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Abstract 

The natriuretic peptide system (NPS) is a hormonal system critical to mammalian cardiovascular 

homeostasis. The purpose of the present study was to investigate the role of ANP during early 

postnatal cardiac development by i) monitoring the development of cardiac hypertrophy during 

early postnatal development of the ANP-/- mice, and ii) comparing morphologic, morphometric 

and molecular differences in ANP+/+ mice compared to ANP-/- mice during this developmental 

period. Age matched male ANP+/+ and ANP-/- mice, aged day 1 and weeks 1 to 5, were evaluated. 

Body weight, organ weights and hematocrit were recorded. RNA was isolated and quantitative 

real-time RT-PCR was used to monitor cardiac gene expression. An additional cohort of animals 

was used for morphologic and morphometric analysis. Heart weight to body weight ratio 

(HW/BW) was dramatically higher in ANP-/- animals at all time points, indicating cardiac 

hypertrophy is established before the advent of adult blood pressure. Molecular analysis of gene 

expression revealed a compensatory response of the NPS in the ANP-/- mice. Specifically an up-

regulation of BNP expression in ANP-/- mice was noted throughout postnatal development. 

Similarly, NPR-A and NPR-C demonstrated compensatory action for the lack of ANP, as 

expressional levels also varied throughout development. Morphological analysis of cardiac 

vasculature revealed striking structural differences between ANP+/+ and ANP-/- mice. Quantitative 

stereological analysis of LM images indicated a greater vessel volume in ANP-/- compared to 

ANP+/+ mice. This study demonstrates that alterations in early molecular events, such as changes 

in NPS expression, may be responsible for the maintenance and progression of cardiac 

hypertrophy during early postnatal development in the ANP-/- mice. The absence of ANP during 

this critical period of development has a profound impact on final cardiac structure leading to 

future pathological states. 
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Chapter 1 

Introduction 

Organogenesis is commonly represented as occurring exclusively in utero. It is often 

forgotten that organs, specifically the heart, continue to develop and modify long after birth. 

During the earliest stages of postnatal development, the newly born is faced with an extreme 

physiological transition to ex utero life. Although functional, the postnatal heart must maintain a 

strict balance between short term physiological adaptations to postnatal life and structural 

modifications for long term survival in adulthood. There are many environmental, genetic, and 

physiological factors that influence the dynamic process of cardiac development, and 

consequently many potential pathological stimuli. Herein lies the concept that has given rise to 

recent widespread interest in postnatal programming: the reasoning that early postnatal adverse 

events may have repercussions in later life [1,2].  

Cardiovascular disease, which encompasses cardiac pathologies, is the leading cause of 

morbidity and mortality in the developed world, and is becoming increasingly prevalent in the 

developing world [3]. It is, therefore, imperative for prevention, treatments, and therapies to be 

based on a sound understanding of normal cardiovascular processes, and mechanisms of disease 

establishment. The natriuretic peptide system (NPS) is known to be of central importance in adult 

cardiovascular homeostasis, and is expressed during critical developmental stages of prenatal 

development [4]; its altered expression has been implicated in the progression of various forms of 

cardiovascular disease. However, there has been limited work outlining the actions of the NPS 

during postnatal cardiac development. This study is designed to address this question. A detailed 

study of pathological consequences of postnatal cardiac development in the absence of atrial 

natriuretic peptide (ANP) will be done. The purpose of this study is to investigate the role of ANP 

during cardiac development by comparing morphologic, morphometric, and molecular 
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differences in ANP-/- mice compared to ANP+/+ mice during a progression of postnatal time 

points. This work is therefore based on the hypothesis that an altered genetic profile during 

cardiac development will have a profound impact on final heart structure, and that gross physical 

characteristics, coronary vasculature volume and organization, and NPS expressional patterns will 

be altered in ANP-/- mice as compared to postnatal development in ANP+/+ mice.  

The ensuing background information will describe various aspects of cardiovascular 

disease; the cellular makeup of the developing and adult heart; the anatomy of developing and 

mature cardiac vasculature; the heart as an endocrine organ; the basic biochemistry of the NPs 

and their receptors; the NPS in cardiovascular function and disease, and during prenatal 

development; blood pressure establishment; and the NPS during postnatal cardiac development. 

This information will be put into context by the subsequent section outlining the hypothesis, 

experimental design and objectives, and specific aims of the current study. 
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Chapter 2 

Literature Review 

2.1 Burden of Cardiovascular Disease 

Cardiovascular disease (CVD) encompasses coronary artery disease, heart disease, 

congestive heart failure, peripheral vascular disease, and cerebrovascular disease. CVD is the 

leading cause of both morbidity and mortality in developed countries, and rates are rapidly 

increasing in the developing world [3]. Here in Canada, heart disease is the leading cause of death 

in women, and the second leading cause of death in men [5]. Direct and indirect financial costs of 

CVD to the Canadian economy have been estimated to approach $20 billion annually, and such a 

financial burden is expected to multiply in the next half century with our aging population [6].  

In addition to established modifiable CVD risk factors, including tobacco, alcohol, blood 

pressure, physical inactivity, cholesterol levels, obesity, and unhealthy diet, there are non-

modifiable CVD risk factors. These factors include age, sex, social and economic conditions, 

residential geography, and genetic composition [7]. The current investigation examines the 

underlying physiological and genetic mechanisms which contribute to varying CVD outcomes in 

mice.  Knowledge gained from this study will further our understanding of the prevalence of 

CVD between and among human populations. 

 

2.2 Cardiac Hypertrophy 

Chronically sustained high blood pressure (hypertension) can result from many factors, 

including increased vascular resistance, or increased afterload [8]. Chronic hypertension will 

cause muscles of the heart to adapt to this pathological condition. Such adaptation results in 

structural changes including thickening of the ventricular wall [8]. The hypertrophic growth of 
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heart tissue is termed cardiac hypertrophy (CH). This growth is often attributed to increases in 

arterial blood pressure. However, hypertrophy can arise from a range of stimuli, including 

mechanical, hemodynamic, hormonal, and pathological changes [8].  

CH is an important predictor of CVD, independent of increases in arterial blood pressure. 

CH arises from complex interactions among genetic, physiological, and environmental risk 

factors. There are physiological and pathological forms of CH, depending on the stimuli [9]. 

Although both forms result in increased cardiac mass, these differences are reflected in the 

structural changes observed in individual myocytes, and associated structural components such as 

vasculature and extracellular matrix [8,9].  

Physiological hypertrophy results in an organized cellular arrangement, whereby 

sarcomeres are added in series and the left ventricular wall thickness to lumen ratio remains 

unchanged (eccentric hypertrophy). Conversely, pathological hypertrophy results in sarcomeres 

being added in parallel, resulting in a increased left ventricular wall thickness to lumen ratio 

(concentric hypertrophy) (Figure 1). While physiological hypertrophy is a non-permanent 

adaptive response, changes associated with pathological CH result in more permanent structural 

alterations, and reduced cardiac function leading to eventual heart failure. While both forms of 

CH are thought to be a functional change allowing the heart to meet systemic cardiovascular 

demands with the increased workload, it is apparent that cellular organization is critical to long-

term cardiac function [9,10].  

Factors active in the cardiovascular system mediate physical stimuli and changes to 

cardiac structure. The molecular pathways which lead to physical and functional changes are 

complex, necessitating a thorough appreciation of cardiac tissue constituents and morphological 

changes characteristic of this disease state. 
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Figure 1. A schematic representation of structural changes to a myocyte during two types of 

hypertrophy. (A) Normal sarcomere organization (B) Sarcomeres are added in parallel 

(concentric hypertrophy). This leads to an increased wall thickness to lumen ratio. (C) 

Sarcomeres are added in series (eccentric hypertrophy). This results in a normal wall thickness to 

lumen ratio. Adapted from Garcia et al. [10] 
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2.3 Cellular Makeup of the Developing and Adult Heart 

Various genetic, environmental, and physiological forces exert influence over the final 

architecture of the mature heart structure [9,10]. Previous studies have determined that 

cardiomyocytes rapidly proliferate during murine embryonic development, but exit the cell cycle 

during postnatal development soon after birth [11-16]. Some studies suggest that cardiomyocytes 

retain some proliferative capacity up until time of weaning [11-13]. Later postnatal enlargement 

of the heart is therefore primarily dependent on cellular hypertrophy, rather than hyperplasia. In 

fact, Soonpaa et al. demonstrated that cardiomyocyte DNA synthesis occurs in two temporally 

distinct stages; cardiomyocytes extensively proliferate during embryonic cardiac development, 

and then undergo binucleation in early neonatal life [12]. It has been suggested that since 

cardiomyocyte proliferation stops before birth, genetic factors critical to the regulation of this 

proliferation must be differentially expressed during fetal versus neonatal development [12, 17]. 

Thus, the development of the heart is an active perinatal process, comprised of 

organogenesis during prenatal development, and cardiomyocyte expansion and maturation during 

postnatal development [18]. Accordingly, the developmental expression of various cardiac 

constituents is a very complex and dynamic process responsive to both in utero and ex utero 

stimuli.  

During normal cardiac development, cell components of the heart interact to dynamically 

respond to changing structure and physiology [17, 18]. In fact, the transition from fetal circulation 

to postnatal circulation marks a dramatic change in physiological demand. The developing 

cardiac tissue relies on various molecular mechanisms to sense developmental and homeostatic 

changes, thereby allowing it to keep up with increasingly elaborate structure and consequently 

higher functional demands. The early postnatal period is characterized by structural alterations to 
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the heart, as it adapts to adult blood pressure and volume with increased left ventricular size [19, 

20]. 

The mature mammalian heart is a complex structural entity consisting of a variety of 

muscular, vascular and extracellular matrix cells. Accordingly, matured cardiac architecture and 

composition is the result of numerous regulatory processes during development [21]. While the 

mature heart is also very responsive to its physiological environment, it does so as a 

differentiated, fully-developed organ; stronger, more sustained stimuli are required to cause the 

same alterations observed in the less-malleable developed heart [19, 22].  

Histologically, the matured heart can be organized into different layers: i) the innermost 

endocardium, which comprises a single cell layer endothelium, and a loose connective tissue 

subendothelial layer; ii) the myocardium, composed of cardiac muscle bundles and layers 

organized by separate cellular units joined by intercalated discs; and iii) an outermost epicardium, 

which surrounds the outside of the heart with loose connective tissue, and a single layer of 

epithelial cells, also called the visceral pericardium [23].  

The cardiac skeleton is a fibrous base comprised of dense fibrous tissue, which provides a 

framework for these three layers, and is organized around the orifice of the aorta, pulmonary 

trunk, and the left and right atrioventricular canals (Figure 2). The cardiac connective tissue is 

mainly composed of collagen, of which 85% is collagen type I [23]. Such a tough collagenous 

extracellular matrix provides structural support; this matrix unites contracting myocytes for 

coordinated force, prevents chamber collapse during diastole, and provides stiffness during 

systole. In the myocardium, myocytes forms spirals of interweaving tissue bundles in an 

orientation that maximizes contractile efficiency [24, 25]. 

Alterations in cardiac collagen network, myocyte size and organization, and sarcomere 

protein expression can occur in response to pressure or volume overload resulting in interstitial  
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Figure 2. Myocardial fibres interweave to form specific spirals from the base to the apex. This 

organization allows for contractile precision within the organ, and is essential for proper and 

efficient ejection fraction. Disruption of the cellular balance has been linked to a series of cardiac 

pathophysiologies [24, 25]. 
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fibrosis [26-30]. Mechanotransduction, a biological response to mechanical forces, explicates the 

hormonal response to chronic pathological physical stimuli in mature cardiac  

tissue. Such stimuli result in altered expression of proto-oncogenes (c-fos, c-jun, c-myc, etc.), 

which can in turn result in changes to the expression of downstream genes [30]. Overall, these 

changes can lead to widespread altered protein synthesis. Accordingly, recent advances in gene 

expression technology have proven that heart failure is accompanied by reversion to embryonic 

cardiac gene expression pattern [31]. 

Whether during development, or pathologically-induced post-development cardiac 

modification, it is apparent that the heart can undergo structural alterations in response to 

increasing physiological demands. Disruption in the amount or organization of any cardiac 

components limits the efficiency of cardiac function, and is deleterious to an organism’s survival 

[25].  

In essence, elaborate three-dimensional heart structures are made up of mainly cardiac 

fibroblasts, myocytes, endothelial cells, and vascular smooth muscle cells that have electrical, 

chemical, or biomechanical capacity. These constituents interact via autocrine, paracrine, and 

cell-to-cell interactions [24, 30]. As previously mentioned, the balanced proportion of these 

constituents (for example myocyte to blood vessel ratio) is fundamental to the normal 

developmental progression of the heart, as well as mature cardiovascular homeostasis [25, 32-34]. 

Interference or disruption of these interactions during cardiac development or remodeling has 

been shown to lead to distinct pathological conditions [35-37]. From a research perspective, the 

way in which these cellular populations alter during development and homeostasis allows insight 

into the mechanisms in diseased states. 
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2.4 Developing and Mature Cardiac Vasculature 

Cardiac organogenesis ends in the formation of complex conduction and circulatory 

systems [38]. Although the heart contains blood, deep myocardial tissue that is not exposed to 

chamber blood requires an elaborate coronary vessel network to maintain its oxidative and 

nutritional requirements. The coronary circulation is comprised of coronary arteries which 

originate from the aortic sinuses. These branches, most commonly the right and left coronary 

arteries, lead away from the aorta to their respective sides of the heart. These arteries then branch 

into progressively smaller arteries, and deeper into the myocardium until they turn into a capillary 

network [38]. Post-capillary venules form progressively larger vessels until they drain into the 

coronary sinus – which is a main venous channel leading into the right atrium to complete the 

coronary circulation (Figure 3).  

Coronary vessel formation is unique for each heart - there are dramatic variations 

observed throughout the entire network. While the patterning of the coronary system is 

predictable, there is even significant variation in the basic pathways taken by major vessels, 

including the first coronary arteries branching off the aorta [38].  

Development of the coronary vessel network is fundamental to the efficiency of the heart, 

and such a process represents a complex interaction of various cell types and processes [25, 40] 

(Figure 4). The effect of subtle variation in the architectural arrangement of coronary vessels on 

myocardial structure and function has been thus far largely unexplored.  

During embryonic development, the heart begins as an endothelial tube within a muscular 

tube. This tube then undergoes looping, compartmentalization, and valve formation. By 

gestational day (GD) 9.5, the heart has both endocardium and myocardium, but lacks the 

epicardium necessary to protect invading undifferentiated vessel forming cells [42]. In a 

concerted movement, the epithelial cells migrate to form a continuous epithelial sheet, providing  
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Figure 3. A depiction of the coronary vasculature of a mammalian heart. Major arteries are 

shown branching off the ascending aorta. Note that secondary branches  travel perpendicularly to 

the apex of the heart. This system is optimized for regulated pressure and continuous blood flow 

during contraction/relaxation. Adapted from Gray’s Anatomy Atlas [41]. 

 

 

 



 

 12 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. A diagrammatic representation of interactions between cardiomyocytes, microvessels, 

and extracellular matrix during cardiac development.  A) Cardiomyocytes guide developing 

vasculature through mediating factors (black triangles). B) Coronary vasculature development is 

closely paired with myocardium development. C) Fibroblasts (darker ovals) secrete matrix fibres 

(dark speckles) to provide increasing architectural support for surrounding myocytes and 

coronary vessels. Dark arrows indicate the flow of factors. 
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a protective covering for the passage of nerves and blood vessels. This sheet also creates a 

contained environment, whereby factors and cellular signals are relayed to regulate cellular 

proliferation, migration, matrix remodeling, and the eventual formation of a complex three- 

dimensional coronary vasculature system [32, 38, 40]. The complexity of this process paired 

increases the potential for abnormalities to take place. Consequently, pathological coronary 

angiogenesis may result from miscommunication between vessels and cardiomyocytes [42-44], 

with resulting coronary abnormalities deleterious to proper cardiac architecture and long term 

heart function. 

 The development of the cardiac coronary vascular network is highly coordinated with the 

development of alternate cardiac structure, so as to ensure regulated flow with repetitive 

contraction [46]. Vascular structures of the coronary circulation vary with size and function [41].  

