms of delayed 

maturation, such as the persistence of a fetal pattern of gene expression (Lai et al., 

2008), much as is seen in GR-/- fetuses in late gestation (Lai et al., 2008). PGC-1α-

deficiency was also associated with metabolic immaturity, with reduced expression 

of genes involved in oxidative phosphorylation, fatty acid oxidation and ATP 

synthesis (Arany et al., 2005, Leone et al., 2005, Lehman et al., 2008). Therefore, it 

is plausible that PGC-1α acts as a GR coactivator and mediator of glucocorticoid 

actions in the late gestation heart and an essential role for PGC-1α in structural 

changes induced by glucocorticoids in fetal cardiomyocytes was mentioned above.  
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PGC-1α was identified as a potential GR-target. The only previous evidence 

suggesting glucocorticoid effects on PGC-1α transcription comes from primary 

hepatocytes, in which dexamethasone alone did not alter PGC-1α mRNA levels, but 

potentiated the transcriptional increase caused by 8-bromo-cAMP (Yoon et al., 

2001). The possibility that PGC-1α is directly induced by glucocorticoid in 

cardiomyocytes is supported by the fact that during heart development, PGC-1α 

expression is induced at ~E15.5, around the time when glucocorticoid signaling is 

first activated (Lai et al., 2008). Additionally, dexamethasone induced chromatin 

remodeling at the PGC-1α promoter in BWTG3 cells, reflected in the increase in the 

local abundance of activating histone marks. However, no major GREs were 

contained within ~4kb upstream of the PGC-1α transcription start site. It is likely that 

GR binds further upstream. GRE profiling in C12C2 myotubes showed that although 

GRE consensus sites were commonly found within 25kb upstream of the 

transcription start site, only a small proportion was located within the first 5 kb 

upstream (Kuo et al., 2012). 

As PGC-1α siRNA knock-down affect some, but not all, effects of glucocorticoids, it 

is possible that other molecules and pathways are involved in the GR-PGC-1α 

interaction. One possible candidate is the transcription factor, Myc. A recent study 

has demonstrated a beneficial role for Myc in mitochondrial biogenesis and energy 

metabolism in the stressed adult heart (Ahuja et al., 2010). Myc is postulated to act 

as a “third messenger” for ligand-dependent signals, amplifying gene expression in a 

nonlinear manner (Nie et al., 2012). Indeed, during pathological cardiac states, Myc 

bound to the promoters of key factors involved in metabolism and mitochondrial 

replication (Ahuja et al., 2010). Here, RNAseq identified Myc to be rapidly induced 
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(>6-fold) by dexamethasone in fetal cardiomyocytes independently of new protein 

synthesis. Therefore, a GR-Myc-PGC-1α pathway might be a major regulator of 

cardiac maturation in which glucocorticoid induction of myc together with PGC-1α 

in fetal cardiomyocytes amplifies the PGC-1α-mediated metabolic changes. Indeed, 

cooperative binding between myc and GR has been demonstrated during the 

transcriptional activation of the β1-adrenergic receptor in cardiomyocytes (Ma et al., 

2000, Tseng et al., 2002, Wadhawan et al., 2003). 

 

RNAseq - transcriptional profiling of cardiomyocyte responses to glucocorticoids 

Glucocorticoid-induced changes in gene expression were assessed in primary fetal 

cardiomyocytes with the aim of identifying putative primary targets of glucocorticoid 

receptor during cardiac development. Glucocorticoid treatment affected a wide array 

of genes involved in cellular and, specifically, cardiomyocyte biology in a rapid 

manner. Several important clusters of activated genes can be identified, reflecting 

widespread acceleration of maturation – either biochemical, structural or functional, 

likely to underpin the glucocorticoid-induced alterations in cardiomyocyte structure 

and function seen in vitro and in vivo. They also help understand the basis for cardiac 

failure seen in GR-deficient mice. 

A progression from an embryo to an adult profile 

Consistent with the proposed maturational effects on cardiomyocytes, 

dexamethasone decreased levels of mRNA encoding several factors crucial for early 

cardiac differentiation (BMP4, GATA3, TBX1, Hey, Sox8, sonic hedgehog and 

ephrin A1), involved in processes such as second field proliferation, neural crest 

migration and morphogenesis (septation, valve development, coronary 
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vasculogenesis) (Leimeister et al., 1999, Montero et al., 2002, Washington Smoak et 

al., 2005, Dyer and Kirby, 2009, Frieden et al., 2010).  

On the other hand, dexamethasone rapidly increased mRNAs encoding master 

regulators of cardiomyocyte differentiation, with roles in trabeculation and vascular 

remodeling (Notch1 and 4; Notch 4 has previously been identified as a direct 

genomic target of GR) (Cadigan and Nusse, 1997, Wu and Bresnick, 2007, High and 

Epstein, 2008, Niessen and Karsan, 2008) and WT1. WT1 is a crucial mediator 

involved in epicardial epithelium-to-mesenchyme transitions, providing the source of 

vascular cells to support the coronary vascular network (Scholz and Kirschner, 2005, 

von Gise et al., 2011). The exact role of cardiomyocyte-derived WT1 is unknown, 

yet its expression in the epicardium greatly influences heart maturation in a paracrine 

manner (Scholz and Kirschner, 2005, von Gise et al., 2011).  

Overall, a striking effect of dexamethasone was noted on the expression of 

intracellular molecules involved in signaling pathways – members of the MAP 

kinase family, small GTPases (Rho/Ras) and G-protein-coupled proteins, as well as a 

wide array of membrane and cytosolic receptors (Takai et al., 2001, Wei et al., 2002, 

Pochynyuk et al., 2007). Astonishingly, possibly the biggest group of genes induced 

by dexamethasone were solute carriers specific to substrates ranging from charged 

and uncharged organic molecules to inorganic ions.  

This overall effect of GR signalling can be seen as an acceleration of cellular 

processes that include maturation of ion channel function, cytoskeletal 

rearrangements and metabolic changes, undoubtly leading to major changes in the 

cell function, much as seen during the perinatal stage in vivo. 
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Changes in contractility – transcriptomics of structure and function 

RNAseq revealed a number of genes encoding cytoskeletal molecules rapidly 

induced by dexamethasone, despite the presence of cycloheximide. Among them 

were sarcomeric building blocks - members of the actin, actinin and myosin families, 

as well as several regulatory molecules involved in the assembly of a functional 

myofibril, such as titin-cap, synaptopodin and angiomotin (Valle et al., 1997, Schafer 

and Schroer, 1999, Nicholas et al., 2002, Asanuma et al., 2005, Asanuma et al., 2006, 

Gagné et al., 2009, Zheng et al., 2009, Golini et al., 2011). Additionally, this group 

also included myosin-binding protein C, necessary for the recruitment of ATP-

generating creatine kinases to myosin filaments (Chen et al., 2011), suggesting that 

GR signalling directly promotes maturation of contractile elements. 

Various members of the voltage gated potassium channels involved in membrane 

repolarisation were induced by dexamethasone, including KCNA5, KCNJ12 and 

KCNK5. KCNA5 expression is induced in adult ventricular myocytes acutely 

stimulated with dexamethasone (Wang et al., 1993, Takimoto and Levitan, 1994, 

Levitan et al., 1996). Additionally, here dexamethasone increased the expression of 

Klf15 which controls the circadian course of transient outward potassium currents 

(Jeyaraj et al., 2012), suggesting that glucocorticoids can promote ion channel 

remodelling, possibly underlying their effects on cardiomyocyte function. 

Paralleling its effects on cardiac calcium channel function, dexamethasone also 

increased mRNA encoding the voltage gated calcium channel isoform, SERCA2a 

and junctophilin which anchors the sarcoplasmic reticulum to the plasma membrane 

via direct interaction with RyR and L-type calcium channels, thus contributing to the 

maturation of the calcium-induced calcium release mechanisms characteristic of a 



The role of glucocorticoid signalling in fetal heart development and maturation  

Chapter 6. Primary fetal cardiomyocytes as a model for glucocorticoid-induced heart maturation 333 

 

mature cardiomyocyte (Cohen and Lederer, 1988, Takimoto et al., 1997, Escobar et 

al., 2004, Spencer et al., 2006, Huang et al., 2006, BenMohamed et al., 2010, De et 

al., 2011). Other genes induced by dexamethasone treatment in cardiomyocytes and 

implicated in the cross-talk between the cytoskeleton and the plasma membrane 

include syntrophin, dynein (governing the function of the potassium channels), and 

the recently characterised LRRC10 (leucine-rich repeat containing protein 10), 

shown to be essential for sarcoplasmic reticulum coupling to myofibrils (Iwata et al., 

2004, Kim et al., 2007, Ueda et al., 2008, Loewen et al., 2009, Kim et al., 2010).  

Other genes induced by glucocorticoids may also contribute to maturation of cell-cell 

coupling, including members of the cadherin family as well as genes encoding 

proteins found in gap junctions and involved in linking the junction proteins to the 

intermediate filaments and ion channels, such as plakophilin1. Plakophilin1 

deficiency in mice is associated with severe developmental cardiac defects, such as 

reduced contractility and disarrayed cytoskeleton (Grossmann et al., 2004, Sato et al., 

2011), reflecting the importance of proper inter- and intra-cellular interactions for the 

functioning of the heart as a whole. 

Changes in cardiac metabolism reflected in alterations of gene expression  

During heart maturation the ability of cardiomyocytes to generate energy increases. 

Consistent with previous studies showing increased ATP content in neonatal 

cardiomyocytes treated with dexamethasone (Mizuno et al., 2010), here, GR 

activation rapidly induced the expression of mitochondrial ATP synthase together 

with several genes involved in glycolysis and gluconeogenesis, still predominant 

pathways for ATP generation in fetal cardiomyocytes (Finck and Kelly, 2007). As 



The role of glucocorticoid signalling in fetal heart development and maturation  

Chapter 6. Primary fetal cardiomyocytes as a model for glucocorticoid-induced heart maturation 334 

 

mentioned above, glucocorticoids induced the expression of PGC-1α in a GR-

dependent manner in the presence of cycloheximide. RNAseq confirmed this result, 

again suggesting that glucocorticoids promote maturation of energy metabolism 

toward mitochondrial fatty acid β-oxidation. Dexamethasone also increased mRNA 

levels of lipin, previously shown to be an amplifier of PGC-1α metabolic actions in 

the liver (Finck et al., 2006). Additionally, dexamethasone rapidly induced the 

expression of PPARα, a major regulator of fatty acid uptake and catabolism.  

Consistent with the proposed role of glucocorticoids in energy metabolism 

maturation, glucocorticoid treatment was shown to increase fatty acid oxidation rates 

and ATP concentration in adult and neonatal myocardial cells in culture (Anastasia 

and McCarl, 1973, Mizuno et al., 2010).  

Trancriptional regulation of hypertrophic growth 

Acting independently of new protein synthesis, dexamethasone increased the 

expression of several genes associated with heart growth and cardiomyocyte 

hypertrophy, such as adrenomedullin (Tsuruda et al., 1998, Caron and Smithies, 

2001, Fisch et al., 2007, Fritz-Six et al., 2008). Dexamethasone also induced the 

expression of several types of receptors. Among them were receptors for 

prostaglandin F, serotonin, and vitamin D, shown to alter cardiomyocyte growth and 

contractile function (Lai et al., 1996, Nebigil and Maroteaux, 2001, Nebigil et al., 

2001, Tishkoff et al., 2008), suggesting glucocorticoids increase cardiomyocyte 

sensitivity to growth and maturation promoting signals. Importantly, RNAseq 

showed no effect of dexamethasone on MR mRNA levels in fetal cardiomyocytes. 
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Interestingly, dexamethasone rapidly altered the mRNA levels of several proteins 

involved in cardiac responses to stress such as hypoxia and hemodynamic load, for 

example vasorin, HIF-3α, calpain and angiopoietin (Lee et al., 2011, Taneike et al., 

2011, Krautzberger et al., 2012, Letavernier et al., 2012), suggesting glucocorticoids 

might promote adaptive responses during development.  