Varied coronary circulation can result in altered branching of both major coronary vessels and the 

numerous capillaries of the coronary circulation between myoctytes. These small and micro 

vessels, including arterioles, capillaries, and small venules, are highly organized and are extensive 

throughout cardiac tissue. These vessels are essential for meeting the high oxygen and nutrient 

demand of the contracting myocardium. The development of the coronary circulation in early 

cardiac development, and its developmental coordination with alternate cardiac tissue 

constituents reinforces the notion of inter-play between cardiac vasculature and other components 

of the heart [42-44].  

Vascular smooth muscle cells contribute to and express various constituents of the blood 

vessel wall - elastic fibres, collagen, glycosaminoglycans, and other matrix components - as well 

as promote the addition of more smooth muscle cells [47]. Neighbouring myocytes also aid in the 

recruitment of factors which promote and contribute to increased vessel formation [47, 48]. This 

is relevant to the biological scenario of CH, as the prevention of hypoxic conditions requires the 
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enlarged myocardium be accompanied by an expanded coronary vasculature. Understanding the 

relationship between factors secreted by one heart constituent to exert influence over the 

development or post-developmental modification of another is pertinent to determining the 

disrupted molecular mechanisms underlying cardiac pathologies.  

 

2.5 The Heart as an Endocrine Organ 

In addition to extraordinary mechanical properties and intricate tissue composition, the 

mammalian heart is critically involved in molecular cardiac homeostasis. Although molecular 

cardiology is a pillar of current cardiovascular research, the unmasking of the heart as an 

endocrine organ only began in the latter half of the past century.  

Dense granules in atrial tissues were first described by Kisch in 1956, however the 

function of these granules and the understanding of the heart as an endocrine organ was not 

investigated for another 25 years [49]. In 1981, de Bold et al.demonstrated the potent natriuretic, 

diuretic and anti-hypertensive effects of atrial extracts by infusing it into bioassayed rats [50]. 

Within a few years following its functional discovery, it was determined that specific atrial 

granules contain the pro-hormone form of atrial natriuretic peptide (proANP). ANP gives the 

heart an important endocrine role in blood pressure control, and water and electrolyte homeostasis 

[51].  

The NPS is composed of at least three polypeptide entities and three different receptors; 

atrial natriuretic peptide (ANP), B-type natriuretic peptide (BNP), and C-type natriuretic peptide 

(CNP), and receptors natriuretic peptide receptor A (NPR-A), natriuretic peptide receptor B 

(NPR-B), and natriuretic peptide receptor C (NPR-C). ANP and BNP are mainly expressed and 

secreted by the atria and ventricles of the adult heart, respectively, and their natriuretic, diuretic 
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and vasorelaxant effects work to control blood pressure and fluid balance [51]. As well, both 

participate in the regulation of cardiovascular tissue development.  

The NPS is highly conserved across mammalian species, and is essential for survival as it 

functions to maintain cardiovascular homeostasis and mediate healthy embryonic development 

[52-54]. 

 

2.6 ANP, BNP, CNP  

While all three peptides share a common 17 amino acid ring structure in which most of 

the amino acids are conserved, a separate gene encodes each precursor pro-hormone (Figure 5). 

The tissue specific distribution and regulation of each peptide are unique, as NPs have unique 

physiological functions [52].   

Atrial natriuretic peptide (ANP) is mainly produced by the cardiac ventricles in prenatal 

development, and in the atria of adult hearts. ANP is produced as pre-proANP, approximately 

1kb in size, but is cleaved into the storage form of proANP, a 126 amino acid product which is 

stored in granules [55]. The prompt release of these granules into circulation is triggered by 

various stimuli, including increased atrial-wall tension (a reflection of increased intravascular 

volume), and the presence of various hormones and neurotransmitters. Upon release, proANP1-126 

is cleaved into proANP1-98 (amino-terminal fragment), and the biologically active peptide 

carboxy-terminal portion, ANP99-126 by the enzyme corin [56]. Despite the short half life of ANP, 

this peptide has potent direct and indirect physiological effects, including natriuresis, diuresis, 

vasodilation, vasorelaxation, and negative inotropy. Specifically, ANP increases venous capacity, 

reduces sympathetic tone in peripheral vasculature, and suppresses the renin-angiotensin-

aldosterone system [52]. ANP has also been shown to inhibit the growth of cardiac fibroblasts 

[57, 58] - possibly by limiting collagen deposition - thus having the potential to minimize cardiac  
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Figure 5. Secondary protein structure of Atrial, B-type and C-type natriuretic peptides (ANP, 

BNP, and CNP, respectively). All three NPs share considerable conserved homology in amino 

acid sequence, with ANP and BNP being the most similar. ANP, BNP and CNP also share a 17-

amino acid ring which is considered characteristic of this group of hormones. Adapted from 

Levin et al. [52].  
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remodeling. ANP can also induce cardiac myocyte cell cycle arrest [59, 60], likely limiting 

myocardial proliferation during development, or hypertrophic response to injury or ischemia in 

later life. 

B-type natriuretic peptide, or BNP, was initially isolated from porcine brain tissue [61], 

however it is now known that BNP is expressed in highest concentration by the cardiac ventricles 

[62]. Human pro-BNP is 108 amino acids, and like ANP, it is cleaved before secretion. In humans 

BNP is comprised of a biologically active carboxy terminal fragment of 32 amino acids, and a 

biologically silent 76 amino-terminal fragment (commonly used as a diagnostic screen for cardiac 

dysfunction) [63]. In mice the mature BNP is 45 amino acids long.  BNP is stored differently in 

each compartment of the heart [62]. In the atria, BNP is expressed and stored in granules. In the 

ventricle, BNP is produced and constitutively released. BNP mRNA levels are constituently 

increased with chronic blood volume overload, and causes hemodynamic effects similar to ANP 

[52, 53]. In addition, BNP has been shown to have inhibitory effects on fibroblasts, reducing 

collagen secretion and thereby moderating fibrotic deposition [64]. 

C-type natriuretic peptide, or CNP, was also initially discovered in porcine brain, 

however, was later determined to be mainly produced in vascular endothelium [65, 66]. 

Depending on the species, CNP is cleaved into either a 22- (mice) or 53- (human) amino acid 

biologically active fragment. 

Similar to ANP and BNP, CNP is a powerful vasorelaxant of vascular smooth muscle, 

however it causes only mild diuresis and natriuresis. Despite low levels in circulation, CNP acts 

to control fluid movement across capillaries. Such local regulation has been shown to be essential 

in the blood vessels of the brain [67]. CNP also plays a critical role in normal skeletal 

development, as it serves to regulate the growth of bone and cartilage [68]. More recently, CNP 

has been implicated as an antifibrotic and antihypertrophic agent in the fibrosis of cardiac 
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dysfunction [69, 70]. Horio et al reported that CNP attenuated left ventricular enlargement in 

post-myocardial infarction (MI), attenuated collagen deposition in cardiomyocytes, and 

suppressed MI-induced gene expression [69].  

It should be noted that additional NPs, sharing structural and biological properties 

characteristic of the aforementioned NPs, have been identified in various species. Dendroapsis 

natriuretic peptide, or DNP, was isolated from the venom of green mamba [71], and various 

natriuretic peptides have been associated with related physiological systems in nature [72].  

 

2.7 NPR-A, NPR-B, NPR-C 

Physiological response to circulating NPs is initiated by NP interactions with three 

characteristically different NP receptors; NPR-A, NPR-B and NPR-C (Figure 6). NPR-A and 

NPR-B are 44% homologous in the ligand-binding extracellular domain, and are members of the 

cell-surface family of guanylyl cyclase (GC) receptors [73]. GC is an enzyme which catalyzes the 

synthesis of the intracellular second messenger, cyclic 3’-5’-guanosine monophosphate (cGMP). 

cGMP in turn activates cGMP-dependent protein kinase (PKG), which results in the GTP-

dependent phosphorylation of various cellular proteins. This phosphorylation leads to an 

intracellular signalling cascade catalyzing a range of cardioprotective activities throughout the 

body, including vascular smooth muscle relaxation subsequent to vasodilation and increased 

blood flow (Figure 7) [74, 75].  

NPR-A is activated by physiologic concentrations of ANP and BNP, but not CNP. NPR-

A is most abundant in large blood vessels, and upon activation, multiple domains located on the  
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Figure 6. Natriuretic peptide receptor A, natriuretic peptide receptor B and natriuretic peptide 

receptor C (NPR-A, NPR-B, NPR-C). NPR-A and NPR-B share similar structural properties, 

however bind to NPs with different affinities. NPR-A binds ANP and BNP with almost the same 

affinity, but has no affinity for CNP. NPR-B has weaker (but almost equal) affinities for ANP and 

BNP, as it mainly acts as a receptor for CNP. NPR-A and NPR-B contain a transmembraine 

domain linked to an intracellular kinase-like domain linked to particulate guanylyl cyclase. 

Binding of NPs causes a conformational change to the guanylyl cyclase domain, allowing GTP to 

be dephosphorylated to cGMP. cGMP is the secondary messenger responsible for catalyzing the 

phosphorylation of alternate intracellular molecules, and thus mediating the overall physiologic 

response of ANP and BNP. NPR-C is not cGMP-linked, binds to all NPs with equal affinity, and 

functions as a clearance receptor [77]. 
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Figure 7. Intracellular signaling cascade upon natriuretic peptide receptorA/B activation by NP 

ligands (ANP, BNP, CNP). Upon activation by natriuretic peptides, NPR-A and NPR-B activate 

guanylyl cyclase to convert GTP (guanosine triphosphate) into cGMP (cyclic-guanosine 

monophosphate). cGMP is considered the intracellular second messenger, and activates cGMP 

dependent protein kinase (PKC). In the presence of GTP, PKC phosphorylates a variety of 

proteins (� = added phosphate group). These phosphorylated proteins further instigate 

intracellular activities which transmit into the overall physiological response [74, 75]. 
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inside and outside of the plasma membrane mediate the oligomerization of NPR-A into a 

homodimer [76]. 

While NPR-B mediates most of the biological effects of CNP, it has low affinity for ANP 

and BNP. Similar to NPR-A, upon activation NPR-B dimerizes to become a homodimer complex. 

NPR-B predominates in brain tissue, however is also found in adrenal gland and kidney tissue 

[77].  

NPR-C is not GC-linked, as it functions as a clearance receptor regulating circulating 

levels of NPs [78]. NPR-C bind ANP, BNP and CNP with relatively similar affinities. NPR-C 

binds the NP and internalizes this receptor-ligand complex for ligand degradation and receptor 

recycling. NPR-C is the most abundantly expressed receptor, and is normally found within close 

proximity to NPR-A and NPR-B [79]. Neutral endopeptidase (NEP) present on the plasma 

membrane also inactivates NPs through cleavage of the peptides into biologically inactive 

fragments [80]. 

 

2.8 The Natriuretic Peptide System in Cardiovascular Function and Disease 

In order to reduce preload, NPs cause extravasation of fluid into the extravascular 

compartment, promote renal salt and water excretion, promote vascular relaxation, inhibit 

production and activity of vasoconstrictive peptides, and inhibit sympathetic tone [81, 82]. 

During pre- and postnatal development, the NPS may function to restrict cardiac growth and 

regulate cardiac function [83, 84]. Recent work has demonstrated that NPRs also have a role in 

cardioprotection [81].NPR-A mediates the well-known effects of ANP and BNP [85], and 

although the cardiac functions of NP signaling through NPR-B are not widely evaluated or 

discussed, the cardioprotective function of NPR-B is gaining increasing attention [86]. 
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In accordance with the importance of the NPS in cardiovascular function and disease, 

various animal models have been created in order to more fully elucidate various aspects of the 

functional NPS.  

There are various strategies used for researching complex, interacting physiological 

systems; selectively mutating genes, and creating excessive or deleted gene expression. Each of 

these strategies has been used within the context of the NPS, and has greatly contributed to the 

understanding of the physiological and pathological functioning of the NPS. Specifically, 

elimination of a single genetic influence, as in the case of homologous recombination in 

embryonic stem cells, is commonly used to create knockout animal models. Such knockout 

animal models exist for ANP, BNP, CNP and NPR-A (Table 1). These animal lines permit the  

evaluation of the significance of that specific gene product, as reflected by the progression of 

CVD pathology in their absence.  

Previously published work from our lab reported that ANP-/- mice demonstrate cardiac 

enlargement and salt sensitive cardiac hypertrophy. The cardiac enlargement in these animals is 

drastic: 40% increase in heart weight to body weight ratio (HW/BW) compared to wildtype 

littermates [51]. 

NPR-A knockout mice exhibit hypertension, BP-independent eccentric LVH with 

interstitial fibrosis and sudden death, increased responsiveness to pressure overload by transverse 

aortic constriction, and demonstrate reduced litter sizes [87, 88]. Few NPR-A-/- males survive to 6 

months, mainly due to cardiovascular events.  

BNP knockout mice demonstrate ventricular interstitial fibrosis without CH or systemic 

hypertension [64]. CNP knockout mice exhibit dwarfism due to impaired endochondral 

ossification. Additional physiologic properties have been reported for CNP: inhibition of cardiac 

fibroblast proliferation, vasodilatory effects, promotion of endothelial cell differentiation and  
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Table 1. Overview of effects of NPS gene disrupted, and NPS transgenic animal models on 

circulatory and cardiac phenotypes. KO= knockout; OE = overexpression. 

 

 

 
Animal Adult circulatory phenotype Adult heart phenotype

ANP KO salt-sensitive hypertension cardiac enlargement
BNP KO normotension cardiac fibrosis
CNP KO not described not described
NPRA KO salt-independent hypertension cardiac hypertrophy, cardiac fibrosis
NPRC KO hypotension not described
ANP OE hypotension not described
BNP OE hypotension reduced cardiac weight
NPRA OE normotension reduced cardiac weight
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vasculogenesis [64]. CNP gene-disruption is not embryologically lethal, however less than half of 

CNP-/- mice survive past postnatal development [68].  

Aside from physiologic and gross morphologic changes, animal models with genetically 

disrupted NP systems also provide insight into resulting altered molecular interactions. More 

specifically, a disrupted NPS has been a means of uncovering its inherent compensatory 

flexibility. A deficiency or absence of ANP, as in the ANP+/- heterozygous and ANP-/- 

homozygous mutant mice, respectively, leads to subsequent up-regulation of ventricular BNP 

mRNA transcripts [89]. NPR-C-/- mice are hypotensive [90], and conversely, NPR-A-/- mice are 

hypertensive and exhibit increased circulating ANP and BNP [88].  

Although the NPS has been shown to have compensatory properties, these mouse models 

demonstrate that, despite similar structure and properties, the NPs are not redundant. 

Furthermore, these mouse models demonstrate that although NPRs share binding chemistry, they 

mediate unique physiologic responses. 

Whether alteration in the expression of natriuretic peptides is induced experimentally or 

as a clinical manifestation of disease, any NPS dysregulation has proven to be a sensitive 

indicator of cardiac pathogenesis in both the developing and the mature heart.  

 

2.9 The Natriuretic Peptide System during Prenatal Development 

While a functional NP system is critical in both the embryo and adult, NPs are expressed 

differently in the developing and mature heart. In contrast to the normal adult heart, ANP and 

BNP are mostly expressed and secreted in the embryonic ventricles [91]. 

Of apparent relevance, the NPS appears to be fully functional by midgestation – thus 

allowing the developing embryo to respond to volume changes and mediate body fluid 

homeostasis [4]. The early expression of the NPS during embryonic and fetal development, and 
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its modulation during critical periods of heart maturation, suggest an important role in normal 

cardiac ontogeny. Major peak ANP and BNP mRNA expression levels occur at GD 9, 12 and 15, 

all correlating with major progressions in cardiovascular organ development; regular heart beat, 

septal formation, and alteration of heart axis, respectively [83]. Such a large energy investment 

into the production of NPs and the establishment of the NPS during the primary stages of 

embryonic development signifies the critical role of the NPS during this time [83]. In addition, 

previous studies have reported the fetal NPS to be an autonomous hormonal system, as fetal 

plasma NP concentration differs from that of maternal or placental circulation [54].  

Although NPs respond to similar stimuli and perform similar cardiovascular functions 

during development as they do in adults, during development the physiological roles of the NPS 

extend beyond that of blood pressure and body fluid homeostasis (Figure 8). During 

organogenesis and postnatal cardiac maturation, the NPs work to regulate growth and 

development of CV tissue and bone [92]. Although there is apparent interplay between NPs, these 

peptides are differentially expressed and demonstrate independent functions: ANP has potent 

antihypertrophic effects on cardiac myocytes [59]; BNP has antiproliferative effects on 

fibroblasts [64]; and CNP regulates the growth of bone [68].  

 

2.10 Cardiovascular Fluid Homeostasis during Postnatal development 

The transition from in utero to ex utero represents a phase of extreme physiological 

demand which requires the orchestration of numerous signaling cascades, and results in a massive 

fluid expulsion from the lungs. This rapid fluid adjustment requires the extravasation of sodium 

and water from the lungs, to allow immediate, independent pulmonary gas exchange. ANP is 

involved in both prenatal and adult sodium/fluid homeostasis [93, 94], thus making it likely that 

ANP plays a central role in the massive water riddance in early postnatal development.   
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Figure 8. A diagrammatic comparison of the functional properties in embryonic and adult NPS. 

NP release is triggered differentially in developing embryonic hearts (left) and mature adult 

hearts (right). NPs are differentially expressed, and secreted from different cardiac chambers 

during embryonic development compared to a mature heart. NPs similarly share vasodilatory and 

natriuretic properties in embryonic and adult cardiovascular systems, however, elicit different 

physiological responses in embryonic and adult organs. Adapted from Cameron et al. [54]. 
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2.11 Blood Pressure Establishment  

Blood pressure is a sensitive indicator of both short-term and long-term cardiovascular 

homeostasis, and as previously outlined, sustained high blood pressure is strongly correlated with 

deleterious cardiovascular outcomes [6, 7]. Advances in biotechnology have permitted timecourse 

measurements of blood pressure in animal models. Reliable blood pressure values give insight 

into the physiological responsiveness of an organism under normal circumstances, in the case of 

genetic disruption, and during/after pharmacological and physiological insults.  In rodent models, 

arterial blood pressure has been traditionally measured in the tail using a device which uses either 

LED (photoplethysmography), ceramic crystal (piezoplethysmography), or differential pressure 

transducers (volume pressure recording)  to non-invasively record blood pressure [95]. These 

technologies have had varying degrees of success in adult animals, and have not been developed 

or standardized for neonatal mice [95]. More recently, great technological advances in the field of 

bio-radiotelemetry has allowed the more common use of subcutaneously implanted devices to 

continuously collect blood pressure measurements in freely moving lab animals [95]. This 

technique has proven to be exceptionally reliable, as it allows the evaluation of a blood pressure 

profile, and reflects a somewhat physiologically normal scenario. However, because 

radiotelemetry is a highly invasive procedure, and involves surgical anesthesia, its use in a 

neonatal cohort is extremely implausible. Anesthesia has been proven to cause decreased body 

temperature which leads to fluctuating blood pressure [96]. The procedures surrounding 

implantation, as well as the physical, physiological, and psychological stress (for example, 

maternal rejection) involved once the animal heals makes radiotelemetry impossible for neonatal 

animals with current technology. As such, only inferences can be made on the establishment of 

blood pressure during postnatal development. However a culmination of studies has shown that 
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blood pressure is gradually established during the cardiac modulatory phase of postnatal cardiac 

development [97, 98]. 

 

2.12 The Natriuretic Peptide System during Postnatal development 

Despite the intensively investigated diverse roles of the NPS during prenatal cardiac 

development and mature CV homeostasis, there is limited understanding of the role of the NPS 

during normal postnatal cardiac development. Understanding the NPS in postnatal cardiac 

development and its potential implication in various neonatal cardiomyopathies is of sufficient 

importance, however, it is probable that potential pathological cardiac structure/function in 

proANP gene disrupted mice during development is linked to adverse cardiac phenotypes 

observed in adult mice. It is currently unknown when CH is established in ANP-/- adult mice; this 

phenotype is believed to be initiated in the mature heart, however the earliest time course of this 

manifestation has never been established, leaving the potential for CH presenting in adulthood to 

actually begin during postnatal development. In order to fully understand the properties of the 

NPS in development and disease, it is imperative for the specific actions of ANP during postnatal 

cardiac development to be determined.   
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Chapter 3 

Objectives, Hypothesis, Specific Aims  

3.1 Experimental Design and Objectives 

A strong body of literature indicates that ANP is critical to normal prenatal cardiac 

development and normal cardiovascular homeostasis in adults. The absence of ANP leads to 

adverse cardiovascular outcomes in adults, however, there is limited understanding of the 

expressional pattern or role of the NPS during postnatal development. Accordingly, the objective 

of the present study is to elucidate some of the mechanisms of developmental abnormality 

underlying cardiac hypertrophy observed in adult ANP-/-mouse populations.  

 

3.2 Hypothesis   

The absence of ANP during early postnatal development will be evident in gross physical 

characteristics, coronary vasculature volume and organization, and NPS mRNA expression as 

compared to postnatal development in ANP+/+ mice. 

 

3.3 Specific Aims 

i) Compare gross physical characteristics in male and female ANP+/+ and ANP-/- mice 

during postnatal development.   

ii) Using a vascular casting experimental approach, qualitatively evaluate whether 

morphological differences in coronary vasculature exist in the hearts of ANP-/- mice 

as compared to ANP+/+ mice during postnatal development. 
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iii) Using a stereological method, quantitatively confirm morphometric vascular volume 

differences in the hearts of ANP-/- mice as compared to ANP+/+ mice during postnatal 

development. 

iv) Using real-time RT-PCR, quantitatively evaluate molecular expressional changes in 

natriuretic peptides and receptors in the hearts of ANP-/- mice as compared to ANP+/+ 

mice during early postnatal development. 
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Chapter 4 

Materials & Methods 

4.1 Animals 

Experimental protocols pertaining to the use of mice in this study have been approved by 

the Animal Care Committee of Queen’s University in accordance with the guidelines of the 

Canadian Council on Animal Care. ANP gene disrupted mice, initially established by John et al. 

[51] were bred and maintained in the Animal Care Facility at Queen’s University. Breeding pairs 

of ANP+/+ and ANP -/- mice were established and housed in plastic cages (1:1 male/female ratio) 

and kept at a room temperature of 21±1˚C with a 12:12-hr light-dark schedule. All animals were 

fed a normal mouse chow diet containing 0.8% NaCl (Lab Diet®, Brentwood, MO), and tap 

water was provided ad libitum.  

Multiple litters were collected at 1 day, 1 week, 2 weeks, 3 weeks ± 1 day, 4 weeks ± 1 

day and 5 weeks ± 1 day. Day 1 litters were harvested on the day of birth, and 3 week old litters 

were collected at 21 days, before weaning. Day 1 was selected as the first time point to capture 

immediate postnatal physiology. Expecting moms were checked twice a day – in the morning and 

in late afternoon – to ensure that harvesting occurred within 24 hours after birth for the day 1 

mice.  

 

4.2 Genotyping 

Tail samples were taken from each animal at the time of weaning to perform genetic 

analysis and to confirm their identified genotype of ANP+/+ or ANP-/-. All chemicals used for 

genotyping purposes were purchased from Bioshop (Burlington, Ontario) unless otherwise stated.   

Tail samples (2-3mm pieces) were digested  with Proteinase K in tail lysis buffer (50mM TRIS 



 

 32 

pH 7.5; 100 mM EDTA pH 8.0; 100 mM NaCl; 1% SDS) at 56°C overnight. After the tissue was 

dissolved, DNAzol (Molecular Research Center. Inc, Burlington, ON) was added and the samples 

were centrifuged. Ethanol was then added to precipitate the DNA.  The purified DNA was re-

suspended in water and stored at 4°C until use.  

Multiplex PCR was used to amplify the genomic DNA in order to detect the presence of 

the neomycin resistance gene in ANP-/- mice. A core mixture of sense and anti-sense primers for 

ANP and neomycin-resistance genes (Cortec DNA Service Laboratories Inc., Kingston ON) were 

combined with HP TAQ DNA Polymerase (UBI Life Sciences, Saskatoon, SK), TAQ polymerase 

buffer and MgSO4. Samples were left on ice until loaded into a thermocycler (Eppendorf 

MasterCycler EP-S, 22331, Hamburg).  

The thermocycler was programmed to begin at a temperature of 95°C for 5 mins. The 

program ensued with 45 cycles of repeated temperature fluctuations (95°C for 15s; 62°C for 20s; 

72°C for 45s). After the thermocycler program was completed, DNA loading buffer was added to 

each sample. DNA samples were then loaded onto a 2% agarose gel containing 0.1 µg/ml 

ethidium bromide and size separated by electrophoresis. The gel was visualized with a UV 

transilluminator to ensure single amplicon expression of ANP and neomycin-resistance gene.  

 

4.3 Plasma and Tissue Collection 

The weights of all animals were recorded. 1 day, 1 week and 2 week old mice were 

sacrificed by decapitation. Older animals were euthanized with an intraperitoneal injection 

overdose of Somnotol® (100 mg/kg body weight). Blood was collected in EDTA-lined capillary 

tubes from neck stumps in 1 day, 1 week and 2 week old mice, and by cardiac puncture in 3 

week, 4 week and 5 week old mice. Capillary tubes were then placed in a hematocrit centrifuge 

and spun at maximum speed for ten minutes. Plasma to red blood cell ratio (hematocrit) was 
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measured for each animal using a digital caliper. The blood was then drained from the left 

ventricle, and the entire heart was removed from the thoracic cavity. The heart was dissected free 

of adherent tissue, blotted, weighed, snap-frozen as a whole in liquid nitrogen, and stored at -

80°C until further use (Figure 9). Kidneys and lungs were similarly collected. Lungs from a small 

cohort of animals were weighed fresh (wet), then weighed after being dehydrated in an air-

compressed centrifuge for 12-24 hours.  

 

4.4 RNA Isolation and Preparation 

Total RNA was isolated from frozen heart tissue samples by a modification of the acid-

guanidinium-phenol-chloroform method (Tri Reagent, Sigma, Oakville, ON) combined with a 

High Pure RNA Isolation Kit (Roche, Montreal, QU). Glass and metal equipment used in RNA 

isolation was baked in a lab oven at 200°C for 12-24 hours to inactivate RNAses. All disposal 

plasticware were certified to be nuclease-activity-free by the manufacturer. Chemicals used for 

the preparation of wash buffers were purchased as nuclease-activity-free when possible and are 

maintained RNAse free. All aqueous solutions and buffers without secondary and tertiary amines 

were DEPC (diethyl pyrocarbonate) treated and autoclaved. Gloves were worn, benches were 

cleaned, and samples were kept on ice as much as possible during the entire process of RNA 

isolation. 

Tissue samples were frozen and stored at -80°C and were placed in liquid nitrogen, 

weighed frozen, and immediately placed in TriReagent (RNA/DNA/Protein isolation reagent, Tr-

118, Molecular Research Centre, Burlington, ON), and homogenized (Polytron PT-10 

Homogenizer, Luzern-Schweiz, Germany). Chloroform was added, the mixture was vortexed and 

allowed to stand for 10 min. The sample was then centrifuged and the top aqueous phase was 

collected. Ethanol was added and the sample was loaded onto a silica spin cup. The column was  
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Figure 9. Diagram of the progression of molecular biology techniques utilized in the current 

study. 
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spun at 12,000rpm for 30s. The flow-through fraction was discarded and 10 units of DNA I in 

DNAse Incubation Buffer (Roche High Pure RNA isolation Kit, Roche, Montreal, PQ) was added  

to the RNA retained in the cup.  Samples were then purified in a High Pure Filter Tube with 

various wash buffers, according to the High Pure RNA Isolation Kit (Table A.1, Appendix A). 

RNA was collected from this phase and was then resuspended in RNAse free water.  

Two µL of RNA/200µL of nanopure water was subsequently added to a UV plate, and 

RNA concentration was determined using spectrophotometric analysis at 260nm (SpectraMax 

Plus UV-VIS plate reader, Molecular Devices, Sunvale CA).  

The quality of RNA was subsequently evaluated. Each RNA sample was combined with 

formaldehyde gel loading buffer (50% sterile glycerol, 1mM EDTA pH 8.0, 0.25% bromophenol 

blue, 0.25% xylene cyanol FF) to track RNA migration during electrophoresis. Samples were 

denatured by heating at 65°C for 10 min, were loaded onto an RNA agarose-formaldehyde gel, 

and run at 50V for 45 min. A gel documentation system (Kodak Gel Logic 2200 Digital Imaging 

System, New Haven, Connecticut) was used to ensure the presence and quality as determined by 

strong 18s and 28s bands.  

 

4.5 Reverse Transcription of mRNA 

In order to create a complimentary DNA template necessary for Polymerase Chain 

Reaction (PCR), RNA must be reverse transcribed into cDNA. This was done using M-MLV 

reverse transcriptase, oligo-dt primers, dNTP bases, and random nonamers.  

After RNA concentration was quantified using UV spectroscopy, 1µg/µL was measured, 

diluted to 0.2µg/uL and made up to 10µL with nuclease free water. This concentration of RNA 

was optimized to reduce the amount of housekeeping gene expression in RT-PCR. Diluted RNA 

samples were placed in the thermocycler and heated to 95°C for 10 mins to denature the 
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secondary structure of RNA strands, and then 5°C to minimize refolding. A core mix of RNAse 

inhibitor, Reverse Transcriptase, RNAse-free water, oligonucleotides and dNTP was added to 

each sample from a Transcriptor Reverse Transcriptase Kit (Roche, Montreal, QC).  

The thermocycler was programmed to run for 25 mins at 25°C, then 60 mins at 37°C. 

This allows the oligo anchored primer to bind to the polyadenylate (poly-A) tail of the 3’ end of 

the mRNA strands. Random nonamers (Cortec DNA Laboratories Inc., Kingston ON) were then 

added to each sample, after which the samples were incubated for an additional 60 min at 37°C. 

The resultant cDNA samples were stored at 4°C until further use.  

 

4.6 Production of Primers 

DNA primers for atrial natriuretic peptide (ANP), B-type natriuretic peptide system 

(BNP), C-type natriuretic peptide (CNP), Natriuretic Peptide Receptor A (NPR-A), Natriuretic 

Peptide Receptor B (NPR-B) and Natriuretic Peptide Receptor-C (NPR-C), were designed 

according to published sequence (GenBank, http://www.ncbi.nlm.nih.gov/) using Geneblast. 

Gene sequences were inputted into Primer Design 2.01 software (National Center for 

Biotechnical Information, Bethesda), to select appropriate primer pairs based on size, annealing 

temperatures, primer dimer propensity and G:C content. Sequences of sense and antisense 

primers used in real-time RT-PCR are listed in Table 2.  

 

4.7 Testing of Sequenced PCR products  

Sense and anti-sense primers were tested using conventional PCR to screen for secondary 

products. Each pair of diluted primers was combined with a core mix of TAQ Polymerase and  

 

http://www.ncbi.nlm.nih.gov/
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Table 2. Primer sequences used for quantitative PCR analysis. Sense and Antisense primers are 

represented by (S) and (AS), respectively. 

 

 

Gene Sequence (5' to 3')

ribosomal 18s (S)-TCGATGCTCTTAGCTGA

(AS)-TGATCGTCTTCGAACC

ANP (S)-CAAGAACCTGCTAGACC

(AS)-AGCTGTTGCAGCCTAG

BNP (S)-CCAGAGACAGCTCTTG

(AS)-TCCGATCCGGTCTATCT

NPRA (S)-GGTTCGTTCCTATTGGC

(AS)-CCACCATCTCCATCCT

NPRB (S)-GCTGGCTGCTTCTATG
(AS)- ATGAGCGAGCCGTAA

NPRC (S)-CAGCAGACTTGGAACAG

(AS)-CCATTAGCAAGCCAGC

 

GTG

TCC

ACC

TCC

AAGG

TG

TC

CTC

AT
CT

GA

AC

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 38 

pooled cDNA from ANP+/+ mouse hearts. Each sample was loaded into the thermocycler which 

was programmed to cycle between 95°C (15s), 62°C (20s), and 72°C (45s).  Amplified products 

were loaded onto a 2% agarose gel. A 100bp ladder was run on the gel simultaneously.  Gels 

were run at 45V for 30 min and then imaged on the gel documentation system to confirm single 

product amplification as represented by a single band.   