 

Glucocorticoid-induced changes in gene expression are dependent on cell type and 

developmental stage, with expression studies showing distinct subsets of genes 

regulated by glucocorticoids in, for example, adipocytes (where GR regulates genes 

involved triglyceride synthesis, lipolysis, lipid storage) (Yu et al., 2010) or 

hepatocytes (insulin signalling) (Phuc Le et al., 2005). Other studies have used 

microarrays to identify differentially expressed genes in embryonic rat H9C2 

myoblasts, C2C12 myotubes, a model for skeletal muscle; or rat neonatal 

cardiomyocytes, following glucocorticoid treatment. Several genes showed a pattern 

of induction consistent with the results presented here. Among them were isoforms 

of the voltage gated potassium channels, members of MAPK and Ras/Rho family, 

Klf15, PGC-1α, Notch1 and WT1, as well as genes coding for various cytoskeletal 

proteins; actins, titin, synaptopodin, actinin2 and tropomyosin (Yoshikawa et al., 

2009, Kuo et al., 2012, Ren et al., 2012). Importantly, in the study using C2C12 

mouse myotubes, the microarray data was combined with GR-ChIP sequencing (Kuo 

et al., 2012). Among the potential genes induced by physical interaction of GR with 

the promoter regions were actinin, titin, KCNJ12 and KCNK5 (Yoshikawa et al., 

2009, Kuo et al., 2012, Ren et al., 2012), supporting their identification here as 

primary targets of GR in in fetal cardiomyocytes. 



The role of glucocorticoid signalling in fetal heart development and maturation  

Chapter 6. Primary fetal cardiomyocytes as a model for glucocorticoid-induced heart maturation 336 

 

Additionally, in a serial analysis of gene expression (SAGE) study of the effects of 

1µM aldosterone (predicted to occupy both GR and MR) in neonatal 

cardiomyocytes, among the induced genes were the potassium channel Kcnj14 and 

several members of the MAPK and Ras/Rho family. Interestingly, the expression of 

titin was shown to be reduced over 3-fold (Muller et al., 2007). It is, however, 

unknown which of these effects are MR-specific and the exact role of MR in cardiac 

development still remains elusive.   

Conclusions 

In summary, glucocorticoid signalling in cardiomyocytes is required for their 

functional, structural and transcriptional maturation, mimicking late gestational 

events. Such changes are dependent on direct actions of GR and involve widespread 

changes affecting multiple aspects of cardiomyocyte biology.  
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Short and long term consequences of perturbed heart maturation 

In this thesis I investigated the importance of glucocorticoid signalling for fetal heart 

maturation. I have shown that adequate glucocorticoid milieu is necessary to induce 

biochemical, structural and functional changes in cardiomyocytes in preparation for 

life after birth and that insufficient glucocorticoid signalling leads to congenital heart 

failure, underpinned by abnormalities in inter- and intracellular structure and gene 

expression. Moreover, much of the glucocorticoid-induced maturational effect is 

dependent on GR actions specifically within the cardiomyocytes. 

The level of fetal exposure to glucocorticoids can be modulated by a variety of 

factors, with both excess and reduced glucocorticoid signalling precociously 

initiating or delaying, respectively, the course of maturation with consequent 

irreversible changes in contractile function, energy metabolism and extracellular 

matrix composition (Bian et al., 1991, Bian et al., 1992a, La Mear et al., 1997, Torres 

et al., 1997, Lumbers et al., 2005, Bensley et al., 2010, Mizuno et al., 2010). The 

relationship of cardiac immaturity with glucocorticoid status has only been 

investigated in primates, where immaturity at birth was associated with adrenal 

insufficiency and impaired heart function. Subsequent glucocorticoid therapy 

significantly and permanently improved cardiac performance (Yoder et al., 2002). To 

understand such relationships in humans is crucial, as premature infants are at higher 

risk of sudden infant death syndrome, very often associated with diastolic 

dysfunction even when accompanied by preserved pulmonary function (Malloy and 

Hoffman, 1995a, Fang et al., 2013, Malloy, 2013). Moreover, the majority of SIDS 

deaths occur in the early hours of the morning when cortisol levels in infants are at 

their lowest (Gordon et al., 1999).  
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Adaptive changes in response to abnormal in utero glucocorticoid exposure in the 

short-term might help the muscle to adapt to unfavourable conditions, yet the long-

term may induce persistent alterations in both cardiomyocytes and the extracellular 

matrix that might be detrimental later in life, increasing cardiac vulnerability to 

disease and making the heart less able to undergo the adaptive remodelling that 

accompanies for example hypertrophy or that follows myocardial infarction (Epstein, 

2010, Oka et al., 2012). However, the long-term consequences of altered maturation 

on adult cardiac function in humans are not well understood. In addition, the current 

methodology for assessing the short- and long-term cardiovascular effects of altered 

glucocorticoid environment during pregnancy in humans is limited. Although 

antenatal glucocorticoid therapy has been used for over 50 years, not much is known 

about how it affects the heart, apart from reported effects on fetal heart rate. As 

shown here, glucocorticoid receptor deficiency does not produce a prominent 

structural cardiac phenotype nor does it impair systolic function, the parameters 

routinely employed clinically to assess the fetal heart (Harada et al., 1999, Kozák-

Bárány et al., 2001, Dalziel et al., 2004, Dalziel et al., 2005b, Jones and Group, 2005, 

Vural et al., 2006, de Vries et al., 2008, Mildenhall et al., 2009, Ciccone et al., 2011, 

Wong et al., 2011). Even the reported effects of antenatal glucocorticoids on the 

heart rate depend on the time the measurements are taken during the day (de Heus et 

al., 2008). Instead, the intracellular structure and diastolic function appear to be the 

most affected by perturbations in glucocorticoid environment and therefore, 

assessing the relaxation properties of the heart might uncover potential detrimental 

phenotypes.  
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The studies conducted here involved homozygous loss-of-function mutation, 

resulting in severe cardiac phenotypes allowing for identification of crucial factors 

involved in heart development. In humans, heart failure is primarily a disease of 

haploinsufficiency, often involving more subtle phenotypes with variable penetrance 

and often only evident at birth or later. Preliminary work from our lab indicates that 

GR haploinsufficiency in mice is associated with abnormal hypertrophic cardiac 

remodelling in adult life (R.Richardson, personal communication). Additionally, 

polymorphisms in GR gene may be associated associated with cardiovascular 

dysfunction, such as hypertension and coronary artery disease (Manenschijn et al., 

2009, Bouligand et al., 2010, Nader et al., 2010). 

Pathological responses 

In the normal heart, glucocorticoids help maintain normal contractile function 

(Penefsky et al., 1986, Bhaskar et al., 1989, Stith and Reddy, 1992, Wang et al., 

1999, Narayanan et al., 2004). However, excess glucocorticoid signalling can lead to 

heart failure and hypertension (Zecca et al., 2001, Ng and Celermajer, 2004, 

Souverein et al., 2004, Walker, 2007), an effect mediated by both GR and MR, with 

the latter having deleterious effects on cardiac fibrosis, inflammation and vascular 

remodelling (Messaoudi et al., 2012). On the other hand, glucocorticoids may be 

cardioprotective in ischemia-reperfusion injury (Libby et al., 1973, Valen et al., 

2000). Here, dexamethasone rapidly induced mRNA levels encoding several proteins 

involved in cardiac responses to stress such as hypoxia and hemodynamic load; for 

example, vasorin, HIF-3α, calpain and angiopoietin (Lee et al., 2011, Taneike et al., 

2011, Krautzberger et al., 2012, Letavernier et al., 2012). It therefore further 

enhances our knowledge of the impact of glucocorticoids on both physiological and 
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pathological cardiac states. It is especially important considering the recent reports of 

impact of genetic polymorphism and mutations in human GR gene and their 

association with cardiovascular disease, such as myocardial infarction, coronary 

heart disease and hypertension (Chrousos et al., 1982, Dobson et al., 2001, Di Blasio 

et al., 2003, Charmandari et al., 2004, Manenschijn et al., 2009, Voorhoeve et al., 

2009, Otte et al., 2010, Charmandari, 2011, Geelhoed et al., 2011, Donner et al., 

2012).  

Components of the RAAS pathway (renin-angiotensin-aldosterone system) and MR 

signalling have also been implicated in cardiac growth and differentiation, as well as 

the pathogenesis of heart failure (Okoshi et al., 2004, Porrello et al., 2008). This, 

together with evidence that glucocorticoids influence angiotensin converting enzyme 

(ACE) activity and angiotensin receptor expression in the heart (Lumbers et al., 

2005, Reini et al., 2006) further implicate glucocorticoid signalling in cardiac 

remodelling and raise the possibility that the response to cardiac challenge may be 

impaired in individuals exposed to an abnormal glucocorticoid environment in utero 

or who carry GR mutations or certain polymorphisms. 

The failing heart – a return to the fetal program 

The mechanisms governing late gestation events not only help us understand the 

course of fetal maturation, but also provide crucial insight into heart pathologies in 

adulthood. A common feature of the severely stressed heart (as a response to, for 

example, hypertension, pressure overload/unloading, myocardial infarction, cardiac 

arrhythmias or diabetes) is the return to a pattern of fetal gene expression (decreased 

myosin α/β ratio, SERCA2a, a switch in troponin isoforms and re-expression of 

ventricular ANP) (Tsuchimochi et al., 1988, Kim et al., 2002, Taegtmeyer et al., 
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2010) and metabolism, with a decrease in the rate of aerobic metabolism in the 

cardiomyocyte towards carbohydrate utilisation. Initially this causes an acute 

increase in cardiac efficiency (measured as the ratio of pressure-volume function 

over oxygen consumption) in conditions of limited oxygen or substrate supply 

(Razeghi et al., 2001, Rajabi et al., 2007, Taegtmeyer et al., 2010). However, when 

prolonged, it can lead to a further reduction in contractility, exacerbating heart 

failure. Many of the genetic reprogramming changes seen during the progression of 

heart disease are associated with epigenetic modifications (e.g. suppression of 

myosin heavy chain α) (Hang et al., 2010, Han et al., 2011) or actions of microRNA 

(miRNA), which can induce re-expression of myosin β and target the expression of 

titin, actinin, potassium channels and PGC-1α (Thum et al., 2007). Therefore, 

understanding the molecular and mechanistic processes regulating the maturation of 

the fetal heart might help understand and target the pathological “switch” during 

adult heart disease. 

Cardiomyocyte regeneration 

The regenerative capacity of the heart drastically falls after birth. However, analogies 

existing between the damaged myocardium and the developing heart suggesting that 

regulatory factors which drive heart development may also control aspects of heart 

regeneration following insults such as myocardial infarction (von Harsdorf et al., 

2004, Chien et al., 2012). Therefore, an improved understanding of the programs 

governing cardiomyocyte differentiation and maturation could advance the 

development of regenerative and reparative treatments; the use of such treatments for 

cardiac disease has been until now hampered by a limited ability and efficiency to 

engineer fully mature adult cardiac myocytes from progenitor cells, either embryonic 
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or induced pluripotent stem cells (Siu et al., 2007, Lieu et al., 2009, Wu and 

Hochedlinger, 2011). For example, it is crucial to understand how cardiomyocytes 

assemble into three-dimensional networks required for coordination of mechanical 

work, electrical signal propagation, and uniform delivery of blood flow. In the failing 

heart, the linear alignment of cardiac muscle fibers and sarcomeres can become 

highly disorganized. Transplantation of cardiac progenitors or their differentiated 

progeny, in the absence of cues to drive their appropriate linear alignment with the 

native heart tissue, may not result in a substantive improvement in global heart 

function (Srivastava and Olson, 2000, Chien et al., 2008). Glucocorticoids, shown 

here to be a major regulator of heart maturation, might therefore prove to be the 

missing link or at least a component of it. 