 

4.8 Real-time RT-PCR 

Real-time RT-PCR is used to amplify a specific gene on the cDNA to allow comparison 

between biological samples. Due to the high sensitivity of the real-time RT-PCR technique, core 

mixtures of TAQ Polymerase were used whenever possible in order to minimize pipetting errors.  

SYBR Green I master mix (Roche, Montreal, QU) was combined with sense and anti-

sense primers of each gene of interest to form a core mix. Upon the addition of duplicate cDNA 

samples, this core mix was equally added to each well of a Roche 96-well plate to a volume of 

10µL. The plate was sealed with transparent plate sealing foil, and centrifuged at room 

temperature for 2 minutes at 2,000 rpm. The plate was then placed into the real-time RT-PCR 

machine (LightCycler 480, Roche, Montreal, QC) for the duration of the run. A typical 

temperature program consists of 10 minutes activation at 95ºC followed by a cycling step which 

consisted of 95ºC (15s),  62ºC (15s) and  72ºC (15s). At the end of the 72ºC step the fluorescence 

signal of the amplicons was electronically collected. Up to 60 cycles were completed, depending 

on the gene studied. 

A standard curve was generated for each primer set, which allowed the determination of 

relative concentrations of each biological sample. ANP+/+ cDNA samples were pooled and added 

to nuclease free H2O to generate serial dilutions for a standard curve and internal experimental 

controls (used as a standard). In addition to using a standard dilution as an internal calibrator, an 
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internal non template control (NTC) was also included. Ribosomal 18s was used as reference 

gene which normalizes each sample for loading errors (Figures B1, B2, Appendix B).  

Logistically, overall molecular analysis of each gene was impossible to do on a single 

PCR plate without compromising the number of biological replicates. In order to compare 

expressional differences between genotypes, samples were analyzed in two groups: day 1/week 

1/week 2, and week 3/week 4/week 5. Accordingly, additional assays were performed to compare 

expressional differences between week 2 and week 3, in order to normalize run efficiencies 

between plates of the same gene. This split-assay technique allowed the complete analysis of both 

genotypes and ages without compromising accuracy with lower n values. Data was analyzed for 

each genotype and timepoint, and expressional profiles were obtained for each gene.  

 

4.9 Gene Expression Analysis 

To minimize error, only standard curves of primer sets with efficiencies of 2.0 ± 0.2 were 

accepted (an efficiency of 2.0 indicates a theoretical doubling of cDNA in a single PCR cycle). 

Expression profiles of each gene of interest, plus ribosomal 18s were generated. Target gene 

expression profiles were then converted into concentration by fitting the values to a non-linear 

curve fitting algorithm – Roche LC-480 software Release 1.51, and compared to reference 

(ribosomal 18s) gene expression (Appendix B). Data were compiled in Microsoft Excel, and then 

plotted with GraphPad Prism 4.0 (GraphPad Software Inc., La Jolla, California), and analyzed 

using one-way ANOVA with a Tukey post hoc test. Statistical significance was accepted at 

p≤0.05. All graphs are presented as mean ± standard error of the mean (SEM). 
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4.10 Vascular Casting 

Each animal used for vascular casting experiments was euthanized by an overdose of 

gaseous Isoflurane (Baxter Corporation, Mississauga ON), upon which the abdomen/thorax was 

dissected, exposing the beating heart. A butterfly needle (21G-1inch from Becton Dickinson & 

Co., Franklin Lakes NJ) connected to a gravitational perfusion unit (set at a height exerting 60 

mm Hg pressure) containing perfusion fluid (Appendix C) was inserted into the apex of the left 

ventricle.  

The inferior vena cava was exposed and clipped just below the renal vein. Perfusion was 

closely monitored for 5 minutes, after which the animal was placed under a dissecting microscope 

(WILD M3Z, Heerbrugg Switzerland) where the thoracic aorta was dissected. Two sutures were 

loosely threaded around the vessel, to eventually be tied around the inserted needle (Figure 10).  

At this time, Batson’s No 17 Plastic Replica polymer (Polysciences Inc, Warrington, PA) 

was prepared by mixing dye, catalyst and reagent according to manufacturer’s instructions. The 

polymer was placed in a syringe and expelled with constant pressure through a needle inserted 

into the aorta. After visualizing perfusion into coronary arteries, sutures were tied off around the 

aorta, and the polymer was left to cure. After 48 hours, hearts were carefully excised and placed 

in 0.1M NaOH for 12 hours, and then 5% Contrad *70 detergent (Baxter Corporation, 

Mississauga ON) water solution for 12 hours, leaving the polymer casting of the heart vessels 

(Appendix C). The casts were then suspended in water until imaging and analysis. 

 

4.11 Vascular Imaging 

Vascular casts were submerged in a water filled petri dish, over a white background to be imaged 

with a Wild M3Z dissecting microscope (Heerbrugg, Switzerland).  
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Figure 10. Methodological images of polymer injection into the posterior thoracic cavity of 5 

week old ANP+/+ mouse. (A) Size comparison of needle and thoracic aorta (labelled TA). (B) 

Demonstration of cannulation technique with 5-0 silk suture thread support. Direction indicated 

as cranial/caudal. 
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4.12 Histology 

Each animal used for histological purposes was euthanized by an overdose of gaseous 

Isoflurane, upon which the abdomen/thorax was dissected, exposing the beating heart. Perfusion 

was preformed as described in the vascular cast section (Appendix C).Using identical apparatus 

and technique, each animal was perfused with 4% paraformaldehyde (PFA) in 0.1M PBS. Flow 

was closely monitored for 5 minutes, after which individual organs were carefully excised, and 

immersed in 4% PFA for 18-24 hours. Finally, tissues were placed in 70% ethanol and stored at 

4ºC until processing.  

Tissues were carefully cleaned of surrounding connective tissue and cut transversely at 

the mid-point of the heart. The lower half, including the heart apex, was placed in a labelled 

tissue cassette. Tissues were processed in a series of graded ethanol (70%, 90%, 100%, 100%), 

and toluene. The cassettes were placed in paraffin wax inside a vacuum oven, to allow for 

complete wax infiltration. Tissues were embedded as a paraffin block. 

Paraffin blocks were trimmed, and cut into 5µm thick sections. These sections were lifted 

on positively charged glass slides, and allowed to dry overnight. Slides were baked at 60°C for 

20-24 hours. Slides were cleared with toluene, rehydrated through a series of graded alcohols, and 

then stained using Weigart’s Iron Hematoxylin and alcoholic eosin. Stained slides were cover 

slipped and allowed to set for 20-24 hours. Slides were stored until analysis. 

 

4.13 Histological Imaging and Analysis 

Slides were imaged using a Nikon Eclipse E800 light microscope (Nikon, Japan) with Q 

capture (Surrey, BC). Image areas were selected based on cross section of myofibres. At least 

four animals were processed per time point and genotype, and seven images were taken per slide 

(Figures D1-D2, Appendix D). 
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Images were formatted to be a consistent size and orientation, and were then coded and 

organized in random sequence to allow for blind analysis. A stereological grid transparency was 

placed over the computer screen (Figure D3, Appendix D), and constituents of each slide were 

counted and recorded. Data were de-coded, inputted into GraphPad Prism 4.0, and analyzed using 

a one-way ANOVA with a Tukey post hoc test. 
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Chapter 5 

Results 

5.1 Physical Data 

proANP gene-disrupted mice (ANP-/-) exhibit cardiac hypertrophy throughout postnatal 

development. ANP-/- mice showed a significant increase in heart-to-body weight (HW/BW) ratio 

compared to ANP+/+ mice at all time points studied. Most notably, these differences are evident 

even at day 1, where ANP-/- mice have a HW/BW ratio of 9.95±1.50mg/g, whereas the ANP+/+ 

mice have a HW/BW ratio of 7.01±1.07mg/g. ANP-/- mice exhibit 42% increased HW/BW ratios 

compared to ANP+/+ at day 1, and this difference was maintained throughout development, 

however narrowed to be 31% by week 5. The effects of the absence of ANP on cardiac size in 

relation to body weight are shown in Figure 11. All animals demonstrated increased heart weight 

and increased body weight with increasing age, independent of genotype (Table 3). There were 

no significant differences in either the heart weights or the body weights between male and 

female neonates of either genotype at all time points studied (Table 4). 

Ratios of tissue weights to body weights of other organs  including kidney to body 

weight, lung to body weight and liver to body weight demonstrated  no significant differences in 

ANP-/- compared to aged matched ANP+/+ postnatal male mice (Table 5). Wet lung weight to dry 

lung weight ratios demonstrated no significant differences in ANP-/- compared to age matched 

ANP+/+ postnatal male mice (Table E.1, Appendix E). 

Hematocrit was also measured for each animal. A significant decrease in hematocrit was 

noted in the ANP-/- mice at the 2 week time point.  Similar profiles were observed between 

genotypes at all other aged matched groups (Figure 12). 
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Figure 11. Effect of proANP gene-disruption on cardiac development as represented by heart 

weight to body weight ratios of mice at indicated postnatal timepoints. Day 1 = D1, and weeks 1 

to 5 = W1, W2, W3, W4, and W5. Data are represented as the mean ± S.E.M. * denotes P<0.05 

as determined by one way ANOVA followed by Tukey post hoc test; n=12-30/group. 
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Table 3. Heart, body, and heart-to-body weight values for ANP+/+ and ANP-/- male (A) and 

female (B) mice throughout postnatal development (day 1, weeks 1 to 5).  
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Table 4. Kidney, body, and kidney-to-body weight values for ANP+/+ and ANP-/- male (A) and 

female (B) mice throughout postnatal development (day 1, weeks 1 to 5). 

 

 

 

 

 

 



 

 48 

 

Table 5. Lung, body, and lung-to-body weight values for ANP+/+ and ANP-/- male (A) and female 

(B) mice throughout postnatal development (day 1, weeks 1 to 5). 
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Figure 12. Effect of proANP gene-disruption on hematocrit during postnatal development of 

ANP+/+ and ANP-/- mice. Time points include day 1 (D1), and weeks 1 to 5 (W1, W2, W3, W4, 

W5). Data are represented as the mean ± S.E.M. * denotes P<0.05 as determined by one way 

ANOVA followed by Tukey post hoc test; n=12-30/group. 
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5.2 Vascular Organization and Composition 

5.2.1 Morphological Analysis 

A comparison of the coronary vasculature between ANP+/+ and ANP-/- mice was made 

possible using a corrosion casting technique. Retrograde injection of this polymer into the 

thoracic aorta allowed the coronary arteries and not the cardiac chambers to be filled with 

polymer. After the polymer was set, chemical digestion of the surrounding tissues rendered a 

negative imprint of the coronary vessels (Figure 13). A visual comparison of LM images (of 

similar major vessels) gave a clear depiction of the disorganized branching patterns, and overall 

denseness of arterial vessels in the ANP-/- mice. While the vessel arrangement observed in ANP+/+ 

mice follow a normal progression of vessel size (large vessels branching into progressively 

smaller vessels), the vessel arrangement of ANP-/- appeared to be much less ordered. The 

coronary arterial casts in the ANP-/- mice exhibit small vessels branching off directly from major 

vessels, and an overall cobweb-like appearance.  

 

5.2.2 Morphometric (Stereological) Analysis 

The qualitative results obtained from the vascular cast are well complemented with 

quantitative analysis. As such, the method of quantifying vessel volume using stereological 

analysis provides a more discrete method of examining the vascularity of the coronary vessels. As 

demonstrated in Figure 13, proANP gene-disrupted mice showed increased cardiac vessel volume 

at all developmental time points studied. In order to confirm that this difference was not 

influenced by histological sampling, or alternate heart constituents (and artifacts), difference in 

vessel volume was confirmed for both absolute and relative (Figure 14) cardiac vessel density.  
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Figure 13. Representative light microscopy images of coronary vascular casts of ANP+/+ (A) and 

ANP-/- (B) neonatal mice at 4 weeks of age. RCA = right coronary artery; LCA = left coronary 

artery. Scale bar = 1mm.   
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Figure 14. Analysis of absolute (A) and relative (B) vessel volume in ANP+/+ and ANP-/- mouse 

hearts during early postnatal development. Relative vessel volume values are relative to myocyte 

and “other” volume (“other” includes fibroblasts, collagen and elastic fibres, histological artifacts, 

and space). Day 1 = D1, and weeks 1 to 5 = W1, W2, W3, W4, and W5. Data are represented as 

the mean ± S.E.M. * denotes p<0.05 by one way ANOVA followed by Tukey post hoc test; n=4-

5 per group of averaged values of seven micrographs per sample. 
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Representative images of ANP+/+ and ANP-/- mice are shown in Figure 15. It appeared 

that space occupied by the coronary arterial vessels was greater for the ANP-/- mice as compared 

to ANP+/+ mice.  

Quantification of either absolute (Figure 16) or relative myocyte volume yielded no 

significant differences in ANP-/- compared to ANP+/+ postnatal mice. Similarly, “other” volume 

(includes fibroblasts, collagen fibres, elastic fibres, histological artifacts, space) also remained 

unchanged throughout development (Figure 16). 

In summary, ANP-/- mice demonstrate increased cardiac vessel volume throughout all 

timepoints studied.  

 

5.3 Molecular Analysis 

5.3.1 Expression of ANP during postnatal development 

In order to characterize the developmental profile of cardiac ANP expression during 

postnatal cardiac development of ANP+/+ mice, mRNA levels of ANP were quantified by real-

time RT-PCR. Consistent with previous literature, the current experiment confirmed a significant 

drop in ANP mRNA expression at 1 week postnatally (Figure 17). This expression profile 

demonstrates relatively higher expression at day 1, and an upwards trend in timepoints 

subsequent to week 1. ANP-/- mice were not analyzed for ANP expression with the exception of 

two random samples to confirm complete absence of ANP in the proANP gene-disrupted heart 

samples. 
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Figure 15. Representative light microscopy images of 5 week ANP+/+ (A) and 5 week ANP-/- (B) 

used for stereological analysis of vessel volume, myocyte volume, and “other” (includes 

fibroblasts, collagen and elastic fibres, histological artifacts, and space) volume. Example vessel 

is indicated with V; myocyte with M; and “other” with O. A collection of 7 images from each of 

the four heart samples from ANP+/+ and ANP-/- early postnatal mice used for stereological 

analyses.  Time points include day 1 (D1), and weeks 1 to 5 (W1, W2, W3, W4, W5). The bottom 

reference measurement was photographed using the same magnification as all images analyzed (5 

bars represent 50µm). 
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Figure 16. Analysis of absolute myocyte volume (A) and absolute “other” volume (B) in ANP+/+ 

and ANP-/- mouse hearts during early postnatal development. “Other” volume includes 

fibroblasts, collagen and elastic fibres, histological artifacts, and space. Day 1 = D1, weeks 1 to 5 

= w1, w2, w3, w4, and w5. w=week. Data are represented as the mean ± S.E.M. * denotes P<0.05 

as determined by one way ANOVA followed by Tukey post hoc test; n=4-5 per group of 

averaged values of seven micrographs per sample. 
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Figure 17. ANP (A) and BNP (B) mRNA expression in ANP+/+ postnatal mice at day 1, and 

weeks 1 to 5. The vertical axis is the ratio of target gene expression (ANP or BNP) to reference 

gene expression (m18s). ANP-/- mice have no ANP mRNA expression, and are thus not 

represented in (A) data analysis. Day 1 = D1, weeks 1 to 5 = w1, w2, w3, w4, and w5. w=week. 