Other factors 

Other systemic factors can interplay with glucocorticoids in regulating heart growth 

and function. Thyroid hormone is a well-known regulator of cardiomyocyte function 

and maturation (Gardner et al., 1987, Mourouzis et al., 2011, Chattergoon et al., 

2012, Pantos et al., 2012, Segar et al., 2012) and has been shown to accelerate the 

cardiogenic maturation of embryonic stem cells (Lee et al., 2010). Moreover, thyroid 

hormone signalling is thought to be cardioprotective, although the exact mechanisms 

are not fully understood (Mourouzis et al., 2012, Chen et al., 2013). Many pathways 

regulated by thyroid hormone (for example induction of mRNAs encoding proteins 

involved in contractile function, calcium handling and action potential repolarisation; 

changes in cell and sarcomere morphology) appear to overlap with glucocorticoid-

regulated pathways, and thyroid hormone levels and metabolism is a target for 

glucocorticoid regulation (Van der Geyten et al., 2001, Van der Geyten and Darras, 
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2005). Enhancing our understanding of glucocorticoid-induced events during heart 

growth can therefore help draw parallels between these and thyroid hormone-

regulated pathways. 

In the future, it will be important to further investigate the primary effects of 

glucocorticoids on cardiomyocytes, including the physical binding of GR to target 

genes during fetal maturation. Understanding the signalling networks transmitting 

the glucocorticoid signal could not only improve our knowledge of late gestation 

events and prematurity, but might also provide novel insights into cardiac pathology 

later in life. 

Placenta is also an important determinant of heart development, with restriction of 

placental function and resulting inadequate hemodynamic forces resulting in a delay 

of cardiac maturation (Morrison et al., 2007, Culver and Dickinson, 2010, Rudolph, 

2010). Additionally, placental inadequacy has been linked to higer rates of sudden 

cardiac death in human offspring (Barker et al., 2012). Glucocorticoids are potent 

regulators of placental morphogenesis and function and excess glucocorticoids 

decrease placental vessel density, negatively impact umbilical flow and resistance 

and alter the rates of amino acid and glucose transport to the fetus (Wyrwoll et al., 

2009, Gennari-Moser et al., 2011). Although not addressed here, it would be 

important to determine the relative impact of placental development on the cardiac 

phenotype of both GR-/- and SMGRKO fetuses.       

Future studies  

Several findings described here merit further investigation. In the future, it would be 

important to further determine the functional consequences of GR absence as well as 



The role of glucocorticoid signalling in fetal heart development and maturation  

Chapter 7. Discussion  345 

 

glucocorticoid administration on cardiomyocytes ex vivo, with particular emphasis 

on force generation, calcium handling, glucose and fatty acid metabolism and 

mitochondrial function (for example ATP production). In is also crucial to further 

explore possible cellular mediators of GR actions in heart development, some of 

which are conceivably already identified here by RNAseq. Additionally, the course 

of heart development should be examined using a more suitable and efficient Cre-

loxP mouse model, which would allow to isolate the cardiomyocyte-specific 

consequences of GR deletion and exclude any possible external influences, for 

example from the vasculature and the placenta. 

 

 

 

 



The role of glucocorticoid signalling in fetal heart development and maturation  

Appendix  346 

 

Appendix I. Suppliers’ addresses. 

Abcam 330 Cambridge Science Park, Cambridge, CB4 0FL, UK 

AbD Serotec Endeavour House, Langford Lane, Kidlington, OX5 1GE, UK 

ADG Bio Research  Gerichtsberg 28, 2572 Kaumberg, Austria 

Agilent Technologies 610 Wharfedale Road, Wokingham, RG41 5TP, UK  

Ambion 3 Fountain Drive, Inchinnan Business Park, Paisley, PA4 

9RF, UK 

Amersham Biosciences Amersham Place, Little Chalfont, HP7 9NA, UK 

Anachem Ltd. 1 & 2 Titan Court, Laporte Way, Luton, LU4 8EF, UK 

Appleton Woods Ltd Lindon House, Heeley Road, Selly Oak, Birmingham B29 

6EN, UK 

Applied Biosystems  3 Fountain Drive, Inchinnan Business Park, Paisley, PA4 

9RF, UK 

BD Biosciences Edmund Halley Road, Oxford Science Park, Oxford, 

OX4 4DQ, UK 

Beckman Coulter Oakley Court, Kingsmead Business Park,  

London Road, High Wycombe, HP11 1JU, UK 

Berthold Detection 

Systems 

BioCare Medical 

Paul Fisher House, 1 The Sycamore Tree  

Elmhurst Business Park, Elmhurst, WS13 8EX, UK 

4040 Pike Place, Concord, CA 94520, USA 

Bio-Rad Laboratories  Maxted Road, Hemel Hemstead, HP2 7DX, UK 

Biosera 2 Birch House, Bellbrook Estate, Uckfield, TN22 1QQ, UK 

Biotium, Inc. Munro House, Trafalgar Way, Cambridge, CB23 8SQ, UK  

Bruker Medical Banner Lane, Coventry, CV4 9GH, UK 

BWB Technologies 3 Warners Mill, Silks Way, Braintree, CM7 3GB, UK 

Camlab Limited Norman Way Industrial Estate, Over, Cambridge CB24 0WE, 

UK 

Calbiolchem Bedfont Cross, Stanwell Road, Feltham, TW14 8NX, UK 

Contained Air 

Solutions 

Unit 4, Greengate, Middleton Junction, Manchester M24 

1RU, UK 
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Corning Incorporated Elwy House, St. David's Park, Ewloe, Flintshire, UK 

DAKO 

 

Denver Instruments 

Cambridge House, St Thomas Place, Ely, Cambridgeshire, 

CB7 4EX, UK 

5 Orville Drive, Bohemia, NY 11716, USA 

Dynatech Labs. Oxford Labs, 2 Royal College Street, London, NW1 0NH, 

UK 

eBioscience, Inc Titan Court, 3 Bishop Square, Hatfield, AL10 9NA, UK 

Eppendorf Arlington Business Park, Stevenage, SG1 2FP, UK 

FEI UK Europe NanoPort, Achtseweg Noord 5, Bldg 

5651 GG Eindhoven, The Netherlands 

Fine Science Tools Im Weiher 12, Heidelberg 69121, Germany 

Gatan UK 25 Nuffield Way, Abingdon Oxon, OX14 1RL, UK 

GE Healthcare Amersham Place, Little Chalfont,  HP7 9NA, UK 

Grant Instruments Ltd. Shepreth, Cambridgeshire, SG8 6GB, UK 

Greiner Bio-one Stroudwater Business Park, Stonehouse, GL10 3SX, UK 

Hamamatsu Photonics 10 Tewin Road, Welwyn Garden City, AL7 1BW, UK 

Hawksley Marlborough Road, Lancing Bussiness Park, Lancing, Sussex 

BN15 8TN, UK 

Heraeus Instruments Blenheim Road, Epsom, Surrey, KT19 9AP, UK 

IKA-Werke Janke & Kunkel Str 10, 79219 Staufen, Germany 

InterFocus Imaging Cambridge Road, Linton, Cambridge CB21 4NN, UK 

Invitrogen 3 Fountain Drive, Inchinnan Business Park, Paisley, PA4 

9RF, UK 

Image Solutions Cable Court, Pittman Way, Preston PR2 9YW, UK 

Ionoptix Graveney Road, Faversham, Kent, ME13 8UP, UK 

Jenway Beacon Road, Stone, Staffordshire, ST15 0SA, UK  

Leica Davy Avenue Knowlhill, Milton Keynes, MK5 8LB, UK 

LI-COR Biosciences St. John's Innovation Centre, Cowley Road, Cambridge 

CB4 0WS, UK  

Lonza 228 Bath Road, Slogh, Berkshire, SL1 4DX, UK 

Mercury Systems Unit 1, Easter Park, Benyon Road, Silchester, Reading RG7 

2PQ, UK 
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Mettler Toledo 64 Boston Road, Beaumont, Leicester, LE4 1AW, UK 

Microspec Ltd. Evans Business Centre, North Road, CH65 1AE, UK 

Millipore Croxley Green Business Park, Watford, WD18 8YH, UK 

Molecular Devices 60-665 Eskdale Road, Wokingham, RG41 5TS, UK 

MP Biochemicals Wellington House, East Road, Cambridge, CB1 1BH, UK 

NanoDrop Techn. 3411 Silverside Rd, Wilmington, DE 19810, USA 

New England Biolabs 75/77 Knowl Piece, Wilbury Way, Hitchin, SG4 0TY, UK 

Nikon Instruments Centrex House, 1 Simpson Pkway, Livingston, EH54 7BH 

Novo Nordisk Broadfield Park, Brighton Road, Crawley, RH11 9RT, UK 

Olympus Stock Road, Southend-on-Sea, SS2 5QH, UK  

Panasonic  Wharfedale Road, Pentwyn Industrial Estate, Cardiff CF23 

7XB, UK 

Parker Laboratories 286 Eldridge Road, Fairfield, NJ 07004, USA 

ParkinElmer Saxon Way Bar Hill, Cambridge, CB23 8SL, UK 

Promega Southampton Sciene Park, Southampton, SO16 7NS, UK 

Qiagen Fleming Way, Crawley, West Sussex, RH10 9NQ, UK 

Roche Applied Science Charles Avenue, Burgess Hill, RH15 9RY, UK 

Rockland Scientific 520 Dupplin Road, Victoria, B.C. V8Z 1C1, Canada 

Santa Cruz Biotech. Insight Biotechnology, Wembley, HA9 7YK, UK 

Sarstedt 8 Boston Road, Beaumont, LE4 1AW, UK 

Sartorius Mechatronics Longmead Bussiness Centre, Blenheim Road, Epsom, Surrey 

KT19 9QQ, UK 

Sigma Aldrich The Old Brickyard, New Road, Gillingham, Dorset SP8 4XT, 

UK 

StarLab Tanners Drive, Blakelands, Milton Keynes, MK14 5NA, UK 

Stuart Equipment Beacon Road, Stone, Staffordshire ST15 0SA, UK 

Swann Morton Owlerton Green, Sheffield S6 2BJ, UK 

TAAB Laboratories  3 Minerva House, Calleva Park, Aldermaston, RG7 8NA, UK 

Thermo Fisher  Blenheim Road, Epsom, Surrey, KT19 9AP, UK 

UVITec Ltd Unit 36, St John’s Innovation Centre, Cowley Road, 

Cambridge C54 0WS, UK  

Varian Medical  3100 Hansen Way, Palo Alto, CA 94304-1038, USA 



The role of glucocorticoid signalling in fetal heart development and maturation  

Appendix  349 

 

 

 

19535 56th Avenue, Suite 101  
Surrey, BC  

Canada V3S 6K3  
Tel: +1 604.530.5800  

 
Copyright © 2013 QImaging. All rights reserved. 