Data are represented as the mean ± S.E.M. * denotes P<0.05 as determined by one way ANOVA 

followed by Tukey post hoc test; n=6-8 per age, per genotype. 
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5.3.2 Expression of BNP during postnatal development 

BNP mRNA levels were measured in the heart of the neonatal mice in order to determine 

whether this hormone, credited as being central to the compensatory nature of the NPS, was 

altered in the absence of ANP. BNP expression analysis demonstrated an overall increased 

expression in ANP-/- mice as compared to age-matched ANP+/+ mice. As measured by real-time 

RT-PCR expression of BNP mRNA in ANP-/- mice was significantly higher at all time points 

studied with the exception of week 2 (Figure 17). While ANP+/+ and ANP-/- mice both 

demonstrate varied BNP mRNA expression during development, there appears to be a gradually 

increasing trend in ANP+/+ mice, while ANP-/- mice demonstrate an immediate and drastic 

expressional increase throughout development.    

 

5.3.3 Expression of NPR-A during postnatal development 

 Analysis of NPR-A expression provides insight into the NP receptor population during 

postnatal development. Specifically, it appears as though NPR-A mRNA is consistently 

expressed during normal postnatal development. However, in the absence of ANP there is a 

significant decrease in NPR-A mRNA expression at week 1, and although not significant, 

expression appears to be decreasing in subsequent timepoints (Figure 18).  

 

5.3.4 Expression of NPR-B during postnatal development 

 Although a secondary receptor for ANP, analysis of NPR-B mRNA expression was 

necessary for a more comprehensive understanding of the compensatory actions of the NPS in the 

absence of ANP. Figure 18 demonstrates an overall increasing NPR-B mRNA expression 

throughout development. In ANP+/+ animals, a significant increase in NPR-B mRNA expression 
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Figure 18. NPR-A (A), NPR-B (B), and NPR-C (C)  mRNA  expression in ANP+/+ and ANP-/- 

postnatal mice at day 1, and weeks 1 to 5. The vertical axis is the ratio of target gene expression 

(NPR-A) to reference gene expression (m18s). Day 1 = D1, weeks 1 to 5 = w1, w2, w3, w4, and 

w5. w=week. Data are represented as the mean ± S.E.M. * denotes P<0.05 as determined by one 

way ANOVA followed by Tukey post hoc test; n=6-8 per age, per genotype. 
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was evident from day 1 and week 1, to weeks 4 and 5. ANP-/- mice exhibit a similar overall 

expressional profile of gradual increase, however, without consistent rates of expressional 

increases between timepoints. Differences in expression between ANP+/+ and ANP-/- reaches 

significance at 1 week.  

 

5.3.5 Expression of NPR-C during postnatal development 

Examination of NPR-C mRNA expression in ANP+/+ mice during postnatal cardiac 

development renders a physiologically normal expressional profile. As quantified by real-time 

RT-PCR, a trend seemed to emerge whereby expressional levels of NPR-C mRNA in earlier 

development were initially high, but waned by week 4. This later expressional reduction is 

evident in week 4 and 5 ANP-/- or ANP+/+ mice (Figure 18). Such a high initial expression level of 

NPR-C mRNA followed by immediate down-regulation in subsequent weeks indicates a time 

point for postnatal establishment of this receptor population. Notably, there is a slight depression 

in NPR-C mRNA expression in ANP+/+ mice week 1 mice which is not observed in ANP-/- week 1 

mice. Overall, NPR-C mRNA levels are down-regulated in ANP-/- mice, as NPR-C mRNA 

expression levels are consistently lower in ANP-/- mice as compared to age-matched ANP+/+ mice. 

These differences reach significance at day 1, and week 2 (P<0.05). 
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Chapter 6 

Discussion & Conclusion 

6.1 Rationale for Examining Postnatal Age, ANP-/- Mouse Model, and Whole Heart  

Disruption and deterioration of the structure and function of the myocardium is the basis 

for cardiomyopathy, and the presentation of such disorders during neonatal development is 

particularly associated with poor prognosis [99, 100]. While the underlying pathophysiology of 

cardiomyopathy in neonates and adults are fundamentally similar, by virtue of the stimuli, onset, 

and outcomes, they are intrinsically different [100, 101]. Thus the developing heart should not be 

thought of as a smaller version of the adult heart, but as a malleable composition of tissues 

heavily influenced by the progression of maturation. Disruption or alteration of any of the 

processes entailing cardiac maturation can induce permanent pathological adaptations [8, 11].  

During development, cardiac tissues rely on various molecular mechanisms to sense 

developmental and homeostatic changes, and to respond to increasing physiological demands 

with structural growth. The fact that the heart instigates this endocrine control with the production 

and secretion of the cardiac NPS [52] – and that this hormonal system is fully functional by 

midgestation [4] – infers that the processes involved in cardiac development and maturation are 

largely self-regulated.  

In order to understand the scope of the physiological role of the NPS, the gene expression 

profiles and cardiac phenotypes of NPS gene-disrupted animal models have been scrutinized. 

Research groups have honed experimental procedures to investigate the differences in 

hypoxic/myocardial infarction conditions [102, 103], under nutritional deprivation and excess 

[104], and with salt-induced hypertension [105]. Expressional profiles of the embryonic NPS 
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have also been investigated [4, 106, 107, 108], along with NPS expression profiles of maternal 

organs and circulation, and placenta [109]. However, there has been very limited work 

investigating the role of the NPS during postnatal cardiac development. This developmental 

period is the ex utero progression of perinatal cardiac establishment [110], however limited 

literature even refers to the NPS during neonatal life. Although there exist potential chamber 

specific expressional patterns during prenatal development [111], the benefits, feasibility, and 

accuracy of evaluating the postnatal heart as a whole outweighed the benefits of separately 

analyzing the physical and molecular characteristics of each chamber. The small size of early 

postnatal hearts would have made gross chamber dissections inefficient and potentially 

inaccurate, and exclude the possibility of combined cardiac NPS expression.  

The premise of the current study is three-fold; the NPS is involved in normal cardiac 

development [4]; the murine heart undergoes dramatic growth and differentiation during the first 

weeks of life [98, 112, 113]; and it is unclear when adverse cardiac phenotypes are established in 

adult ANP gene-disrupted mice [51]. For these reasons, we decided to use the ANP-/- mouse 

model to better understand the role of the NPS (and specifically ANP) during postnatal cardiac 

development.  

 

6.2 Results Interpretation 

6.2.1 Physical data 

Heart weight to body weight ratio (HW/BW) is a strong indicator of cardiac enlargement. 

The size of the heart increases in proportion to the size of the body, and an enlarged heart can be 

indicative of dysfunction. HW/BW ratios are conserved among mammalian species, and serves as 
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a simple but reliable measure of cardiac hypertrophy [114]. This is the first controlled, detailed 

study documenting HW/BW ratios in ANP-/- mice during the first five weeks of development. 

The results from this study show that ANP-/- mice have significantly increased HW/BW ratios as 

compared to ANP+/+ mice starting at day 1 and at all subsequent timepoints examined. 

Accordingly, the early establishment of cardiac enlargement is a permanent phenotype of ANP-/- 

mice, as increased HW/BW ratios are observed in adult ANP-/- mice, as compared to ANP+/+ 

mice.  

Examining the HW/BW ratios in the current study also permits the investigation of the 

differential cardiac growth rates between timepoints in ANP+/+ mice. In addition to demonstrating 

the progression of normal cardiac enlargement, these comparative growth rates reveal gross 

physical changes to the heart during the earliest stages of life. Modulatory post partum processes 

which contribute to the transition from prenatal to postnatal to mature cardiac structure are 

forecasted in the decreasing HW/BW ratios at day 1 (7.01±1.07mg/g), 5 weeks after birth 

(4.97±0.46mg/g), and in ANP+/+ adult mice (4.04±0.30mg/g). Compared to the normal 

progression of heart growth exhibited by ANP+/+ mice, the cardiac growth profile exhibited by 

ANP-/- mice clearly indicates an altered trajectory. With the exception of a slightly stunted growth 

in ANP-/- mice at 3 weeks, ANP+/+ and ANP-/- mice have very similar body weights throughout 

postnatal development. Accordingly, HW/BW ratios of ANP-/- mice remain elevated well beyond 

that of normal cardiac development. Similar body weights between ANP+/+ and ANP-/- during 

postnatal development confirms that greater HW/BW ratios exhibited by ANP-/- are 

predominantly a direct result of cardiac enlargement and not from altered body growth between 

the two groups of mice. The slight developmental delay observed at 3 weeks can potentially be 

attributed to a resource conservation mechanism just before weaning. This time marks an 

important transition, when neonatal mice switch from a largely liquid diet to a solid diet. This 
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metabolic progression of food processing may have great implications in the developmental 

profile of overall body mass.  

ANP is known to improve gas exchange and fluid clearance in the lung [94, 115], and 

fluid homeostasis is known to be a critical process in the development of the lung [93]. In order to 

quantify gross pathological lung adaptations in ANP-/- mice, compared to ANP+/+ mice during 

development, lungs were collected, weighed, and dehydrated. These values were converted to dry 

lung weight/wet lung weight and compared among ANP+/+ and ANP-/- mice to determine whether 

the absence of ANP was detrimental to the maturation of the lung. When analyzed, these values 

revealed no significant differences between genotypes. Although wet lung/dry lung ratios provide 

interesting growth profiles for normal lung development, these findings did not show any 

significant changes. However, this finding does not exclude the necessity of ANP in the lung 

during development, as the measure of dry lung weight/wet lung weight may be ineffective at 

measuring such physiological differences in ANP+/+ and ANP-/- animals. Organ to body weight 

ratios for lung, liver, and kidney were also measured. However these ratios revealed no 

differences between ANP+/+ and ANP-/- mice. The importance of the NPS in prenatal cardiac 

development and adult cardiovascular homeostasis warranted the initial investigation of kidney, 

liver and lung, as these organs are involved in various aspects of cardiovascular-related endocrine 

control. However, upon  the discovery of the drastic heart size differences in ANP-/- mice, and the 

lack of size differences in the lungs, liver and kidneys, the research effort was narrowed to 

exclusively focus on the heart.  

Similarly, data were analyzed separately, according to gender. There were no significant 

differences in the weights of either the heart or the body between male and female mice of either 

genotypes at any postnatal age evaluated. The absence of dramatic trends between genders of the 

same genotype led to the exclusive use of male tissues for subsequent experimental analysis.  
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 Both ANP+/+ and ANP-/- genotypes exhibited similar hematocrit across all age groups 

with the exception of week 2, when the hematocrit value was significantly decreased in ANP-/- 

mice. This drop could be pre-emptive of developmental increases in blood pressure, and 

increased blood pressure demands in the circulation of ANP-/- mice. 

 

6.2.2 Vascular organization and composition 

Work previously performed in our laboratory revealed stark differences in the coronary 

vasculature of adult ANP-/- compared to ANP+/+ mice (Tse, Davies & Pang, unpublished data). 

This finding involved the use of an experimental polymer injection technique. Scanning electron 

microscopy of the polymer casts demonstrated dramatic increases in vascular density, branching 

patterns, and overall vessel organization in ANP-/- adult mice.  

In normal cardiac vasculature, larger coronary arteries branch into progressively smaller 

arteries. The natural logic of this progression is two-fold, i) the gradually decreasing diameter of 

vessels which branch into vessels of similar diameter conserves coronary blood pressure, and ii) 

as structural properties of vessels of different diameters vary (larger vessels are more resilient, 

with greater tensile strength), vessels require proper organization in order to protect the smaller 

vessels from the pressures experienced by the larger vessels [38, 39].  

While the regulated, progressively smaller coronary vessels of the ANP+/+ animal appear 

to follow this principle, it is qualitatively evident that such a progression is not present in ANP-/- 

mice. Instead, some small vessels branch directly off larger vessels. Similarly, coronary vessels of 

ANP+/+ mice are organized in a very ordered network, as the vasculature radiates outward from 

primary to secondary to tertiary coronary branches. This organization is lost in ANP-/- mice - 

large and small vessels appear to be clustered into cobweb-like masses.  
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These findings in the fully differentiated mature adult heart led to the supposition that 

such changes could actually be a manifestation of pathological adaptations during cardiac 

development. Although the mature heart is responsive to various stimuli and has the capacity for 

considerable modification, fundamental differences in coronary vessel architecture point to 

pathological developmental origin. 

Although anatomical research reports considerable variability in cardiac structure, for 

simplicity these unique qualities are often underrepresented by the typical heart in textbooks [40, 

41]. Consequently, an appreciation for the immense variability in the coronary vasculature is lost. 

While the patterning of the coronary system is predictable, there are dramatic differences in the 

overall architecture of the coronary vasculature. There is even significant variation in the 

pathways taken by major vessels [40].   

The complex molecular signaling mechanisms involved in the establishment of the 

coronary circulation [40, 42-44] makes studying this system in the ANP gene-disrupted animal 

model relevant to the overall understanding of pathological cardiac development in the absence of 

ANP.  

 

6.2.3 Morphological analysis 

Vascular corrosion casting has been shown to be effective in the investigation of normal 

and abnormal vascular anatomy [116, 117, 118]. Although it was challenging to modify the 

polymer injection procedure to conserve the delicate cardiovascular structures of postnatal mice, 

this experimental procedure gave great insight into the overall direction of the current study. 

Corrosion casting renders accurate 3-dimensional visualization of blood spaces, and depending on 

the quality of the injected polymer and precision of the catheterization of such delicate vessels, 

provides important information of small vessel and capillary structures [116]. Light microscopy 
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images of postnatal coronary casts revealed apparent morphological differences in coronary 

vasculature between ANP+/+ and ANP-/- mice. In the earliest stages of development, ANP-/- mice 

exhibit irregular branching and coronary vessel patterning as compared to ANP+/+ mice.  

While the development and patterning of the coronary vascular system is largely 

unexplored in this mouse model, resulting qualitative analysis revealed an interesting 

pathological, as well as normal progression of coronary vessel development. After confirming 

morphological differences in the coronary vasculature between ANP+/+ and ANP-/- mice during 

postnatal development, the experimental focus then shifted to quantifying these differences. Such 

quantification was not performed in adult tissue, but was a logical experimental progression 

considering i) the gross physical changes (HW/BW) evident so early in development, ii) the 

morphological coronary vasculature changes evident so early in development, and iii) the 

consistent vascular phenotypes in both postnatal and adult ANP-/- mice.  

 

6.2.4 Stereological analysis 

In essence, the rationale for using stereological analysis is to interpret a series of two-

dimensional images – using a stereological grid, pre-determined counting method, and 

stereological equation – to convert findings into a three-dimensional quality. This method has 

been proven, both theoretically and practically, to predict the space (volume) a specified vascular 

structure occupies [120].  

Stereological analysis of vessel volume in ANP-/- compared to ANP+/+ mice during 

postnatal cardiac development revealed stark differences in vessel volume profiles throughout 

development. Cardiac organogenesis studies have demonstrated that complex circulatory systems 

are in place before birth [38, 44]. As determined by the developmental progression of vessel 

volume in ANP+/+ mice, these complex circulatory systems continued to develop and expand 
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throughout postnatal development. This expansion mirrored the expansion of the heart. In 

addition to vessels, myocyte and “other” (other structures includes fibroblasts, collagen and 

elastic fibres, histological artifacts, and space) volumes were also quantified using this method. 

The analysis of myocytes and other volumes revealed no trends or volume profiles of interest, and 

thus are not further discussed. However, it should be clarified that lack of changes in myocyte 

volume cannot be interpreted as lack of difference in myocyte organization, cell size or cell 

number, as total myocyte volume was not differentiated into the above listed characteristics.  

Comparing vessel volume differences between ANP+/+ and ANP-/- mice at each timepoint 

gives additional insight into potential mechanisms underlying pathological vascular development. 

ANP-/- mice exhibit dramatically increased coronary vessel volume at all timepoints evaluated, as 

compared to age matched ANP+/+ mice. Consistent with the morphological analysis, the discussed 

altered vascular volume in ANP-/- mice as compared to ANP+/+ mice implicates ANP as being 

critical to the normal development of cardiac vasculature. 

The early postnatal period is characterized by structural alterations to the heart, as it 

adapts to adult blood pressure and volume, and left ventricular size. Development of coronary 

vessels is fundamental to the efficiency of the heart, and such a process represents the complex 

interaction between various cell types and processes [17, 18, 113]. The observed differences in 

vessel volume may be attributable to dysregulated myocyte proliferation. Although this study did 

not conclusively attribute the quantified cardiac hypertrophy to uncontrolled myocyte 

proliferation, it is likely that this is the case. ANP is well known to inhibit cardiac myocyte 

proliferation [120, 121], and cell culture studies using neonatal cardiomyocytes demonstrate that 

ANP has this effect in this population of cells [59]. Uncoordinated myocardial overgrowth likely 

interferes with the regular patterning and branching of the developing vasculature network [22]. 

The hyper-vascularity and variation in architectural arrangement of coronary vessels in the 



 

 68 

context of myocyte hyper-proliferation has been largely unexplored, however may be of 

relevance to research surrounding the mechanisms underlying cardiac tissue adaptation. 

Interestingly, examination of the differences in fluctuations between developmental 

profiles of ANP+/+ compared to ANP-/- mice reveals a conserved progression. Although ANP-/- 

mice exhibit increased vessel volume, the overall profile created is maintained. The conserved 

fluctuations within timepoints may be reflective of postnatal specific developmental stages tightly 

controlled by hormonal compensation in the absence of ANP. 

 

6.2.5 Molecular Analysis 

In order to better understand the molecular events during the pathological cardiac 

development of ANP-/- mice during postnatal development as demonstrated by gross physical, 

morphological, and morphometric changes observed thus far, the current study sought to evaluate 

expressional differences of the NPS in ANP-/- as compared to ANP+/+ mice at the timepoints 

previously described. As outlined, cardiac development begins with the formation and patterning 

of the primitive heart tube during ontogenesis, and is followed by complex morphological events 

throughout perinatal development [19, 20]. Although each stage is characterized by distinct 

patterns of gene expression [11, 12, 17], gene expression analysis should be interpreted as a 

collection of snapshots of cardiac development rather than a prolonged state of expression.  

Admittedly, analysis involving an averaging of  gene expression profiles can be 

misleading; because developmental stages can differ within litters (possibly due to the differences 

in timing of fertilization), and between litters (varying intrauterine physiology, unequal maternal 

care) even biological replicates (of the same age and genotype) experience a unique 

developmental profile. However, the large sample number, accurate tissue harvesting times, and 

large litter variations have limited inter- and intra-litter variability within each genotype.     
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Recent advances in biotechnology, and specifically the increased sensitivity of PCR 

equipment and quality of SYBR green TAQ polymerase, has led to effective and efficient means 

of determining even minor shifts in NPS expression. Quantitative real-time RT-PCR analysis of 

mRNA expression of ANP, BNP, NPR-A, NPR-B, and NPR-C in ANP+/+ and ANP-/- mice during 

postnatal cardiac development proved to be beneficial in understanding the normal and 

pathological expressional profiles in these respective animal groups.  

Studies have shown that measurement of ANP mRNA levels mirror the expression of 

ANP [122]. Correlating this finding to postnatal ages makes it relevant to examine mRNA 

expression levels, as peptide expression profiles give an accurate representation of true ligand 

activity.  

 

6.2.5.1 Exclusion of CNP from Analysis 

The mRNA expression of CNP, as determined in this study, is at extremely low levels in 

the neonatal mouse hearts. CNP is expressed in various tissues throughout the body: vascular 

endothelium, brain, kidney, and female reproductive tract [123, 124]. CNP is also reported to 

circulate in low concentrations, and accordingly, this can be attributed to its vast distribution, and 

diverse biological actions. Pertinent to ANP mRNA gene expression, CNP has previously been 

described to negatively regulate ANP secretion through the NPR-B pathway, and this regulation 

changes during postnatal development [125]. Although cardiac mRNA expression of CNP was 

not included in the current study, the interactions CNP has with alternate components of the NPS 

make it relevant to discuss potential explanations for its low cardiac expression during 

development.  

Although barely detectable, even slight cardiac CNP mRNA expression changes may 

contribute to the altered physical, morphological and molecular profiles in the hearts of ANP-/- 
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mice observed throughout postnatal development. Such a conclusion is plausible by virtue of the 

relational physiological actions of CNP with both ANP and BNP, as well as the expressional 

control CNP exerts over ANP during postnatal development. Kim et al. demonstrated that the 

inhibitory effect of CNP on atrial ANP secretion varied with age (absent at weeks 2 and 4, but 

observed at week 8), suggesting that this effect is developmentally regulated [125].  

The diverse properties and unique physiologic actions of CNP in various organs 

throughout the body may also partially explain the low cardiac levels. Logically, CNP expressed 

by vascular endothelium may be secreted directly into circulation, whereby effects are mediated – 

and regulated – by the up-and-down regulation of NPR-B, which is differentially expressed in 

organs throughout the body.  

 

6.2.5.2 Expression of ANP  

Perinatal ANP gene expression gives an important reference profile for times of highest 

cardiac demand [126-128]. Prenatal ANP expression is correlated with times of peak cardiac 

development [4, 83], and molecular analysis in the current study revealed high ANP expression 

immediately after birth followed by a drastic reduction. Specifically, ANP mRNA expression is 

high at day 1, then significantly drops at week 1, subsequently increases back to day 1 levels by 

week 2, and these levels are sustained throughout the remaining postnatal period. The immediate 

reduction in ANP mRNA expression at approximately 1 week postnatally has been previously 

reported, however Wu et al. did not examine subsequent developmental times [108], and 

accordingly, the mechanisms involved in such an intricately regulated process continue to be 

unresolved. The subsequent re-expression of ANP mRNA after week 1 indicates the importance 

of ANP in the regulation of cardiac development. This new information, combined with prenatal 

ANP mRNA expression, reveals that ANP expression is developmentally regulated during normal 
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perinatal cardiac development. The antihypertrophic effect ANP has on cardiomyocytes is most 

likely the basis for this differential expression.  

Analysis of ANP mRNA gene regulation has provided important insights into the 

molecular mechanisms underlying cardiac chamber formation and differentiation. It is apparent 

that the expressional patterns exhibited in the developing and mature heart are relevant to 

understanding CVD in adults, and more specifically the mechanisms underlying reactivation of 

embryonic expressional patterns in the diseased adult heart. The postnatal down regulation of 

ANP mRNA expression is particularly a marker for maturing cardiac myocardium, and represents 

a transitional time for alternate NPS expressional changes. It is apparent that NPS expression is 

tightly regulated in response to developmental, hormonal and hemodynamic stimuli, and 

disruptions in normal physiology can result in varied expression in alternate NPS components 

[129, 130]. The fact that ANP mRNA expression undergoes such drastic decrease at week 1 

indicates a strict developmental change at this timepoint.  

 

6.2.5.3 Expression of BNP 

The profile of BNP gene expression has never been described in the hearts of postnatal 

ANP-/- mice, and has not been comprehensively described in the hearts of postnatal ANP+/+ mice. 

Analysis of BNP mRNA expression revealed significant differences between ANP+/+ and ANP-/- 

mice at all postnatal timepoints examined, with the exception of week 2. This reduction in BNP 

mRNA expression may be delayed from week 1, consistent with the downregulation of ANP at 

the week 1 timepoint in ANP+/+ mice.  

Greatest BNP expression in the hearts of ANP+/+ mice is observed at week 1 which 

coincides with the timepoint where ANP expression is drastically reduced in ANP+/+ mice. 

Although this correlation does not lead to any overt conclusions, examining BNP mRNA 
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expression in the context of ANP mRNA expression in normal cardiac development reveals 

potential interplay between – and unique, individual roles of – ANP and BNP during 

development.  

BNP expressional levels were increased throughout postnatal development in ANP-/- mice 

as compared to ANP+/+ mice. Differences were most pronounced at 1 and 3 weeks of age. ANP+/+ 

expressional profile reveals a continuous but gradual increase in BNP expression during normal 

cardiac development. This increasing trend is not apparent in the ANP-/- mice, however, as 

expressional levels are increased after day 1, and are sustained during subsequent timepoints.  

The compensatory nature of the NPS has been established in alternate NP gene-disrupted 

animal models, and specifically in adult ANP-/- mice [89]. However the compensatory 

interactions within the NPS have not previously been described during postnatal development. If 

BNP were compensating for the absence of ANP it would be logical for its expression to 

somewhat mirror the expressional patterns of ANP in ANP+/+ mice. However examining the 

overall BNP mRNA expressional profile in ANP-/- mice reveals that BNP was overexpressed at 

all timepoints, and is seemingly maximally expressed or dysregulated.  

The overall reduced expression of BNP mRNA in both genotypes before week 3 may be 

attributed to the anti-proliferative effects BNP has on fibroblasts. The lack of BNP during this 

time period would allow for the proliferation and establishment of the resident cardiac fibroblast 

population. Such a conclusion is well supported in relevant literature [57, 131]. Increases in BNP 

expression in both genotypes at later timepoints may reflect greater blood pressure demands [98]. 

 

6.2.6 Total NP Ligand Effect 

Although ANP and BNP share biochemical properties and primarily mediate their effects 

through the same receptor, they are differentially expressed in various physiological and 



 

 73 

pathological conditions; ANP is highly expressed during long term cardiac overload without 

changes in BNP mRNA expression in adult circulation, whereas BNP is significantly increased in 

response to short-term volume overload [52, 53, 132]. A similar parallel may be relevant in the 

understanding of perinatal development; perhaps ANP and BNP are differentially expressed 

according to long term and short term volume changes.  

Of relevance, previous studies have demonstrated that sustained increases in plasma BNP 

concentrations are correlated with cardiac enlargement, decreased contractility, and increased 

wall stiffness [64]. While developmental ANP mRNA expression is integral for regulated growth 

of cardiomyocytes, it is likely that developmental BNP mRNA expression exerts anti-fibrotic 

effects during ECM establishment. Thus, although BNP expression is seemingly increased to 

compensate for the lack of ANP in ANP-/- mice during postnatal development, it is apparent from 

functional NP studies that since these peptides are autonomous in their physiological properties 

[52, 53]. By virtue of the relationship between molecular signal transduction and physiological 

responses, such a compensation can never be without consequence. Since the overexpression of 

BNP mRNA in the hearts of ANP-/- postnatal mice does not exaggerate the ANP mRNA 

expressional profile in the hearts of ANP+/+ mice during this same period, it is apparent that BNP 

mRNA overexpression is most likely the result of complex interactions between alternate cardiac 

molecular factors.  

The specific stages of cellular proliferation and growth of the heart have been examined 

in both rats and mice (Figure 19). The progression of cardiomyocyte proliferation to 

differentiation takes place approximately 1 week after birth, although the myocytes of the left 

ventricle continue to divide into the second week [12, 13]. This growth difference between left 

and right ventricular myocytes contributes to the increased weight and myocyte count in left 

compared to right ventricles, which is characteristic of final adult cardiac structure [12]. By the 
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Figure 19. A diagrammatic representation of myocyte proliferation and differentiation during 

perinatal development.  During fetal growth cardiomyocytes (CMCs) undergo extensive 

proliferation. At this stage all cardiac chambers are of equal size, and composed of similar cell 

populations. After 1 to 5 days after birth, myocyte proliferation is dramatically reduced. Left 

ventricular myocytes retain some proliferative capacity in order to gain size in proportion to the 

right ventricle (to become twice as heavy, with twice as many myocytes in the adult heart).  After 

15 days, there are dramatic increases in non-CMC cell populations, and previous studies have 

determined there to be an increased proportion of fibroblasts to myocytes. Between 2 to 6 weeks, 

it has been documented that DNA synthesis completely subsides in CMCs, in order to be 

completely differentiated by the time of weaning. This developmental transition of the CMC into 

a differentiated, non-dividing cell during postnatal development results in cardiac structural and 

functional properties of the heart structure in adults (increases in size are hypertrophic instead of 

hyperplastic due to this differentiation). 
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2nd week after birth, there are proportionally more fibroblasts to myocytes, a proportion that is 

characteristic of a differentiating myocardium [16]. Although significant hyperplasia ceases after 

the first week, developing cardiomyocytes retain some proliferative capacity until approximately 

the time of weaning (3 weeks) [12, 14]. Consistently, an alternate study has demonstrated that 

DNA synthesis ceases completely between 2 and 6 weeks after birth [15].  

These stages of cellular proliferation and growth of the heart correlate well with ANP 

expression in ANP+/+ mice during postnatal development. ANP has been shown to inhibit 

cultured neonatal cardiomyocyte proliferation through increased apoptosis [60], and ANP/NPR-A 

signaling cascade has been recognized as an important regulator of cardiac growth of expansion 

[58]. The current study observed a marked decrease in ANP mRNA expression in ANP+/+ mice at 

the 1 week timepoint; it is possible for the regulator of cardiac hyperplasia to be down-regulated 

at a developmental stage to allow the heart to undergo rapid expansion. In the ANP-/- mice at the 

same time point, it is apparent that alternate components of the NPS (BNP, NPR-A, NPR-B) are 

differentially expressed. These expressional changes, paired with previous knowledge of cardiac 

expansion at roughly this timepoint all indicate that major cardiac changes are occurring at week 

1.  

 

6.2.6.1 Expression of NPR-A 

Analysis of receptor levels can also give insight into the molecular mechanisms 

underlying a physiological response. As previously outlined, the physiological effects of both 

ANP and BNP are mediated through NPR-A. ANP and BNP both participate in the extravasation 

of excess intravascular fluid across vascular endothelial cells. Previous studies have correlated 

NPR-A expression to embryonic endothelial cells, implicating this receptor with such diuretic 

properties of ANP and BNP [72, 115]. Fluid balance is critical to cardiovascular homeostasis, and 
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is absolutely crucial to perinatal survival [93]. Intravascular fluid balance changes with differing 

and increasing solute concentrations, increasing surges in blood pressure, and physiological 

stimuli (for example, weaning).  

During normal cardiac development, NPR-A expressional levels are similar throughout 

all timepoints. Interestingly, NPR-A receptor expression was reduced in ANP-/- mice between 

weeks 1 to 4, and these differences reached significance at the 1 week timepoint. This result may 

be explained by a receptor-ligand feedback mechanism; the expression initially mirrors that of the 

ANP+/+ mouse, however is reduced in the absence of total ligand (ANP) during subsequent 

timepoints until week 5. Conversely, the significantly decreased NPR-A expression at week 1 

may be a reactive compensation to the increased BNP mRNA overexpression also observed at 

this timepoint.  

Whereby NPR-A mRNA expression gradually increased during postnatal cardiac 

development, fluctuations observed in the overall NPR-A mRNA expression profile in ANP-/- 

mice throughout development are most likely reflective of underlying homeostatic fluid 

imbalance immediately after birth, and higher-than-normal blood pressure demands at later 

timepoints.  

 

6.2.6.2 Expression of NPR-B 

Although increases in NPR-B mRNA expression in ANP-/- mice consistently lag behind 

NPR-B mRNA expression in ANP+/+ mice throughout development, both ANP+/+ and ANP-/- mice 

demonstrate an upward trajectory of increasing expression of NPR-B. This trend was interrupted 

in ANP-/- mice at 1 week, when levels significantly drop at this timepoint exclusively. Such a 

decrease is consistent with the mRNA expressional decreases in ANP and NPR-A. Again, the 

interacting nature of the NPS is seemingly responsible for this decrease. 
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Perhaps similar to NPR-A, the significant decrease in mRNA expression of NPR-B at 

week 1 may be a reactive compensation to the drastic increase in BNP mRNA expression at this 

timepoint. Conversely, NPR-B may be decreased due to decreased ligand (ANP, BNP) expression 

at this timepoint. Although CNP is the primary ligand for NPR-B, ANP and BNP share similarly 

weak binding affinities for this receptor, potentially underlying its differential gene expression.  

NPR-B has been localized to the cell membrane of fetal smooth muscle cells, implicating 

this receptor in mediating the vasodilatory actions of ligand NPs [72, 86]. Although transient, 

sustained vasodilation needs can be logically correlated to changes in blood pressure and 

intravascular volume changes. Accordingly, blood pressure has been shown to increase 

throughout development [97, 98], which would warrant the need for vasodilation to maintain 

intravascular blood volume and flow homeostasis, especially at later timepoints.   