Vector Labs 3, Accent Park, Bakewell Road, Orton Southgate, 

Peterborough, PE2 6XS, UK 

ViaGen Biotech The Raylor Centre, James Street, YO1 3DW, York, USA 

Visualsonics Science Park 406 - Matrix V, Suite 412, 
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Appendix II. Ppargc1a 4053bp (-4002/+51) sequence 
        aagatctgtctgtccattctggctgc     

tgcactttgcttagctgtagagtgggcacataacttcttttgagcaagcattctgaggac               

catattgattagtgtgtcctacagggcatgctgctcttgcctctggctgcccatggtttc               

tcctctacactgtcttctttaacgatttggcctctacttcacttttgtgtacgttatttc               

aagcttataaggggaagtgggcaaagaaaatcaggctgtgatttttctgagattcctgct               

ttgatcataggacaaggttaacattgaaattcacggtcttactattgtctatggtgtttg               

gctttggatattttggtttgtgggattattttcactttttagaaatatgctgttacatat               

aatagagtatgaagaacacacgcacgcacacgcgcgcactcacacgcgcacacacacaca               

cacacacacacgcctatacgttgggacatgagtggggaaggaagcacacacgggtcctca               

gatatatttaaaacaatgttgaaatttctttccccaccttcctggatccctatctccacc               

tgctctactccttcacattatcaacttaaagcacaagtttttctgcctccaaacaatggt               

gggatcttggaaaagaaatgtgaacagaactactgaaaggagggattctatgggcatgga               

atccaccctgtgtagttagttacacagcaccataggcagccaccaagtgttaataaatac               

ctttatccattgttttgagaaaacatgggttgatttggatttgacttgggattatcagta               

taaggaccttgtccctgcacatggcttatttttcaggataaaaggaagttttgaacaagg               

tgagacttggtttcttatagaaaatgattctgttccttaaggtttagtttcccccctctc               

ccctagtggtaaactcccttgtattcatgttgtataccctttctgtctgtcagcccttgt               

aatgtgtggccgaacacactgtagagtttctgtagacattagtttgctgaaagcaaacat               

ttgggaatcctctatacaaagttggaagaagtgagaggcaggctgcacacacacacacac               

acacacacacacacagacacacaccacacacacacacacacacacacacagagagagaga               

gagagagagagagagagagagagagagagagagagcaacaggagtcaagacagagagaaa               

attaaatatagaaactgcctggggagacagaaaaatccaaggttggtgagcaactaacaa               

tttaaattctcttgagaagagcaaaaagctggacagaagaggacttttaatttgaagagt               

taattaagcaaatgataagacttctaaaatatccttcttgttagagttgtaattttgagg               

cccaagaaacaagtagaaggtattctcattcactctacaaatcagtttaaaatggacttc               

tatagcagcagaaacacaaggggaagagggcagcgtgtctgtgttcatcagccctgtgct               

ctctctagcttcacatacccctttttatgaaggtagaggacagagtggctgttttaagca               

gatcattagcttcatggatgtgctgggttagtttcttttcttttcttttcttttcttttt               

ttaaagtagaattaggtggcaaaaaaagaaagaaagaaagaaagaaagaaagaaattatc               

ttttcaaagcaaagaaaaagaaaatcctgccacaattcagtgtgagcaagttaagatatc               

aaaacaataatgcagagttatctagtgcaagcaaccatctgtaagaagaggtgtgcatga               

ggtttgaaaaagtatggtggatgcctaatggatgacaaagagaaaccaaagtatcagtta               

ccatcaggatgccaggattgcttgataatgatgaataaacatcgactctttatagctaag               

tggccagcattatttcacagttgactgtgtggaaagtagagcccatgacctttgtcctga               

attttaatagtttactgaagttttacattaagtaaaaatctaattggcaagaaaaattag               

tgtttctttgtgggagtacagagtaaggctactaattgcatgtagaaaatgatcccaggg               

ttgtctctctctctctctgaattagaaaattaaatgaataatacctttctgatgtttgga               
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agaggacagttgtagcagtgaagtatattcacctaatttagaatgtcaaagctgttggcc               

atcttgttctgttcacttattgacaaactgtcgatttcattaccatattccctgtctact               

agttgtggacatccaagcaaacagaccccttatacggggtctgaagcaaacagcaagctt               

gtgggctttgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgca               

cgctcgctgcatttctttctttcactttactgtattagtaactgactatataaagtcaga               

ctgagagaagtcaccaatgttttccttctaaggggagagaaaataaagagcacattaaat               

taacctcagtggaataggagtttaaatgaatggtgctttataaattatatttagatgcat               

agggacttttttcttcttctaaattactgtcaagtaaaggaaatgagctggtttttgagt               

ctgtggggtttgaggtattgtgaaaatatgttttcaaaggtcccctgtgcatttctcact               

gggcctggaagggttaagtctgagcacccaagtgttatggaaagtgctgagagttggtta               

tgtcctctgtctgtaatgtcacaggaaaaacagtggcacctgcattacccctcattgact               

caggaacgacaaaaaagtattagtaagcaaagctcaagaaatgagtatctctgctgatac               

catttcagtgtttttccttcattccctggacattcttgatttcaaaaacaaactgtacag               

cccaaggcactagggttggagtccaatgtttattcaaaaaggcaccctgaagccatgagg               

aagactgtgctacatatgagaaaagaaataaggggtgggggcaggtgagtagctaagctg               

tttcagggatggcagcagcaattgtattttctagcatttgttttctgggagcctatgaga               

tccacggaaagaatcatgagggggaacccaagagtctagggtgttgtggcttgcttgctt               

tacaaggagcaaggcaaactgcagtaacagtttaggagactgcattctctactgccaagg               

agacagctgatttggggtagagaaatttgtttagacctaaacaaatgtggcggttttgtt               

gactaaacatggaaagaaagaaagaaagaaagaaagaaagaaagaaagaaagaaagaaag               

aaagaaacaaagaaagaaagaaagaaaggaaggaaggaaggaagaaaggaagaaaggaag               

gaaggaaggaaggaaagaaaggagagagagaaagaaaatcgggggtgttgccttcaaaca               

ctcctctaatagggagggaaaaaaaagaatctcatgaaaatgtatcacatgaggagcgct               

tgcttcagttccaagctgagtctggggctacttggaaaccatttcttaaagcacacacat               

tttaggcaagggtgtagttactgtgtcagtaacaggggatctttgctatttgcctgtttt               

ggatggaaaataaatttaaaaaaaaaagattgcaggagatttgagttattatgtgagcag               

ggctccggtttagagttggtggcattcaaagctggcttcagtcacagtgtgatgcttgaa               

gcctcccaaaggccaagtgtttccttttctttcttctattttttttttcctctctctcta               

agcgttacttcactgaggcagagggctgccttggagtgacgtcaggagtttgtgcagcaa               

gcttgcacaggagaagggaggctgggtgagtgacagcccagcctactttttaatagcttt        

GTCATGTGACTGGGGACTGTAGTAAGACAGGTGCCTTCAGTTCACTCTCAG 

*upper case – beginning of exon 1. 
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Appendix III. Human and mouse Ppargc1a sequence alignment 

Percent identity plot of the alignment of the 5kb (upper) and 50kb (bottom) 
sequences upstream of the human and mouse Ppargc1a transcription start site (0k-
transcription start site).   
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Appendix IV. Predicted GREs 5kb upstream of Ppargc1a TSS 

Predicted transcription factor binding sites within 5kb upstream of murine Ppargc1a 
transcription start site. The Start-Stop coordinates refer to -5000bp (relative to 
transcription start site), assigned position 1. Arrows indicate predicted GR binding 
sites.  
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Appendix V. RNAseq data set 

Genes differentially expressed between untreated (cycloheximide only) and treated 
(cycloeximide+100nM dexamethasone, 2h) primary fetal cardiomyocytes (see 6.5). 

entrez id gene description fold  p 
16176 Il1b interleukin 1 beta -70.26 5.80E-08 

320522 Bhlha9 basic helix-loop-helix family member a9 -12.92 2.43E-02 
210741 Kcnk12 potassium channel subfamily K member 12 -7.62 9.00E-02 
13710 Elf3 E74-like factor 3 -4.92 3.76E-05 
20297 Ccl20 chemokine (C-C motif) ligand 20 -4.68 8.70E-03 

192198 Lrrc4 leucine rich repeat containing 4 -4.62 9.36E-06 
218440 Ankrd34b ankyrin repeat domain 34B -4.03 3.11E-02 
245381 Ankrd58 ankyrin repeat domain 58 -3.78 1.99E-04 
71756 Cpn2 carboxypeptidase N polypeptide 2 -3.75 5.98E-02 
15205 Hes1 hairy and enhancer of split 1 (Drosophila) -3.73 6.52E-05 
14373 G0s2 G0/G1 switch gene 2 -3.65 7.19E-06 
18095 Nkx3-1 NK-3 transcription factor locus 1 (Drosophila) -3.57 9.00E-02 

15213 Hey1 
hairy/enhancer-of-split related with YRPW 
motif 1 -3.38 3.70E-06 

12703 Socs1 suppressor of cytokine signaling 1 -3.37 1.40E-04 
21380 tbx1 T-box 1 -3.35 9.00E-02 
56437 Rrad Ras-related associated with diabetes -3.31 3.28E-02 
13655 Egr3 early growth response 3 -3.29 5.56E-04 

16658 Mafb 
v-maf musculoaponeurotic fibrosarcoma 
oncogene family protein B (avian) -3.21 1.01E-03 

16420 Itgb6 integrin beta 6 -3.16 6.14E-03 
76960 Bcas1 breast carcinoma amplified sequence 1 -3.08 1.35E-03 
20423 Shh sonic hedgehog -3.05 9.00E-02 

217304 Cd300lb CD300 antigen like family member B -2.98 7.21E-02 

240025 Dact2 
dapper homolog 2 antagonist of beta-catenin 
(xenopus) -2.94 1.37E-05 

12702 Socs3 suppressor of cytokine signaling 3 -2.91 8.51E-03 
241324 Crb2 crumbs homolog 2 (Drosophila) -2.90 1.00E-10 
13636 Efna1 ephrin A1 -2.89 4.54E-07 
14451 Gas1 growth arrest specific 1 -2.77 3.64E-03 
16324 Inhbb inhibin beta-B -2.74 3.16E-08 

211187 Lrtm2 
leucine-rich repeats and transmembrane 
domains 2 -2.68 2.00E-10 

245945 Rbm47 RNA binding motif protein 47 -2.61 6.82E-04 
330188 Ccdc63 coiled-coil domain containing 63 -2.61 4.05E-02 
74137 Nuak2 NUAK family SNF1-like kinase 2 -2.51 1.77E-02 
14463 Gata4 GATA binding protein 4 -2.45 9.00E-03 
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242607 Slc1a7 
solute carrier family 1 (glutamate transporter) 
member 7 -2.42 4.12E-04 

320916 Wscd2 WSC domain containing 2 -2.37 3.10E-02 
20620 Plk2 polo-like kinase 2 (Drosophila) -2.33 2.63E-02 
16878 Lif leukemia inhibitory factor -2.29 1.82E-02 
68203 Diras2 DIRAS family GTP-binding RAS-like 2 -2.27 1.80E-06 
57265 Fzd2 frizzled homolog 2 (Drosophila) -2.18 2.80E-09 

20472 Six2 
sine oculis-related homeobox 2 homolog 
(Drosophila) -2.15 8.13E-02 

83398 Ndst3 
N-deacetylase/N-sulfotransferase (heparan 
glucosaminyl) 3 -2.14 6.19E-03 

16475 Jub ajuba -2.14 5.70E-09 
12522 Cd83 CD83 antigen -2.12 6.35E-02 

242125 Mab21l3 mab-21-like 3 (C. elegans) -2.04 1.64E-02 
54140 Avpr1a arginine vasopressin receptor 1A -2.03 1.77E-02 

232174 Cyp26b1 
cytochrome P450 family 26 subfamily b 
polypeptide 1 -2.02 1.70E-03 

56198 Heyl 
hairy/enhancer-of-split related with YRPW 
motif-like -2.01 5.58E-03 

20893 Bhlhe40 basic helix-loop-helix family member e40 -1.99 2.16E-02 
231147 Sh3tc1 SH3 domain and tetratricopeptide repeats 1 -1.98 1.69E-04 
216795 Wnt9a wingless-type MMTV integration site 9A -1.98 1.40E-03 
11554 Adrb1 adrenergic receptor beta 1 -1.97 3.35E-06 
17937 Nab2 Ngfi-A binding protein 2 -1.97 1.42E-06 
12143 Blk B lymphoid kinase -1.96 6.43E-02 
67393 Cxxc5 CXXC finger 5 -1.95 5.41E-02 