 

6.2.6.3 Expression of NPR-C 

mRNA expression levels of NPR-C, the receptor responsible for the clearance of peptides 

from circulation, also pointed to the compensatory nature of the NPS. In normal cardiac 

development, expression of NPR-C was consistently high until 3 weeks, after which it drops off. 

This trend was not evident in the ANP-/- mouse; NPR-C expression is significantly decreased at 

day 1, and this decrease is apparent throughout development.  

Similarities between ANP+/+ and ANP-/- mice include the reduction of NPR-C mRNA 

expression after the 3rd week. Examining such overall NPR-C mRNA expression profiles in both 

ANP+/+ and ANP-/- mice, it is apparent that NPR-C populations were gradually established 

throughout development, whereby negligible changes were made after week 3. This effect can be 

partially explained by the greater blood pressure demands during later postnatal timepoints, and 

thus the need for NPs to remain in circulation.  
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Specifically in ANP-/- mice, levels were reduced immediately at day 1, and remained 

reduced throughout development. The drastic changes observed after week 3 in ANP+/+ mice were 

not nearly as prominent in the overall expressional profile of ANP-/- mice, which may be 

indicative of NP conservation throughout development in the absence of ANP.  

When this trend is compared with the established plateau of ANP mRNA expression, it 

seems plausible that this timepoint marks the age when the NPS is primarily established and the 

neonate has adapted to the ex utero hemodynamic load. It is probable that minor adjustments in 

NP and NPR expression are made to match subsequent demand for BP homeostasis. Examination 

of NP receptors support the notion that BNP is not the only molecule with the capacity to 

compensate for the absence of ANP, and that ANP gene-disruption results in vast molecular 

changes; at week 1 the receptors responsible for mediating the physiological effects of all NPs, 

NPR-A and NPR-B were both significantly down-regulated. 

 

6.2.7 Total NP Ligand-Receptor Effect 

Just as genetically disrupted mouse models have demonstrated that NP mRNA expression 

is controlled by different factors, the current study proves postnatal cardiac development to be 

differentially regulated in the absence of ANP. NPR mRNA expression has been previously 

reported to be up-or-down regulated according to physiological need [122]. NPR 

internalization/recycling is an intrinsic measure of control over NP actions, thus making it 

probable for NPR populations to become established during early postnatal development.  

General observations of NPR trends in both ANP+/+ and ANP-/- mice suggest interesting 

differences between the expression of each NPR; NPR-A expression appears to be somewhat 

constitutively expressed throughout development, NPR-B is gradually increased, and NPR-C is 

gradually decreased. Comparing these differences with the less specific trends of NPs (besides the 
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drop in ANP expression at week 1 in ANP+/+ mice), suggests postnatal ligand control happens at 

the NPR mRNA expression level instead of the NP mRNA expression level. 

 

6.2.8 Interpretation of Current Results with Overall Implication in the Literature 

As demonstrated in the above outlined physical, morphological, morphometric, and 

molecular analysis, it is clear that the absence of ANP during development leads to cardiac 

enlargement, and dysregulated vessel organization and volume. By virtue of the intricate organ-

level processes involved in prenatal development (cardiac looping, myocardial differentiation, 

septation, trabeculation, and valve formation) [112, 113] and in postnatal development (regulated 

growth of the myocardium, continued vasculogenesis, and extracellular matrix deposition) 

[19]comprising normal cardiac development, the overall perinatal processes of cardiac 

ontogenesis and maturation involve a complex integration of molecular signals into physiological 

adaptations. Although there is overlap among these factors, each maintains unique signalling 

qualities. While such overlap allows for immediate survival, in any case of cardiac gene 

disruption there is obvious detriment to the final cardiac structure. The pathological severity of a 

gene-disrupted phenotype can be directly correlated to the position of the gene product within its 

signalling cascade; if a molecule is a higher order effector it is less likely to share redundant 

properties with alternate factors, and likewise, if a molecule is a lower order effector it is more 

likely that alternate molecules can better compensate for its absence.  

Because proANP gene disruption does not result in embryonic lethality, it is clear that 

ANP is not critical for survival. In this model, BNP is able to compensate for some of the 

functions of ANP. This rationale is supported by examining the outcome of the NPR-A-/- mouse 

model [87]. NPR-A-/- exhibit reduced survival and a more severe phenotype compared to ANP-/- 
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mice; NPR-A-/- mice show that even with severely restricted ANP plus BNP actions (NPR-B was 

shown to be upregulated), at least short term survival is likely. Up-regulation of the NPR-B 

receptor demonstrates the cross reactivity of the ligands and receptors in this system. Although 

survival does not depend on the regulated expression of NP during development, the current 

study outlines how proANP gene disruption results in immediate structural changes which likely 

contribute to the compromised cardiac phenotype observed in adult animals of the same 

genotype. The role of ANP in the regulation of cardiomyocyte development is linked to proper 

coronary vasculature development, and similarly proper structural architecture contributed by the 

extracellular matrix (Figure 20).  

The increasing cardiac phenotype severity of corin-/-, ANP-/-, and NPR-A-/- mice, 

combined with the findings of the current study plausibly point to a strong link between 

pathological cardiac development and the compromised cardiac structure and function observed 

in all three mouse models. This gradient is apparent in adult outcomes: corin-/- mice demonstrate 

cardiac hypertrophy, spontaneous hypertension, and mildly declined cardiac dysfunction later in 

life (which is exacerbated by pregnancy) [133]; ANP-/- mice demonstrate cardiac hypertrophy, 

and salt sensitive and chronic hypertension [51]; and NPR-A-/- mice demonstrate hypertension, 

marked cardiac fibrosis, cardiac hypertrophy, and proves to be lethal in male mice before the age 

of 6 months [87, 88]. The severity of cardiac hypertrophy, as measured by HW/BW, also 

mirrored this gradient of phenotype severity; corin-/- mice demonstrate a 25% increase in 

LVW/BW over wildtype littermates [133]; ANP-/- mice demonstrate a 40% increase in HW/BW 

[51]; and NPR-A-/- demonstrate between a 33% (females) and an 85% (males) increase in 

HW/BW over wildtype littermates [87].  
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 Figure 20. A schematic of the diverse properties of ANP on various components of cardiac 

development.  A) ANP regulates endothelial cell proliferation and vascular smooth muscle cell 

(VSMC) proliferation which contributes to overall regulation of coronary angiogenesis. B) ANP 

inhibits cardiomyocyte (CMC) proliferation, and has been shown to promote apoptosis in 

cultured CMCs. C) ANP has been shown to participate in the regulation of fibroblast 

proliferation, thus contributing to the regulation of extracellular matrix.   
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The cardiac hypertrophy observed in NPR-A-/- mice is disproportionately greater than the 

observed increases in blood pressure. In fact, when blood pressure was therapeutically corrected, 

NPR-A-/- mice maintained significantly greater cardiac hypertrophy as compared to NPR-A+/+ 

mice [87]. Conclusively, NPR-A mediates an anti-hypertrophic, as well as an anti-hypertensive 

physiological response. The physical data of the current study reveal drastic cardiac remodelling 

during early postnatal development, which may be the result of the prolific capacity of 

cardiomyocytes in the absence of ANP. 

It is of relevance to note that all morbidities in NPR-A-/- mice were reported to be of 

circulatory, and more specifically congenital heart failure. Echocardiographic and hemodynamic 

data were analyzed to reveal a drastically increased stroke volume and basal stroke work, 

suggesting severe cardiac cardiomyopathy [87]. Because postnatal cardiac development has not 

been described in any NP gene-disrupted mouse model, it is possible that the adverse cardiac 

phenotypes observed in the outlined mouse models are a resultant of pathological perinatal 

cardiac development. The exacerbated hypertension and hypertrophy, plus cardiac-derived 

lethality observed in NPR-A-/- mice strongly support this conclusion, as the complete lack of NPs 

during the growth and modulatory stages of development likely lead to the deleterious cardiac 

outcomes in adulthood. 

Previous studies have also outlined the interactions of ANP with alternate cardiac 

hormonal systems (Figure 21). Of these, the expression of nitric oxide (NO), or the enzyme 

responsible for its production, endothelial nitric oxide synthase (eNOS), appears to also be 

closely linked to the regulation of myocardial development [134, 135, 136]. Studies involving the 

use of eNOS-/- mice have revealed a likely role of NO in perinatal cardiac development; eNOS-/- 

mice exhibit septal defects, congenital heart failure, and interestingly, sustained ANP expression 

at 1 week postnatally [134]. The latter finding suggests a possible inter-regulatory role of ANP  
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Figure 21. A diagrammatic representation of potential relationship between ANP, vascular 

endothelial growth factor (VEGF), and endothelin-1 (ET-1) during coronary vasculogenesis. ANP 

inhibits the transcription of VEGF, which stimulates the proliferation of endothelial cells. The 

intravascular levels of ANP and ET-1 have heen shown to fluctuate together, suggesting co-

regulation between ANP and ET-1. ET-1 stimulates vascular smooth muscle cell (VSMC) 

proliferation. Both VEGF and ET-1 contribute to increased vasculature in the absence of ANP. 
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over eNOS expression, as well as a compensatory capacity of NO in the absence of ANP. Similar 

to ANP, NO mediates its intracellular effects through the second messenger, cGMP [135]. 

Increased intracellular concentrations of cGMP lead to the nuclear accumulation of Akt and zyxin 

[137].  

Nuclear accumulation of Akt and zyxin permit these molecules to interact, leading to 

altered transcriptional activities, which results in reduced myocyte proliferation [138]. 

Norepinephrine (NE) causes increased intracellular concentration of cAMP, which leads to 

reduced cGMP, thus counteracting the physiological effects of ANP. Accordingly, NE has been 

implicated in the stimulation of myocardial angiogenesis [135].  

As such, rapid myocardial growth is accompanied with the expansion of capillary 

vasculature through various communicatory mechanisms (Figure 22). The increased/disorganized 

vasculogenesis observed in ANP-/- mice throughout postnatal development can be correlated to 

the regulatory capacity ANP has over vascular endothelial growth factor (VEGF) [139], and this 

interactive relationship endothelin-1 (ET-1) [140, 141, 142].  

Previous studies have linked VEGF with increased angiogenesis, specifically stimulating 

the proliferation of endothelial cells [143, 144]. Similarly, previous studies have linked ET-1 with 

the proliferation of vascular smooth muscle cells (VSMC) [145-147].  

As previously outlined, the pathological severity of a gene-disrupted phenotype can be 

directly correlated to the position of the gene product within its signaling cascade. The promoter 

regions of ANP and BNP are regulated by a number of GATA factors and diverse transcription 

factors. The interaction of GATA transcription factors, with co-factor FOG-2, has been shown to 

be essential for normal coronary system development [44].  Accordingly, previous studies have 

demonstrated that various GATA factors are critical for embryonic cardiogenesis, and specifically 

cell migration, cell differentiation and matrix remodeling [142, 148, 149]. These actions are  
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Figure 22. A diagrammatic representation of the potential relationships between ANP and the 

regulation of myocardial growth. ANP signaling leads to increased intracellular concentrations of 

cyclic guanosine monophosphate (cGMP), which causes nuclear accumulation of Akt and zyxin. 

These transcription factors in turn regulate the proliferative capacity of CMCs. Norepinephrine 

(NE) has been shown to inhibit the accumulation of intracellular cGMP through the accumulation 

of cAMP.  Nitric oxide (NO), the enzymatic product of eNOS (endothelial nitric oxide synthase), 

has been shown to mediate similar physiological effects as ANP.  The investigation of this 

relationship in eNOS-/- mice during perinatal cardiac development  have demonstrated a co-

regulatory/stimulatory relationship with ANP. 
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consistent with the actions of the NPS. A clear understanding of the beginning of the NPS 

cascade will inevitably shed light on alternate consequences of NPS gene disruption. As such, a 

dysregulated myocardial growth, paired with abnormal coronary vasculature development, likely 

bear consequence on the closely linked extracellular matrix support. 

The postnatal timeframe is a critical time in the transition of ECM composition and 

arrangement to that seen in the adult.  The NPs have also been shown to have a role in ECM 

establishment, and overall architecture of coronary collagen [150]. ANP, BNP and CNP have all 

been shown to suppress cardiac fibroblast proliferation or growth in culture [57, 113]. In 

particular, BNP and adrenomedullin have been shown to limit extracellular matrix expansion 

[151-155]. In total, these properties are critical in the regulation of myocardial development, as 

well as modifications to final adult cardiac architecture in the scenario of cardiac hypertrophy and 

fibrosis (Figure 23).  Overall, these findings and postulations point to the conclusion that a single 

gene disruption leads to a myriad of altered expressional profiles. 

 

6.3 Relationship to Disease in Human Populations 

The current study demonstrates how adverse conditions during early development can 

manifest into altered cardiac structure. Specifically, the lack of ANP during postnatal 

development results in cardiac hypertrophy, and abnormal coronary vasculature organization and 

volume. This work is in support of the notion that independent of blood pressure, gross physical 

and morphological changes in cardiac mass and composition are preceded by altered genetic 

profiles of endogenous systems responsible for cardiovascular tissue development and 

physiological homeostasis. Molecular work revealed that NPR-A, NPR-B paired with ANP and 

BNP are differentially expressed through normal postnatal cardiac development, suggesting that  
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Figure 23. A diagrammatic representation of potential relationship between BNP, 

adrenomedullin (ADM), and extracellular matrix (ECM) formation.  Increased cardiac workload 

constitutes increased blood pressure, or reduced cardiac efficiency (in the case of structural 

abnormalities). BNP and ADM have both been shown to be upregulated with such stimuli. BNP 

is co-regulated with connective tissue growth factor (CTGF), and disruption in the expressional 

ratio of these two factors results in dysregulated ECM formation. Both BNP and ADM act to 

inhibit fibroblast proliferation, and regulate expansion capacity of the ECM. 
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these factors are involved in the critical processes of growth modulation and postnatal blood 

pressure establishment. Examining the expression of these same hormones/receptors in ANP-/- 

mice during postnatal cardiac development revealed NPR-B, NPR-C and BNP to be differentially 

regulated (or dysregulated) in the absence of ANP. The differential expression in ANP-/- mice, 

plus the high survival rate of ANP-/- offspring suggest the expressional adjustments of NPR-B, 

NPR-C and BNP. Alternate NPS factors may in fact somewhat compensate for ANP, assuming a 

shared role in the growth modulation and increasing blood pressure demands in ANP-/- mice. 

The NPS has been fully implicated in the modification of cardiac tissue; during 

development the NPS regulates cardiac development and allows the cardiovascular system to 

adapt to increasing and changing physiological conditions [83]; in the mature heart, the NPS 

maintains cardiovascular homeostasis [52, 53]; and in the diseased heart, the NPS is involved in 

the cardiac remodeling, and consequential adaptive genetic reprogramming [156]. It is inarguable 

that a complete understanding of the NPS in cardiovascular development, function and disease is 

critical to advancing the field of CVD prevention, treatment and therapies in human populations. 

The relationship between the NPS expression and normal neonatal development is also of 

importance in establishing diagnostic and prognostic therapeutic options in neonatal 

cardiomyopathies.  

Already, it has been established that neonatal heart weight is extremely sensitive to 

nutritional status, cardiovascular and metabolic abnormalities, as well as adverse intra uterine 

conditions (for example, maternal diabetes and pre-eclampsia) [157, 158]. Currently, plasma BNP 

levels are clinically assayed to indicate severity of heart failure symptoms [159], administered (as 

Nesiritide) to treat heart failure [160], and to gauge the extent of cardiac dysfunction in children 

with congestive heart failure [161-167]. Thus the actions of the NPS in various physiological and 

pathological contexts are diverse and complex. However, the vast potential for advances with 
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NPS in the field of molecular cardiology warrants further investigation into the developmental 

properties of the NPS.    

 

6.4 Conclusion 

The absence of ANP during early postnatal development is evident in gross physical 

characteristics, coronary vasculature volume and organization, and NPS expressional patterns as 

compared to postnatal development in ANP+/+ mice. Although the small size and vulnerable 

physiology of the postnatal age cohort limits the use of blood pressure measurement, the physical, 

morphological, morphometric and molecular observations obtained in the current study have 

helped create a developmental profile during normal and pathological postnatal cardiac 

development in ANP+/+ and ANP-/- mice, respectively. Such findings implicate the role of ANP 

during cardiac organogenesis and early development; it is clear that early molecular events have a 

profound impact on final heart structure and function.  
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Chapter 7 

Future Directions 

This thesis outlines some of the mechanisms of cardiac developmental abnormality 

underlying hypertrophy and salt-sensitive hypertension observed in adult ANP-/- mouse 

populations. This work investigated morphologic, morphometric, and molecular changes in the 

developing hearts of ANP+/+ and ANP-/- mice during a progression of early postnatal timepoints. 

The findings demonstrate that ANP plays an important role in early postnatal development, and 

that the pathological cardiac phenotype observed in mature animals is at least partially established 

during postnatal cardiac development.  

A number of studies contribute the cardiac pathology observed in various heart failure 

animal models to a physical manifestation of chronic hypertension and other physiological 

disturbances. The current study revealed cardiac pathology as a result of ANP gene-disruption to 

be present on the first day of birth – long before blood pressure is thought to increase to mature 

levels. This thesis has laid a foundation for the role of ANP during early postnatal development, 

and opens up several avenues for future work in the structural and functional characterization of 

pathological cardiac development in the absence of ANP.  

Of these avenues, it would be fruitful to analyze the expression of alternate factors known 

to be involved in adult cardiovascular homeostasis – including the renin-angiotensin system 

(RAS) [168], the adrenomedullin system [154], the nitric oxide system [10], the endothelin 

system [141], and intracellular molecules such as Akt [169-171] - as the ANP-/- animal model 

provides unique forum for the investigation of underlying mechanisms of cardiac pathology in the 

absence of a single critical factor.  

Extracellular matrix is composed of proteoglycans, non-proteoglycan polysaccharides, 

and fibres (mainly collagen), and in the heart provides structural integrity for coronary 
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vasculature and contracting myocytes [23]. The structural integrity of the ECM is critical for 

survival, and collagen modification is an indication of changing architecture – whether 

developmentally or pathologically induced. The pathological disruption of factors involved in 

ECM homeostasis has been shown to be deleterious to both micro-and-macroscopic structures. 

The current work outlines how ANP gene-disruption leads to early molecular events during 

cardiac development which in turn have profound impact on final heart structure. The gross 

structural changes in cardiac size observed could be attributed to altered ECM formation with the 

use of histological special staining techniques (to determine differential collagen deposition, 

arrangement).  

Although alternate NPS factors are differentially expressed in the absence of ANP, it is 

apparent by previous and current work that these factors cannot fully compensate for the normal 

developmental or physiological actions of ANP. Consequently, it would be beneficial to 

differentially express ANP; ANP could be reintroduced into circulation in order to confirm the 

critical role of ANP during development. The subsequent lessening or reversal of the pathological 

cardiac phenotype would confirm the centrality of ANP in cardiac development. Similarly, the 

actions of ANP could be blocked in the circulation of prenatal, postnatal, and adult ANP+/+ mice. 

The comparison of cardiac phenotypes would delineate the role of ANP during these very 

different developmental stages (organogenesis versus postnatal cardiac modification versus 

cardiac maturation). 

Along a similar line of thought, it would also be interesting to investigate the postnatal 

cardiac phenotype of ANP transgenic animals; again, the central role of ANP would be confirmed 

if this overexpression led to an  improved cardiovascular outcome compared to ANP+/+ animals. 
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Reduced heart size and hypotension are observed in adult ANP transgenic mice [51], 

making it plausible that excess ANP production would cause a similar result during postnatal 

development.  

ANP+/+ and ANP-/- neonatal mice exhibit drastic differences in vasculogenesis. While the 

focus of the current study was to document this process, other differences were also observed. Of 

particular interest were the severe HW/BW differences at all timepoints examined. Although 

morphometric analysis used to quantify differences in blood vessel volume, no difference in 

myocyte volume was observed. As outlined in the discussion section, cardiac size difference 

between ANP+/+ and ANP-/- neonatal mice is likely attributable to the anti-proliferative effects of 

ANP on myocytes. However, it would be very interesting to verify this finding/conclusion 

through the determination of cell size and number. This analysis could involve the use of electron 

microscopy with a nucleus counting procedure, or cell/nucleus ratio determination procedure 

[172, 173]. 

An additional future direction has been pursued following up on the hyper-vascularization 

observed in the hearts of ANP-/- mice during early postnatal development, as outlined in the 

current study. Numerous studies have shown VEGF-A, a signaling molecule in the angiogenic 

cascade responsible for the recruitment and differentiation of endothelial cells [147], to be 

upregulated in pathological angiogenic states. Since VEGF-A is such a potent angiogenic factor, 

it was logical to examine its expression in the hearts of ANP-/- mice during early vascular 

establishment (Figure 21). Molecular biology techniques used to examine VEGF-A expression 

were identical to that previously described, however insufficient samples were available from the 

day 1 age cohort to include in this additional experiment. As anticipated, VEGF-A mRNA 

expression was shown to be significantly upregulated in the hearts of ANP-/- mice between weeks 

2 to 5 (Figure 24). In order to better understand the role of VEGF during the establishment of  
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Figure 24.  VEGF-A mRNA expression in ANP+/+ and ANP-/- postnatal mice at weeks 1 to 5. The 

vertical axis is the ratio of target gene expression (VEGF-A) to reference gene expression (m18s). 

Weeks 1 to 5 = w1, w2, w3, w4, and w5. Data are represented as the mean ± S.E.M. * denotes 

P<0.05 as determined by one way ANOVA followed by Tukey post hoc test; n=4-6 per age, per 

genotype. 
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coronary vasculature in both normal and pathological cardiac development, it is important to 

consider this signaling molecule in the context of its receptors and cofactors. Although ANP has 

been reported to inhibit general VEGF expression, additional work examining alternate types of 

VEGF (VEGF-B, VEGF-C, VEGF-D, PlGF) and VEGF receptor (VEGFR-1, VEGFR-2, 

VEGFR-3 ) [147] expression is required for the eventual elucidation of the definitive relationship 

of VEGF and ANP during early cardiac coronary angiogenesis.  
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Appendix A 

High Pure RNA Isolation 

 

 

 

Table A.1. High Pure RNA Isolation Kit (Roche, Montreal QU) buffer recipes. 
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Appendix B 

Gene Expression Analysis using LightCycler 480® real-time RT-PCR 

 

General Background 

Real-time RT-PCR allows cDNA gene products to be amplified and simultaneously 

quantified. Genes of interest were amplified using gene-specific primers, and the fluorescent mix 

containing the detection molecule SYBR Green I. The greater the number of gene copies, the 

sooner the reaction product will fluoresce. The crossing point is the measure of early expression, 

and is the fractional cycle number at which the fluorescence exceeds background fluorescence 

level (automatically collected by the LightCycler 480® software). This comparison is based on 

crossing point values, and essentially compares the rates of fluorescence between reference and 

target genes. Efficiency of the reaction is calculated based on slope of standard curve, and is a 

culmination of factors including primer and enzyme efficiency.  
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Figure B.1. (A) 18S ribosomal RNA standard curve. cDNA from each sample was pooled and 

serially diluted (5x, 1x, 1/10, 1/50, 1/100, 1/500) . Standards were run in triplicate.  A flat line for 

the non-template controls, containing all reagents except for cDNA, confirms the absence of 

contaminating DNA. (B) 18S ribosomal RNA duplicate samples from pre-weaning and post-

weaning ANP+/+ mice. Standards were run in triplicate. A flat line for the non-template controls, 

containing all reagents except for cDNA, confirms the absence of contaminating DNA. 

Quantification of 18s rRNA was determined by comparing standard samples with the 

corresponding 18S standard curve. 
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Figure B.2. (A) ANP standard curve. cDNA from each sample was pooled and serially diluted 

(5x, 1x, 1/10, 1/50, 1/100, 1/500) . Standards were run in triplicate.  A flat line for the non-

template controls, containing all reagents except for cDNA, confirms the absence of 

contaminating DNA. (B) ANP duplicate samples from pre-weaning and post-weaning ANP+/+ 

mice (red). Standards were run in triplicate. A flat line for the non-template controls, containing 

all reagents except for cDNA, confirms the absence of contaminating DNA. Quantification of 

ANP was determined by comparing standard samples with the corresponding ANP standard 

curve. 
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Appendix C 

Novel Experimental Vascular Casting Technique 

 

Materials 

Previous to polymer injection, systemic circulation is flushed with a preparatory 

perfusion solution. This perfusion buffer is comprised of NaCl (80g), KCl (7.45g), and EDTA 

(7.45g) made up to 1000mL at pH 7.4, and stored in this 10X concentrated form. Immediately 

preceding injection, the perfusion buffer was diluted with water to 1X concentration. 

Batson’s No 17 Plastic Replica and Corrosion kit comprises a partially polymerized 

monomer, catalyst, coloured dye (in powder form), and a promoter. These components are kept 

on ice, and added together immediately before injection into the designated vessel. Polymer is 

injected with a syringe and needle appropriate for the size of the vessel. The entire specimen is 

refrigerated to detract from the exothermic heat generating process of polymerization, which 

helps conserve structural integrity of injected tissues.  

Depending on reagent proportions (increased volumes of catalyst or promoter results in 

faster polymerization), size of the organ, amount of total polymer injected, and temperature of 

polymerization environment, the injected specimen is ready for further processing between 2-3 

hours and 3 days. At the time of injection, remaining polymer is put in a microcentrifuge tube to 

indicate when tissue-injected polymer is cured (polymer easily slides out of tube). Organs are 

then excised and submersed in a basic solution (5-10M NaOH), followed by an acidic 

solution(1M HCl), and finished with a detergent (industrial-use soap), for varying times 

depending on structural content and rigidity.   
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Experimental Modifications 

Although vascular casting has been performed in alternate animal models by other 

research groups [99, 100], and previously on adult ANP-/- mouse hearts by our research group 

(Pang Lab, Queen’s University), this technique has never before been performed on neonatal 

mouse hearts. Progress was initially limited by the logistics of injecting into such a small area; 

actual overall body weight of these mice ranged from 1 to 25g, and the heart weight ranged from 

mg. In addition, the drastically reduced rigidity of cardiovascular tissues (heart, abdominal aorta) 

was also a major limitation during this time. However, these obstacles were overcome with a 

number of procedural modifications. Initially, it was apparent that each timepoint required a 

different needle gauge size (Table 2). In order to prevent the collapse of the abdominal aorta two 

sutures were put in place preliminary to needle insertion, and were delicately tightened around the 

needle/vessel complex once the needle was inserted. As well, a considerably smaller amount of 

polymer was needed for injection, and smaller amounts allowed for a more sensitive detection of 

the vascular injection volume capacity.  

Because of the more collapsible vessels, we discovered that submersing the entire mouse 

corpse in refrigerated cold saline solution (0.9% NaCl/0.1% Azide) allowed the polymer in the 

vessels to form independent of the pressure from the weight of surrounding structures. In 

addition, the time for complete hardening of the polymer was drastically reduced in the neonates 

compared to adult mouse hearts (1-2 days compared to 2-3 days). Finally, the excised mouse 

heart required much less processing to remove surrounding tissues from the polymer cast. While 

the adult required stronger detergent NaOH, bleach and detergent solutions (each for multiple 

days), the older neonates required mild bleach and detergent (for less than 1 day each solution), 

and the younger neonates required only detergent (for 1 day). 
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Table C.1. Age, Weight, and Needle Size parameters for polymer injection technique.

Postnatal Timepoint Average Weight (g) Optimal Needle Size 

1 Day 1.43 ± 0.15 N/A

1 Week 4.82 ± 0.82 25 gauge; 1 inch

2 Week 9.54 ± 0.83 25 gauge; 1 inch

3 Week 10.71 ± 1.51 23 gauge; 1 inch

4 Week 18.00 ± 2.13 21 gauge; 1.5 inch

5 Week 21.70 ± 2.45 21 gauge; 1.5 inch
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Appendix D 

Stereological Analysis of Cardiac Tissue 

 

General Background 

The use of stereological methods in cytology was originally established by the Delesse 

Principle and elaborated by Weibel [174], and applied to vascular tissue by Pang and Scott [119]. 

This principle is based on the assumptions that; every section is cut at random by a non-oriented 

section, and that an n-dimensional structure of tissue is represented on the section by an (n-1)-

dimensional image. This principle allows bodies to be represented as areas, surfaces as lines and 

lines as points. By using a stereological grid over an image of a section of tissue, the 

corresponding number of times an “X” overlies or touches the structure of interest is actually 

representative of an estimated volume occupied by this structure. This is demonstrated by 

equation 1.  
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Equation D.1. Vx= the volume fraction of component “X”; Vt = the total volume of the organ 

containing “X”; Px = the number of points overlying the profiles of “X”; Pt = the total number of 

points overlying the section of the organ containing “X”. 
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Application of Technique to Current Study 

The sampling grid used for this analysis was a 10x10 regular point lattice, and gives 

direct percent values for volumetry (Figure 5).  

Since the organization of vasculature within the heart is organized so that major blood vessels are 

traveling from the base to the apex, and the minor vessels branch out in a perpendicular fashion 

from these major vessels, and microvessels from there, the random sampling technique used in 

the present study may introduce a high variation in the estimates. In order to avoid extreme 

variations the sampling was still random, and completely blind, however areas were selected 

according to the presence of micro-vessels in cross section. 

In order for a sample of analyzed micrographs to have minimal variability, and thus 

accurately represent the compositional features of the tissue, the variance between number of 

micrographs required for analysis was optimized. As such, a large selection of micrographs from 

a single tissue sample was analyzed to determine the minimum number of micrographs at which 

the variation of the estimates was stabilized. These variations were plotted against the number of 

micrographs counted. A total of 38 micrographs were analyzed according to established protocol, 

and it was determined that standard deviation of the estimates reached a plateau around the 5th 

micrograph (Figure 6, Figure 7). Thus, it was determined that each sample could be most 

accurately analyzed with at least 6 micrographs for minimized vessel volume error, and at least 7 

micrographs for minimized myocyte volume error. As such stereological sampling consisted of 

counting the total number of vessel, myocyte and “other” profiles in 7 micrographs of each of 4 

specimens.  
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Figure D.1. Optimized number of micrographs for minimized vessel volume error. 
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Figure D.2. Optimized number of micrographs for minimized myocyte volume error. 
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Figure D.3. Stereological grid overlying image demonstrating the stereological counting method. 

Any structure that is marked with any parts of the “+” indicates a count. Histological H&E 

stained section of 2 week ANP+/+ mouse heart. 
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Appendix E 

 

Wet Lung Weight/Dry Lung Weight Analysis 

 

 

 

 

Table E.1. Wet lung, dry lung, and wet-to-dry lung weight values for ANP+/+ and ANP-/- male 

mice throughout postnatal development (day 1, weeks 1 to 5). 

 

ANP wildtype neonates (males) ANP knockout neonates (males)

Wet lung Dry lung wet-to-dry Wet lung Dry lung wet-to-dry 

postnatal timepoint n weight (mg) weight (mg) weight n weight (mg) weight (mg) weight

day 1 10 34.48 �7.84 5.74 � 1.34 16.65 �0.69 6 46.07 �8.30 8.43 � 1.34 18.40 �1.33

week 1 6 106.67 �10.17 20.38 �1.82 19.15 �1.17 7 118.54 �12.23 22.40 �1.79 18.94 �0.61

week 2 5 134.7 �16.90 24.35 �2.66 18.11 �0.39 3 160.35 �20.34 36.83 �5.00 63.22 �3.22

week 3 5 111.60 �8.34 23.48 �1.82 21.04 �0.38 8 106.61 �30.63 23.95 �5.76 22.64 �0.86

week 4 7 120.81 �12.29 26.26 �2.65 21.74 �0.52 6 140.88 �30.37 33.22 �3.02 24.40 �4.96

week 5 7 129.96 �7.06 28.43 �1.14 21.93 �1.48 6 159.67 �19.22 36.02 �4.05 22.58 �0.48
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