20361 Sema7a 
sema domain immunoglobulin domain (Ig) 
and GPI membrane anchor (semaphorin) 7A -1.92 2.96E-03 

72500 Ier5l immediate early response 5-like -1.92 6.05E-04 
14184 Fgfr3 fibroblast growth factor receptor 3 -1.91 4.14E-05 
83396 Glis2 GLIS family zinc finger 2 -1.91 2.98E-03 
12226 Btg1 B-cell translocation gene 1 anti-proliferative -1.90 3.87E-06 
22781 Ikzf4 IKAROS family zinc finger 4 -1.89 2.93E-05 

242721 Klhdc7a kelch domain containing 7A -1.87 7.65E-04 
17428 Mnt max binding protein -1.85 3.92E-05 

170826 Ppargc1b 
peroxisome proliferative activated receptor 
gamma coactivator 1 beta -1.85 3.93E-02 

14739 S1pr2 sphingosine-1-phosphate receptor 2 -1.84 1.99E-05 
545276 Gal3st3 galactose-3-O-sulfotransferase 3 -1.84 6.46E-04 
231510 Agpat9 1-acylglycerol-3-phosphateO-acyltransferase9 -1.84 3.95E-05 
24064 Spry2 sprouty homolog 2 (Drosophila) -1.84 1.61E-05 

53859 Map3k14 
mitogen-activated protein kinase kinase 
kinase 14 -1.83 1.06E-04 

574403 Fam196b family with sequence similarity 196 memberB -1.82 1.83E-03 
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56501 Elf4 
E74-like factor 4 (ets domain transcription 
factor) -1.81 4.24E-03 

171463 Il17rd interleukin 17 receptor D -1.81 6.14E-03 
18186 Nrp1 neuropilin 1 -1.79 3.33E-05 
27027 Tspan32 tetraspanin 32 -1.79 7.69E-02 
50768 Dlc1 deleted in liver cancer 1 -1.78 4.09E-05 

170742 Sertad3 SERTA domain containing 3 -1.78 2.26E-03 
545554 Ankrd34a ankyrin repeat domain 34A -1.77 7.81E-04 

11492 Adam19 
a disintegrin and metallopeptidase domain 19  
(meltrin beta) -1.77 8.24E-02 

58996 Arhgap23 Rho GTPase activating protein 23 -1.75 9.56E-05 

57810 Cdon 
cell adhesion molecule-related/down-
regulated by oncogenes -1.73 5.19E-03 

232334 Vgll4 vestigial like 4 (Drosophila) -1.73 2.47E-04 
232288 Frmd4b FERM domain containing 4B -1.73 8.28E-02 
399603 Fam84b family with sequence similarity 84 member B -1.73 8.10E-03 
73174 Tbkbp1 TBK1 binding protein 1 -1.72 4.88E-02 
19130 Prox1 prospero-related homeobox 1 -1.71 2.00E-02 
63953 Dusp10 dual specificity phosphatase 10 -1.71 6.05E-04 
57778 Fmnl1 formin-like 1 -1.70 4.39E-02 
21682 Tec tec protein tyrosine kinase -1.70 1.02E-03 
83383 Tcfap4 transcription factor AP4 -1.70 4.53E-02 
68910 Zfp467 zinc finger protein 467 -1.69 6.12E-03 

231717 Fam109a family with sequence similarity 109 memberA -1.69 1.62E-03 
319478 Cxxc4 CXXC finger 4 -1.69 3.04E-02 
228839 Tgif2 TGFB-induced factor homeobox 2 -1.68 3.93E-02 
18025 Nfe2l3 nuclear factor erythroid derived 2 like 3 -1.68 3.75E-02 
15558 Htr2a 5-hydroxytryptamine (serotonin) receptor 2A -1.68 4.68E-03 
12444 Ccnd2 cyclin D2 -1.67 5.50E-04 
13496 Arid3a AT rich interactive domain 3A (BRIGHTlike) -1.67 1.76E-02 

17957 Napb 
N-ethylmaleimide sensitive fusion protein 
attachment protein beta -1.66 2.16E-03 

56417 Adar adenosine deaminase RNA-specific -1.66 1.58E-03 

99470 Magi3 
membrane associated guanylate kinase WW 
and PDZ domain containing 3 -1.65 5.69E-02 

18590 Pdgfa platelet derived growth factor alpha -1.65 1.15E-03 

414801 Itprip 
inositol 145-triphosphate receptor interacting 
protein -1.64 1.25E-03 

70355 Gprc5c 
G protein-coupled receptor family C group 5 
member C -1.64 3.28E-02 

66412 Arrdc4 arrestin domain containing 4 -1.63 1.47E-03 
209131 Snx30 sorting nexin family member 30 -1.63 1.87E-03 
217166 Nr1d1 nuclear receptor subfamily1 groupD member1 -1.62 2.35E-03 
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16443 Itsn1 intersectin 1 (SH3 domain protein 1A) -1.62 1.63E-03 
58172 Sertad2 SERTA domain containing 2 -1.62 1.96E-03 
16362 Irf1 interferon regulatory factor 1 -1.61 5.90E-03 

218772 Rarb retinoic acid receptor beta -1.61 1.19E-02 
20289 Scx scleraxis -1.61 3.89E-03 
16450 Jag2 jagged 2 -1.60 9.13E-02 

330192 Vps37b vacuolar protein sorting 37B (yeast) -1.60 2.52E-03 
56338 Txnip thioredoxin interacting protein -1.58 7.32E-03 

56222 Cited4 
Cbp/p300-interacting transactivator with 
Glu/Asp-rich carboxy-terminal domain 4 -1.58 5.25E-03 

217198 Plekhh3 
pleckstrin homology domain containing 
family H (with MyTH4 domain) member 3 -1.58 4.72E-03 

17454 Mov10 Moloney leukemia virus 10 -1.58 8.22E-03 
16449 Jag1 jagged 1 -1.58 6.56E-03 
55942 Sertad1 SERTA domain containing 1 -1.58 4.41E-03 

170770 Bbc3 BCL2 binding component 3 -1.58 7.16E-02 
74194 Rnd3 Rho family GTPase 3 -1.57 3.49E-03 
12159 Bmp4 bone morphogenetic protein 4 -1.56 1.04E-02 

56380 Arid3b 
AT rich interactive domain 3B (BRIGHT-
like) -1.55 3.57E-02 

20667 Sox12 SRY-box containing gene 12 -1.55 8.28E-03 

66985 Rassf7 
Ras association (RalGDS/AF-6) domain 
family (N-terminal) member 7 -1.55 2.26E-02 

381990 Zbtb2 zinc finger and BTB domain containing 2 -1.55 6.77E-02 
74694 Tbc1d30 TBC1 domain family member 30 -1.54 8.28E-02 
19261 Sirpa signal-regulatory protein alpha -1.54 1.70E-02 
50780 Rgs3 regulator of G-protein signaling 3 -1.53 5.02E-02 

212632 Iffo2 intermediate filament family orphan 2 -1.52 1.64E-02 
107895 Mgat5 mannoside acetylglucosaminyltransferase 5 -1.52 8.26E-02 

56336 B4galt5 
UDP-Gal:betaGlcNAc beta 14-
galactosyltransferase polypeptide 5 -1.51 3.25E-02 

13845 Ephb3 Eph receptor B3 -1.51 1.85E-02 
118449 Synpo2 synaptopodin 2 1.51 5.81E-02 
13819 Epas1 endothelial PAS domain protein 1 1.51 2.35E-02 

233833 Tnrc6a trinucleotide repeat containing 6a 1.51 1.38E-02 
54630 Prickle3 prickle homolog 3 (Drosophila) 1.52 3.28E-02 
20963 Sykb spleen tyrosine kinase 1.52 1.32E-02 
59090 Midn midnolin 1.53 1.24E-02 

102141 Snx25 sorting nexin 25 1.53 6.69E-02 
666048 Gm12824 predicted gene 12824 1.53 2.75E-02 
224432 Scaf4 SR-related CTD-associated factor 4 1.53 1.02E-02 

26410 Map3k8 
mitogen-activated protein kinase kinase 
kinase 8 1.54 7.09E-02 
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241950 Bbs12 Bardet-Biedl syndrome 12 (human) 1.55 3.88E-02 
99543 Olfml3 olfactomedin-like 3 1.55 7.73E-02 

545622 Ptpn3 
protein tyrosine phosphatase non-receptor 
type 3 1.56 2.27E-02 

224697 Adamts10 

a disintegrin-like and metallopeptidase 
(reprolysin type) with thrombospondin type 1 
motif 10 1.56 1.13E-02 

67111 Naaa N-acylethanolamine acid amidase 1.57 9.61E-02 
246154 Vasn vasorin 1.57 1.18E-02 

Snta1 Syntrophin, acidic 1 1.57 4.00E-02 
208650 Cblb Casitas B-lineage lymphoma b 1.57 4.29E-03 

58220 Pard6b 
par-6 (partitioning defective 6) homolog beta  
(C. elegans) 1.57 5.72E-03 

15111 Hand2 
heart and neural crest derivatives expressed 
transcript 2 1.58 5.13E-03 

29806 Limd1 LIM domains containing 1 1.58 3.58E-03 
18654 Pgf placental growth factor 1.58 8.56E-02 
13660 Ehd1 EH-domain containing 1 1.58 3.36E-03 

320634 Ocrl oculocerebrorenal syndrome of Lowe 1.58 3.98E-03 
76795 Tbc1d9b TBC1 domain family member 9B 1.59 2.93E-03 

170799 Rtkn2 rhotekin 2 1.59 1.70E-02 

67942 Atp5g2 ATP synthase H+ transporting mitochondrial 
F0 complex subunit C2 (subunit 9) 1.59 7.00E-02 

21393 Tcap titin-cap 1.59 4.68E-02 
14629 Gclc glutamate-cysteine ligase catalytic subunit 1.59 1.05E-02 
16172 Il17ra interleukin 17 receptor A 1.59 4.30E-03 

232087 Mat2a methionine adenosyltransferase II alpha 1.60 3.10E-03 
75746 Morc4 microrchidia 4 1.60 6.99E-03 

109272 Mybpc1 myosin binding protein C slow-type 1.6 9.00E-03 
19215 Ptgds prostaglandin D2 synthase (brain) 1.60 2.35E-02 

107771 Bmyc brain expressed myelocytomatosis oncogene 1.60 9.68E-02 

69546 Mapk1ip1 
mitogen-activated protein kinase 1 interacting 
protein 1 1.60 5.07E-03 

214968 Sema6d 
sema domain transmembrane domain (TM) 
and cytoplasmic domain (semaphorin) 6D 1.61 2.83E-02 

16515 Kcnj12 
potassium inwardly-rectifying channel 
subfamily J member 12 1.61 7.66E-02 

12176 Bnip3 BCL2/adenovirus E1B interacting protein 3 1.61 1.13E-02 
20341 Selenbp1 selenium binding protein 1 1.62 1.02E-02 

23957 Nr0b2 
nuclear receptor subfamily 0 group B member 
2 1.62 8.73E-03 

57339 Jph1 junctophilin 1 1.62 5.47E-02 
56190 Rbm38 RNA binding motif protein 38 1.62 8.12E-02 
17311 Kitl kit ligand 1.63 7.57E-03 
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67554 Slc25a30 solute carrier family 25 member 30 1.64 5.01E-03 

56068 Ammecr1 
Alport syndrome mental retardation midface 
hypoplasia/elliptocytosis gene 1 homolog  1.64 1.60E-03 

70392 Asb12 ankyrin repeat and SOCS box-containing 12 1.64 3.28E-02 

330119 Adamts3 

a disintegrin-like and metallopeptidase  
(reprolysin type) with thrombospondin type 1 
motif 3 1.64 9.04E-03 

17763 Mtcp1 mature T-cell proliferation 1 1.64 2.68E-02 
231633 Tmem119 transmembrane protein 119 1.64 2.56E-02 
54199 Ccrl2 chemokine (C-C motif) receptor-like 2 1.65 1.26E-02 

209239 Gan giant axonal neuropathy 1.65 1.82E-02 
407831 Tmem204 transmembrane protein 204 1.65 9.09E-02 
22325 Vav2 vav 2 oncogene 1.65 7.75E-04 
20315 Cxcl12 chemokine (C-X-C motif) ligand 12 1.66 1.15E-03 
67590 Tctn3 tectonic family member 3 1.66 6.39E-03 
18081 Ninj1 ninjurin 1 1.66 7.92E-04 
14245 Lpin1 lipin 1 1.66 3.28E-02 
69539 Trnp1 TMF1-regulated nuclear protein 1 1.67 3.12E-02 
52808 Tspyl2 TSPY-like 2 1.67 1.43E-03 

381835 Gm1078 predicted gene 1078 1.67 3.08E-02 

213783 Plekhg1 
pleckstrin homology domain containing 
family G (with RhoGef domain) member 1 1.68 3.55E-03 

17174 Masp1 mannan-binding lectin serine peptidase 1 1.69 5.54E-04 
66664 Tmem41a transmembrane protein 41a 1.70 8.35E-04 
67245 Peli1 pellino 1 1.70 1.42E-03 
71699 Slc41a3 solute carrier family 41 member 3 1.70 1.14E-03 

269180 Inpp4a inositol polyphosphate-4-phosphatase type I 1.70 2.43E-02 
19159 Cyth3 cytohesin 3 1.70 2.29E-04 

333639 Mamld1 mastermind-like domain containing 1 1.71 2.27E-04 
16598 Klf2 Kruppel-like factor 2 (lung) 1.72 3.99E-04 

14645 Glul 
glutamate-ammonia ligase (glutamine 
synthetase) 1.72 2.01E-04 

108797 Mex3b mex3 homolog B (C. elegans) 1.73 8.38E-04 
666060 Frmpd1 FERM and PDZ domain containing 1 1.73 2.44E-02 
80837 Rhoj ras homolog gene family member J 1.74 3.89E-02 

225372 Apbb3 
amyloid beta (A4) precursor protein-binding  
family B member 3 1.75 1.21E-02 

229285 Spg20 
spastic paraplegia 20 spartin (Troyer 
syndrome) homolog (human) 1.75 9.55E-05 

11482 Acvrl1 activin A receptor type II-like 1 1.75 6.45E-03 
27984 Efhd2 EF hand domain containing 2 1.76 7.31E-05 
13426 Dync1i1 dynein cytoplasmic 1 intermediate chain 1 1.76 9.00E-03 

434215 Lrrc32 leucine rich repeat containing 32 1.76 7.04E-05 
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100169 Phactr4 phosphatase and actin regulator 4 1.76 6.47E-05 
55983 Pdzrn3 PDZ domain containing RING finger 3 1.77 2.88E-02 

77300 Raph1 
Ras association (RalGDS/AF-6) and 
pleckstrin homology domains 1 1.77 1.51E-03 

17101 Lyst lysosomal trafficking regulator 1.77 3.77E-04 

72287 Plekhf1 
pleckstrin homology domain containing 
family F (with FYVE domain) member 1 1.77 3.46E-03 

50706 Postn periostin osteoblast specific factor 1.77 4.14E-05 
320292 Rasgef1b RasGEF domain family member 1B 1.78 5.93E-05 
52076 Tmem38b transmembrane protein 38B 1.78 1.14E-04 

11421 Ace angiotensin I converting enzyme  
(peptidyl-dipeptidase A) 1 1.79 9.00E-02 

16847 Lepr leptin receptor 1.79 8.00E-02 
226151 Fam178a family with sequence similarity 178 memberA 1.79 1.87E-03 
227399 Ppip5k2 diphosphoinositol pentakisphosphate kinase 2 1.80 3.79E-05 
14681 Gnao1 guanine nucleotide binding protein alpha O 1.80 1.45E-02 
53602 Hpcal1 hippocalcin-like 1 1.80 1.67E-04 
80880 Kank3 KN motif and ankyrin repeat domains 3 1.80 2.20E-03 

106869 Tnfaip8 tumor necrosis factor alpha-induced protein 8 1.81 4.47E-05 
21957 Tnnt3 troponin T3 skeletal fast 1.81 8.00E-02 

11937 Atp2a1 ATPase Ca++ transporting cardiac muscle fast 
twitch 1 1.81 8.00E-02 

230824 Grhl3 grainyhead-like 3 (Drosophila) 1.81 2.65E-02 
12053 Bcl6 B-cell leukemia/lymphoma 6 1.81 7.55E-02 

214230 Pak6 p21 protein (Cdc42/Rac)-activated kinase 6 1.81 7.39E-02 
58522 Trim54 tripartite motif-containing 54 1.82 1.06E-03 
69008 Cab39l calcium binding protein 39-like 1.82 7.13E-05 
11732 Ank progressive ankylosis 1.83 1.50E-05 
12006 Axin2 axin2 1.83 7.88E-03 
18132 Notch4 Notch gene homolog 4 (Drosophila) 1.83 7.00E-02 
11982 Atp10a ATPase class V type 10A 1.83 1.62E-03 
81004 Tbl1xr1 transducin (beta)-like 1X-linked receptor 1 1.83 3.33E-05 
54608 Abhd2 abhydrolase domain containing 2 1.83 9.39E-03 

227731 Slc25a25 
solute carrier family 25 (mitochondrial carrier  
phosphate carrier) member 25 1.83 1.03E-05 

53376 Usp2 ubiquitin specific peptidase 2 1.84 9.44E-04 

11606 Agt angiotensinogen (serpin peptidase inhibitor  
clade A member 8) 1.84 8.00E-02 

68867 Rnf122 ring finger protein 122 1.84 1.34E-04 

20148 Dhrs3 
dehydrogenase/reductase (SDR family) 
member 3 1.85 2.93E-03 

105844 Card10 
caspase recruitment domain family member 
10 1.86 7.08E-03 

22439 Xk Kell blood group precursor (McLeod 1.87 3.86E-05 
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phenotype) homolog 

69454 Clic3 chloride intracellular channel 3 1.88 8.51E-03 
270110 Irf2bp2 interferon regulatory factor 2 binding protein2 1.88 5.81E-06 
319876 Cobll1 Cobl-like 1 1.88 5.57E-04 
208439 Klhl29 kelch-like 29 (Drosophila) 1.89 4.18E-04 

19247 Ptpn11 
protein tyrosine phosphatase non-receptor 
type 11 1.89 2.16E-06 

16367 Irs1 insulin receptor substrate 1 1.92 2.06E-06 
329154 Ankrd44 ankyrin repeat domain 44 1.92 1.39E-04 
70713 Gpr137c G protein-coupled receptor 137C 1.92 1.18E-03 
17122 Mxd4 Max dimerization protein 4 1.93 1.90E-06 
14745 Lpar1 lysophosphatidic acid receptor 1 1.93 5.81E-06 

665270 Plb1 phospholipase B1 1.93 4.06E-02 
19821 Rnf2 ring finger protein 2 1.94 1.46E-02 

329977 Fhad1 
forkhead-associated (FHA) phosphopeptide  
binding domain 1 1.94 7.87E-02 

328967 Arhgef37 
Rho guanine nucleotide exchange factor 
(GEF) 37 1.94 2.59E-04 

18627 Per2 period homolog 2 (Drosophila) 1.95 1.23E-06 
218215 Rnf144b ring finger protein 144B 1.96 8.14E-07 

226419 Dyrk3 
dual-specificity tyrosine-(Y)-phosphorylation  
regulated kinase 3 1.96 3.04E-02 

26556 Homer1 homer homolog 1 (Drosophila) 1.96 1.44E-06 

213053 Slc39a14 
solute carrier family 39 (zinc transporter) 
member 14 1.96 4.61E-05 

140917 Dclre1b 
DNA cross-link repair 1B PSO2 homolog (S. 
cerevisiae) 1.96 6.53E-06 

52857 Gramd1a GRAM domain containing 1A 1.96 7.81E-07 
112407 Egln3 EGL nine homolog 3 (C. elegans) 1.96 1.15E-05 
20677 Sox4 SRY-box containing gene 4 1.97 2.51E-03 

19017 Ppargc1a 
peroxisome proliferative activated receptor 
gamma coactivator 1 alpha 1.97 5.51E-04 

13056 Cyb561 cytochrome b-561 1.97 2.42E-02 
13631 Eef2k eukaryotic elongation factor-2 kinase 1.97 6.15E-07 

192657 Ell2 elongation factor RNA polymerase II 2 1.97 1.71E-05 
14345 Fut4 fucosyltransferase 4 1.97 3.04E-02 
11486 Ada adenosine deaminase 1.98 4.04E-02 
19332 Rab20 RAB20 member RAS oncogene family 2.00 9.24E-07 

235493 BC031353 cDNA sequence BC031353 2.00 3.27E-07 

239556 Cacna1i calcium channel voltage-dependent alpha 1I 
subunit 2 9.00E-02 

12563 Cdh6 cadherin 6 2 8.00E-02 
435626 Rufy4 RUN and FYVE domain containing 4 2.00 3.51E-04 
68957 Paqr6 progestin and adipoQ receptor family member 2.01 7.24E-02 
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VI 

110532 Adarb1 adenosine deaminase RNA-specific B1 2.01 2.46E-07 
18631 Pex11a peroxisomal biogenesis factor 11 alpha 2.01 5.85E-06 
14825 Cxcl1 chemokine (C-X-C motif) ligand 1 2.01 1.13E-03 

244757 Glb1l2 galactosidase beta 1-like 2 2.01 4.00E-02 

13120 Cyp4b1 
cytochrome P450 family 4 subfamily b 
polypeptide 1 2.01 5.07E-02 

12395 Runx1t1 
runt-related transcription factor 1; 
translocated to 1 (cyclin D-related) 2.01 2.62E-07 

338362 Ust uronyl-2-sulfotransferase 2.02 1.81E-04 

14579 Gem 
GTP binding protein (gene overexpressed in 
skeletal muscle) 2.03 1.31E-05 

78834 Zfp623 zinc finger protein 623 2.04 3.70E-07 
23831 Car14 carbonic anhydrase 14 2.04 5.88E-03 

230784 Sesn2 sestrin 2 2.06 2.04E-07 

20443 St3gal4 
ST3 beta-galactoside alpha-23-
sialyltransferase 4 2.06 6.42E-06 

56461 Kcnip3 Kv channel interacting protein 3 calsenilin 2.06 7.00E-02 
18128 Notch1 Notch gene homolog 1 (Drosophila) 2.07 3.28E-02 
50500 Ttpa tocopherol (alpha) transfer protein 2.07 8.81E-02 

217082 Hlf hepatic leukemia factor 2.08 2.08E-02 
140887 Lnx2 ligand of numb-protein X 2 2.08 3.33E-08 
18392 Orc1 origin recognition complex subunit 1 2.08 1.12E-02 

18003 Nedd9 
neural precursor cell expressed 
developmentally down-regulated gene 9 2.09 4.12E-03 

76454 Fbxo31 F-box protein 31 2.09 4.02E-04 
228608 Smox spermine oxidase 2.09 1.09E-07 
17869 Myc myelocytomatosis oncogene 2.09 3.00E-07 
22431 Wt1 Wilms tumor 1 homolog 2.10 4.91E-07 
11717 Ampd3 adenosine monophosphate deaminase 3 2.10 1.25E-03 
50794 Klf13 Kruppel-like factor 13 2.10 1.17E-05 

219134 Shisa2 shisa homolog 2 (Xenopus laevis) 2.10 3.87E-06 
14605 Tsc22d3 TSC22 domain family member 3 2.11 3.16E-08 
12870 Cp ceruloplasmin 2.11 3.23E-04 

230936 Phf13 PHD finger protein 13 2.11 4.01E-08 

26358 Aldh1a7 
aldehyde dehydrogenase family 1 subfamily 
A7 2.11 1.22E-06 

329910 Acot11 acyl-CoA thioesterase 11 2.12 8.92E-06 
71306 Mfap3l microfibrillar-associated protein 3-like 2.12 3.60E-05 
13603 Opn3 opsin 3 2.13 5.71E-07 

664799 Ctcfl 
CCCTC-binding factor (zinc finger protein)-
like 2.13 3.20E-03 

18796 Plcb2 phospholipase C beta 2 2.14 1.21E-03 
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17355 Aff1 AF4/FMR2 family member 1 2.15 3.20E-09 
14369 Fzd7 frizzled homolog 7 (Drosophila) 2.17 1.90E-08 

170768 Pfkfb3 
6-phosphofructo-2-kinase/fructose-26- 
biphosphatase 3 2.20 4.51E-03 

53608 Map3k6 
mitogen-activated protein kinase kinase 
kinase 6 2.20 9.36E-05 

15904 Id4 inhibitor of DNA binding 4 2.21 3.19E-03 
215418 Csrnp1 cysteine-serine-rich nuclear protein 1 2.22 1.70E-09 
229595 Adamtsl4 ADAMTS-like 4 2.23 2.13E-08 
330723 Htra4 HtrA serine peptidase 4 2.23 1.64E-02 

319765 Igf2bp2 
insulin-like growth factor 2 mRNA binding 
protein 2 2.24 9.00E-10 

12722 Clca1 chloride channel calcium activated 1 2.24 6.00E-10 

11668 Aldh1a1 
aldehyde dehydrogenase family 1 subfamily 
A1 2.24 1.37E-02 

11702 Amd1 S-adenosylmethionine decarboxylase 1 2.25 3.07E-08 
20401 Sh3bp1 SH3-domain binding protein 1 2.25 5.00E-09 
76500 Ip6k2 inositol hexaphosphate kinase 2 2.26 7.00E-10 
57440 Ehd3 EH-domain containing 3 2.27 2.38E-07 
78558 Htra3 HtrA serine peptidase 3 2.28 2.13E-06 
78283 Mtap7d2 MAP7 domain containing 2 2.31 7.23E-02 

195209 Gm22 predicted gene 22 2.31 2.44E-02 

210710 Gab3 
growth factor receptor bound protein 2-
associated protein 3 2.33 3.84E-02 

12660 Chka choline kinase alpha 2.33 2.00E-10 
320508 Cachd1 cache domain containing 1 2.34 3.33E-05 

67072 Cdc37l1 
cell division cycle 37 homolog (S. cerevisiae)-
like 1 2.34 4.91E-08 

70556 Slc25a33 solute carrier family 25 member 33 2.36 1.04E-05 

230810 Slc30a2 
solute carrier family 30 (zinc transporter) 
member 2 2.36 3.71E-02 

21812 Tgfbr1 transforming growth factor beta receptor I 2.36 8.43E-04 
93694 Clec2d C-type lectin domain family 2 member d 2.36 2.49E-04 

104681 Slc16a6 
solute carrier family 16 (monocarboxylic acid  
transporters) member 6 2.37 1.24E-04 

100039781 Hrct1 histidine rich carboxyl terminus 1 2.39 3.56E-05 
104010 Cdh22 cadherin 22 2.39 3.00E-02 
223775 Pim3 proviral integration site 3 2.40 2.17E-05 
380694 Ccnjl cyclin J-like 2.40 2.00E-10 
14457 Gas7 growth arrest specific 7 2.42 2.97E-07 
13371 Dio2 deiodinase iodothyronine type II 2.43 4.89E-03 
16529 Kcnk5 potassium channel subfamily K member 5 2.45 3.03E-06 

224833 AI661453 expressed sequence AI661453 2.45 8.81E-03 
13388 Dll1 delta-like 1 (Drosophila) 2.46 9.25E-03 
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11535 Adm adrenomedullin 2.46 0.00E+00 
74251 Ankrd9 ankyrin repeat domain 9 2.47 0.00E+00 
13608 Edar ectodysplasin-A receptor 2.47 2.68E-05 
69581 Rhou ras homolog gene family member U 2.47 8.28E-03 

320500 Tmem215 transmembrane protein 215 2.49 1.35E-03 
72750 Fam117b family with sequence similarity 117 memberB 2.49 3.16E-08 

244867 Arhgap20 Rho GTPase activating protein 20 2.50 1.51E-03 
100042480 Nhsl2 NHS-like 2 2.52 2.19E-07 

67606 Fibin fin bud initiation factor homolog (zebrafish) 2.52 6.27E-07 
22695 Zfp36 zinc finger protein 36 2.52 9.15E-08 

20715 Serpina3g 
serine (or cysteine) peptidase inhibitor clade 
A member 3G 2.53 8.47E-02 

52331 Stbd1 starch binding domain 1 2.54 4.07E-03 

20471 Six1 
sine oculis-related homeobox 1 homolog  
(Drosophila) 2.56 1.12E-04 

60599 Trp53inp1 
transformation related protein 53 inducible 
 nuclear protein 1 2.56 7.40E-09 

54634 Magix MAGI family member X-linked 2.59 7.88E-02 

57814 Kcne4 
potassium voltage-gated channel Isk-related  
subfamily gene 4 2.59 2.80E-09 

208158 Map6d1 MAP6 domain containing 1 2.60 8.98E-04 

12638 Cftr 
cystic fibrosis transmembrane conductance  
regulator homolog 2.60 5.13E-03 

74646 Spsb1 
splA/ryanodine receptor domain and SOCS  
box containing 1 2.64 3.43E-07 

20530 Slc31a2 solute carrier family 31 member 2 2.65 0.00E+00 
109332 Cdcp1 CUB domain containing protein 1 2.66 6.54E-03 
21814 Tgfbr3 transforming growth factor beta receptor III 2.68 8.22E-05 

18534 Pck1 phosphoenolpyruvate carboxykinase 1 
cytosolic 2.68 6.00E-02 

229599 Gm129 predicted gene 129 2.71 1.61E-07 
223433 Fam105a family with sequence similarity 105 memberA 2.73 1.85E-02 
12585 Cdr2 cerebellar degeneration-related 2 2.74 1.13E-02 

14588 Gfra4 
glial cell line derived neurotrophic factor 
family receptor alpha 4 2.75 1.49E-02 

332175 Zdhhc23 zinc finger DHHC domain containing 23 2.75 3.66E-02 
20276 Scnn1a sodium channel nonvoltage-gated 1 alpha 2.76 9.00E-03 
20276 Scnn1a sodium channel nonvoltage-gated 1 alpha 2.76 6.82E-03 

212943 Fam46a family with sequence similarity 46 member A 2.78 8.00E-09 

232984 B3gnt8 
UDP-GlcNAc:betaGal beta-13-N- 
acetylglucosaminyltransferase 8 2.79 7.70E-04 

14221 Fjx1 four jointed box 1 (Drosophila) 2.80 7.65E-06 

622434 Arhgef26 
Rho guanine nucleotide exchange factor 
(GEF) 26 2.80 1.90E-04 
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240595 Kcnv2 potassium channel subfamily V member 2 2.82 7.00E-02 
17748 Mt1 metallothionein 1 2.83 1.00E-10 

192734 AI646023 expressed sequence AI646023 2.83 6.82E-04 

18708 Pik3r1 
phosphatidylinositol 3-kinase regulatory 
subunit polypeptide 1 (p85 alpha) 2.84 6.52E-17 

100465 Mobkl2c 
MOB1 Mps One Binder kinase activator-like 
2C (yeast) 2.88 6.82E-04 

219257 Pcdh20 protocadherin 20 2.89 1.66E-03 
20491 Sla src-like adaptor 2.89 6.14E-03 

403175 Tigd4 tigger transposable element derived 4 2.90 5.24E-02 

19013 Ppara 
peroxisome proliferator activated receptor 
alpha 2.93 0.00E+00 

64209 Herpud1 

homocysteine-inducible endoplasmic 
reticulum stress-inducible ubiquitin-like 
domain member 1 2.95 1.69E-03 

23830 Capn10 calpain 10 2.96 2.44E-16 

116939 Pnpla3 
patatin-like phospholipase domain containing 
3 3.00 8.31E-02 

17988 Ndrg1 N-myc downstream regulated gene 1 3.01 1.04E-16 
78016 Ccdc150 coiled-coil domain containing 150 3.02 5.53E-05 

241296 Lrrc8a leucine rich repeat containing 8A 3.03 1.21E-18 

18035 Nfkbia 
nuclear factor of kappa light polypeptide gene  
enhancer in B-cells inhibitor alpha 3.04 0.00E+00 

11770 Fabp4 fatty acid binding protein 4 adipocyte 3.04 1.30E-04 
15551 Htr1b 5-hydroxytryptamine (serotonin) receptor 1B 3.04 7.29E-02 

209039 Tenc1 tensin like C1 domain-containing phosphatase 3.06 2.86E-19 
66277 Klf15 Kruppel-like factor 15 3.07 3.65E-19 

74411 Ppapdc2 
phosphatidic acid phosphatase type 2 domain  
containing 2 3.09 0.00E+00 

12217 Bsn bassoon 3.11 3.45E-03 

94212 Pag1 

phosphoprotein associated with 
glycosphingolipid  
microdomains 1 3.12 1.60E-04 

387314 Tmtc1 
transmembrane and tetratricopeptide repeat  
containing 1 3.12 1.36E-17 

74901 Kbtbd11 
kelch repeat and BTB (POZ) domain 
containing 11 3.13 1.08E-06 

12608 Cebpb 
CCAAT/enhancer binding protein (C/EBP) 
beta 3.13 0.00E+00 

242509 Bnc2 basonuclin 2 3.14 7.31E-02 
236690 Nyx nyctalopin 3.15 3.74E-03 
268807 Klhl38 kelch-like 38 (Drosophila) 3.17 1.06E-03 
544791 Myh13 myosin heavy polypeptide 13 skeletal muscle 3.23 9.48E-04 
11602 Angpt4 angiopoietin 4 3.27 9.00E-02 
11539 Adora1 adenosine A1 receptor 3.28 0.00E+00 
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237560 Lrrc10 leucine rich repeat containing 10 3.31 0.00E+00 
207683 Igsf11 immunoglobulin superfamily member 11 3.31 2.02E-04 

108100 Baiap2 
brain-specific angiogenesis inhibitor 1-
associated protein 2 3.32 5.23E-20 

268567 Tmem229b transmembrane protein 229B 3.33 8.58E-08 
246727 Oas3 2'-5' oligoadenylate synthetase 3 3.34 1.05E-03 
243078 Tecrl trans-23-enoyl-CoA reductase-like 3.35 6.57E-05 
76901 Phf15 PHD finger protein 15 3.40 0.00E+00 
15284 Hlx H2.0-like homeobox 3.43 1.15E-08 
74155 Errfi1 ERBB receptor feedback inhibitor 1 3.45 1.93E-07 

217835 Rin3 Ras and Rab interactor 3 3.46 7.48E-08 
22139 Ttr transthyretin 3.51 1.72E-02 

320184 Lrrc58 leucine rich repeat containing 58 3.54 1.34E-23 

94185 Tnfrsf21 
tumor necrosis factor receptor superfamily 
member 21 3.58 1.60E-09 

110835 Chrna5 cholinergic receptor nicotinic alpha 
polypeptide 5 3.58 9.00E-02 

16525 Kcnk1 potassium channel subfamily K member 1 3.59 7.56E-05 
20681 Sox8 SRY-box containing gene 8 3.63 5.63E-02 

270198 Pfkfb4 
6-phosphofructo-2-kinase/fructose-26-
biphosphatase 4 3.65 0.00E+00 

13616 Edn3 endothelin 3 3.68 9.67E-02 
75723 Amotl1 angiomotin-like 1 3.70 3.28E-26 
22226 Ucn urocortin 3.71 1.12E-02 
21940 Cd27 CD27 antigen 3.71 3.36E-03 
14711 Gnmt glycine N-methyltransferase 3.71 1.53E-04 

22066 Trpc4 
transient receptor potential cation channel  
subfamily C member 4 3.73 2.57E-02 

330863 Trim67 tripartite motif-containing 67 3.74 0.00E+00 
320311 Rnf152 ring finger protein 152 3.75 3.85E-03 

56448 Cyp2d22 
cytochrome P450 family 2 subfamily d 
polypeptide 22 3.87 0.00E+00 

16493 Kcna5 
potassium voltage-gated channel shaker-
related subfamily member 5 3.87 8.64E-04 

27273 Pdk4 pyruvate dehydrogenase kinase isoenzyme 4 3.88 2.11E-17 

77590 Chst15 
carbohydrate (N-acetylgalactosamine 4-
sulfate 6-O) sulfotransferase 15 3.89 1.80E-17 

76574 Mfsd2a 
major facilitator superfamily domain 
containing 2A 3.91 4.57E-08 

12048 Bcl2l1 BCL2-like 1 3.95 6.43E-28 

226025 Trpm3 
transient receptor potential cation channel  
subfamily M member 3 3.96 7.59E-08 

231646 Myo1h myosin 1H 3.96 2.51E-04 
21667 Tdgf1 teratocarcinoma-derived growth factor 1 3.99 5.58E-03 
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72388 Ripk4 receptor-interacting serine-threonine kinase 4 3.99 1.60E-07 
66695 Aspn asporin 4.00 8.07E-03 
22337 Vdr vitamin D receptor 4.02 4.70E-18 

109979 Art3 ADP-ribosyltransferase 3 4.25 0.00E+00 
74144 Robo4 roundabout homolog 4 (Drosophila) 4.28 3.12E-08 

11504 Adamts1 

a disintegrin-like and metallopeptidase  
(reprolysin type) with thrombospondin type 1 
motif 1 4.29 1.28E-32 

94227 Pi15 peptidase inhibitor 15 4.30 0.00E+00 
100342 Fam46b family with sequence similarity 46 member B 4.34 1.40E-31 

268527 Greb1 
gene regulated by estrogen in breast cancer 
protein 4.47 0.00E+00 

74747 Ddit4 DNA-damage-inducible transcript 4 4.51 1.53E-31 
239857 Cadm2 cell adhesion molecule 2 4.53 7.00E-02 
170788 Crb1 crumbs homolog 1 (Drosophila) 4.58 7.94E-04 

14409 Gabrr2 
gamma-aminobutyric acid (GABA) C 
receptor subunit rho 2 4.63 4.11E-04 

57435 Plin4 perilipin 4 4.88 1.38E-37 
70574 Cpm carboxypeptidase M 5.02 7.80E-09 
57259 Tob2 transducer of ERBB2 2 5.03 2.44E-07 
75668 Rasl10a RAS-like family 10 member A 5.21 3.86E-04 
12738 Cldn2 claudin 2 5.21 8.28E-02 
17750 Mt2 metallothionein 2 5.28 9.77E-19 
12879 Cys1 cystin 1 5.32 0.00E+00 
19220 Ptgfr prostaglandin F receptor 5.35 9.50E-07 
11474 Actn3 actinin alpha 3 5.39 7.10E-02 

103988 Gck glucokinase 5.39 1.45E-04 
80901 Cxcr6 chemokine (C-X-C motif) receptor 6 5.46 3.02E-02 
16601 Klf9 Kruppel-like factor 9 5.55 0.00E+00 
19735 Rgs2 regulator of G-protein signaling 2 5.56 1.46E-04 

209540 Rgag1 retrotransposon gag domain containing 1 5.58 1.18E-02 
74596 Cds1 CDP-diacylglycerol synthase 1 5.66 3.24E-17 
53311 Mybph myosin binding protein H 5.90 6.44E-07 

383787 Gm1337 predicted gene 1337 5.95 3.23E-35 
94226 S1pr5 sphingosine-1-phosphate receptor 5 6.06 3.24E-05 
18626 Per1 period homolog 1 (Drosophila) 6.08 0.00E+00 

20359 Sema6b 
sema domain transmembrane domain (TM) 
and cytoplasmic domain (semaphorin) 6B 6.09 0.00E+00 

71803 Slc25a18 
solute carrier family 25 (mitochondrial 
carrier) member 18 6.12 1.06E-03 

20393 Sgk1 serum/glucocorticoid regulated kinase 1 6.19 3.00E-10 
94090 Trim9 tripartite motif-containing 9 6.20 1.31E-05 
16918 Mycl1 v-myc myelocytomatosis viral oncogene  6.53 0.00E+00 
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homolog 1 lung carcinoma derived (avian) 

56546 Sec1 secretory blood group 1 6.55 1.73E-04 
140742 Sesn1 sestrin 1 6.63 0.00E+00 
70881 Nt5c1b 5'-nucleotidase cytosolic IB 6.67 5.01E-04 
71768 Vwce von Willebrand factor C and EGF domains 6.79 3.17E-04 
19065 Ppyr1 pancreatic polypeptide receptor 1 6.91 1.60E-07 
13143 Dapk2 death-associated protein kinase 2 6.97 0.00E+00 
53417 Hif3a hypoxia inducible factor 3 alpha subunit 7.36 1.11E-16 
16874 Lhx6 LIM homeobox protein 6 7.40 2.99E-07 

320718 Slc26a9 solute carrier family 26 member 9 7.93 9.07E-03 
15552 Htr1d 5-hydroxytryptamine (serotonin) receptor 1D 8.73 1.24E-05 

242505 Rasef RAS and EF hand domain containing 8.88 1.36E-31 
15561 Htr3a 5-hydroxytryptamine (serotonin) receptor 3A 8.98 2.23E-20 
14357 Dtx1 deltex 1 homolog (Drosophila) 9.13 3.84E-02 
13479 Dpep1 dipeptidase 1 (renal) 9.27 0.00E+00 
12310 Calca calcitonin/calcitonin-related polypeptide alpha 9.61 2.18E-04 
69627 Fam89a family with sequence similarity 89 member A 9.65 0.00E+00 
12163 Bmp8a bone morphogenetic protein 8a 9.81 0.00E+00 
69671 Tmem52 transmembrane protein 52 10.11 1.22E-04 

19289 Igdcc3 
immunoglobulin superfamily DCC subclass  
member 3 10.29 7.00E-10 

628900 Serpina3i 
serine (or cysteine) peptidase inhibitor clade  
A member 3I 10.59 4.84E-06 

21350 Tal2 T-cell acute lymphocytic leukemia 2 10.62 1.80E-09 
20698 Sphk1 sphingosine kinase 1 10.87 0.00E+00 
66329 Susd3 sushi domain containing 3 11.07 1.58E-04 
64059 Oxct2a 3-oxoacid CoA transferase 2A 11.16 8.90E-03 
13487 Slc26a3 solute carrier family 26 member 3 11.30 2.83E-02 
76645 Pkd1l2 polycystic kidney disease 1 like 2 11.67 7.43E-16 
19217 Ptger2 prostaglandin E receptor 2 (subtype EP2) 11.82 3.09E-02 

227696 Phyhd1 
phytanoyl-CoA dioxygenase domain 
containing 1 11.95 3.24E-24 

171531 Mlph melanophilin 12.39 5.02E-28 
217138 Prr15l proline rich 15-like 13.04 3.04E-02 

78892 Crispld2 
cysteine-rich secretory protein LCCL domain  
containing 2 13.23 5.97E-29 

239530 Gpr20 G protein-coupled receptor 20 13.34 3.56E-03 

27413 Abcb11 
ATP-binding cassette sub-family B  
(MDR/TAP) member 11 13.76 0.00E+00 

11553 Adra2c adrenergic receptor alpha 2c 14.06 1.80E-04 
100038711 Gm10309 predicted gene 10309 14.61 7.91E-06 

239122 Setdb2 SET domain bifurcated 2 15.44 0.00E+00 
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22147 Tuba3b tubulin alpha 3B 15.95 5.89E-29 
68764 Cdhr3 cadherin-related family member 3 15.96 7.65E-16 

20716 Serpina3n 
serine (or cysteine) peptidase inhibitor clade 
A member 3N 16.05 8.92E-04 

71263 Mro maestro 17.40 5.13E-05 
14229 Fkbp5 FK506 binding protein 5 17.66 0.00E+00 

108802 Calr4 calreticulin 4 17.85 3.63E-41 
52793 Fam3b family with sequence similarity 3 member B 18.11 4.23E-08 

237313 Il20ra interleukin 20 receptor alpha 18.35 4.90E-02 
14836 Gsc goosecoid homeobox 18.48 7.26E-05 

12686 Elovl3 
elongation of very long chain fatty acids  
(FEN1/Elo2 SUR4/Elo3 yeast)-like 3 19.88 0.00E+00 

84112 Sucnr1 succinate receptor 1 20.46 1.63E-03 
19416 Rasd1 RAS dexamethasone-induced 1 20.62 0.00E+00 

75750 Slc10a6 
solute carrier family 10 (sodium/bile acid  
cotransporter family) member 6 21.73 0.00E+00 

628705 Gm6907 predicted gene 6907 21.74 0.00E+00 
63857 Bcmo1 beta-carotene 1515'-monooxygenase 21.75 1.39E-16 

20887 Sult1a1 
sulfotransferase family 1A phenol-preferring  
member 1 23.00 0.00E+00 

14706 Gng4 
guanine nucleotide binding protein  
(G protein) gamma 4 23.28 1.92E-04 

76905 Lrg1 leucine-rich alpha-2-glycoprotein 1 24.81 0.00E+00 
225152 Gjd4 gap junction protein delta 4 25.27 2.76E-35 
20497 Slc12a3 solute carrier family 12 member 3 25.51 6.00E-10 

207911 Mchr1 melanin-concentrating hormone receptor 1 26.49 4.26E-03 
76920 Arrdc5 arrestin domain containing 5 26.92 3.91E-02 
70807 Arrdc2 arrestin domain containing 2 28.72 0.00E+00 
13447 Doc2b double C2 beta 29.49 0.00E+00 

212980 Slc45a3 solute carrier family 45 member 3 34.71 0.00E+00 
18948 Pnmt phenylethanolamine-N-methyltransferase 35.27 3.59E-30 
17202 Mc4r melanocortin 4 receptor 35.70 3.71E-03 

18742 Pitx3 
paired-like homeodomain transcription factor 
3 38.36 0.00E+00 

13488 Drd1a dopamine receptor D1A 43.24 1.36E-31 

79235 Lrat 
lecithin-retinol acyltransferase (phosphatidyl-
choline-retinol-O-acyltransferase) 45.92 2.03E-05 

100504164 Cmtm1 
CKLF-like MARVEL transmembrane  
domain containing 1 49.27 1.15E-05 

20277 Scnn1b sodium channel nonvoltage-gated 1 beta 50.93 1.60E-07 
235320 Zbtb16 zinc finger and BTB domain containing 16 61.17 0.00E+00 
18407 Orm3 orosomucoid 3 65.61 0.00E+00 

107221 O3far1 omega-3 fatty acid receptor 1 91.56 1.36E-30 
16819 Lcn2 lipocalin 2 144.31 1.81E-37 
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78390 Pla2g4d phospholipase A2 group IVD 159.76 1.79E-07 
268709 Fam107a family with sequence similarity 107 memberA 176.60 0.00E+00 

13101 Cyp2d10 
cytochrome P450 family 2 subfamily  
d polypeptide 10 229.36 9.00E-30 
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