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Abstract 

The developmental origins of health and disease (DOHaD), originally defined by Dr. 

David Barker, recognizes that in addition to adverse exposures in adulthood, influences during 

early stages of development contribute significantly to disease risk later in life. This suggests 

additional target periods for intervention across the course of life that will assist in reducing the 

global burden of disease. The development of hypertensive disorders of pregnancy (HDP) or 

other pregnancy-related syndromes, negatively affects both the maternal and fetal physiological 

systems predisposing mothers and infants to increased incidence of cardiovascular disease 

(CVD). We hypothesize that gestational hypertension, a mild form of HDP, impacts maternal 

cardiac remodeling during pregnancy and the response of offspring to a cardiovascular disease 

stress, such as acute ischemic stroke in adulthood.  

 The established atrial natriuretic peptide gene-disrupted (ANP−/−) mouse model was 

utilized in this thesis to investigate the influence of chronic and gestational hypertension on 

pregnancy-induced cardiac alterations in addition to cerebrovascular response to stroke. 

Objectively, we sought to characterize novel methods to investigate the effects of fetal-

programming on ischemic stroke and provide experimental evidence to correspond with currently 

published epidemiological observations. Collectively, our data are the first to experimentally 

describe the long-term consequences of gestational hypertension and lack of maternal ANP on 

stroke outcome and cardiac remodeling over the course of pregnancy. During pregnancy, we have 

demonstrated the onset and regression of pregnancy-induced cardiac hypertrophy as well as the 

local cardiac mRNA expression of the renin-angiotensin and natriuretic peptide systems (RAS 

and NPS, respectively).  We have additionally shown up regulation of the RAS late in pregnancy 

while the NPS was up regulated post partum.  Herein, we have also demonstrated that although 

gestational hypertension did not adversely affect maternal cardiac remodeling over the course of 

pregnancy, gestational hypertension did significantly impact the cerebral response of offspring to 
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focal ischemia by up regulating cerebral vasoactive systems implicated in ischemic stroke; 

namely the endothelin (ET) and nitric oxide synthase (NOS) systems. 
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1.1 Cardiovascular disease: a global burden 

Medical advances in the last century have provided dramatic improvements in global 

health. Urbanization and industrialization created an “epidemiological shift” from a 

predominance of infectious disease and nutritional deficiencies to non-communicable diseases 

(NCDs) such as diabetes, cancer and cardiovascular disease (CVD) (1,2). Since then CVD has 

remained the leading cause of death worldwide (3) with the predicted number of annual deaths 

increasing every year. Consequently, decades of innovative research have been devoted to the 

discovery of preventative and therapeutic treatment strategies to decrease the burden of global 

CVD. In 2012 an estimated 17.5 million deaths were attributed to CVD; approximately 31% of 

global death that year (4,5). Of this, 6.7 million were due to stroke. Epidemiological projections 

have predicted that global death due to CVD will increase by 37%, reaching 23.5 million by the 

year 2030 with ischemic heart and cerebrovascular disease as the leading causes (4,5).  

According to the 1999 World Health Report, 85% of CVD burden arose from low- and 

middle-income countries (6). The surge in life expectancy, transitioning demographics and 

increased exposure to risk factors has contributed to the escalation of CVD in these regions (7). 

The drive in this transition has led to changes in behavioural risk factors for example, poor 

dietary habits (increased consumption of fats, sugars and salt) and decreased physical activity 

(1,8) consequently leading to metabolic risk factors attributed to CVD (9). Although, death to 

stroke or ischemic heart disease in low- and middle-income countries is 5 times more likely than 

in high-income countries (10), it is important to note that the prevalence of CVD in these 

developed regions still remains a challenge. Therefore it is now understood that a global approach 

to prevention is necessary to tackle the challenges this epidemiological shift has generated (5).  
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Cerebrovascular disease or stroke represents only one subtype of CVD. Among all 

CVDs, stroke continues to be one of the most devastating neurological conditions. Termed as a 

disease of aging, it is expected that the prevalence and mortality rates of stroke will increase 

considerably as large proportions of the global population begin to age (11). A focus beyond the 

measure of mortality rate has begun in an attempt to better understand the long-term impacts of 

disease. Disability-adjusted life-years (DALYs) were developed to provide information on both 

the years of life lost to premature death and the years of life lived with disability (12). Due to the 

debilitating effects of stroke, stroke-related disability and poor health in the stroke surviving 

population is inevitable. With an estimated surviving population of 62 million in 2005 alone (13), 

the importance of understanding the DALYs measure is particularly evident. These measures aid 

in the initiation and recommendation of cost-effective interventions and preventative treatment 

strategies aimed at reducing the global burden of stroke and other CVDs. 

 

1.2 Hypertension: a contributing factor in the global burden of CVD  

CVD is often associated with one or more risk factors, i.e. characteristics that describe 

any attribute or exposure that causes an increase in the likelihood of that individual developing 

the disease or injury in question. Two landmark investigations have changed our understanding of 

the etiology of CVD. Data from the INTERHEART (14) and INTERSTROKE (15) studies have 

concluded that modifiable risk factors contribute to 90% of the risk of developing heart disease 

and/or stroke. Many of these risk factors are independent of race, not bound by geographic 

region, and are consistent across socioeconomic status and sex (14,15). Factors such as smoking, 

abdominal obesity, exercise and diabetes were shown to significantly alter the risk for acute 

myocardial infarction and/or stroke. Among these however, hypertension has remained a 
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principle modifiable risk factor for both CVD and stroke, accounting for 23.4% and 34.6% of the 

risk-adjusted, global population attributable risk (PAR), respectively (14,15). 

Hypertension, defined as a systolic blood pressure (SBP) ≥ 140 mmHg or diastolic blood 

pressure (DBP) ≥ 90 mmHg, is an extremely important risk factor for CVD with a particularly 

high prevalence. Investigations on the global incidence of hypertension have revealed that 26.4% 

of the population had hypertension in 2000 that is said to increase to 29.2% by 2025 (16). 

Chronic sustained elevations in blood pressure (BP) lead to a multitude of hemodynamic changes 

in addition to both vascular and cardiac remodeling, all of which contribute to the development of 

heart disease and stroke (17,18). As a modifiable risk factor however, hypertension is treatable 

and even more importantly, preventable. The implementations of anti-hypertensive 

pharmaceutical drugs and national level initiative programs have shown some success in 

increasing the control rates of hypertension, particularly in high-income countries such as the 

United States and Canada (19,20). Clinical and experimental studies provide evidence for reduced 

CVD risk, particularly for ischemic heart disease, myocardial infarction and stroke when BP was 

controlled (21-23). With this in mind however, the prevalence of hypertension has yet to decline. 

National surveys aimed at determining the prevalence, awareness, treatment and control of 

hypertension have demonstrated that in many regions of the world the prevalence of hypertension 

still remains high with poor treatment and control of patient BP (24). This is particularly evident 

in economically developing countries where health-care resources are scarce. Additionally, others 

have attributed a sustained prevalence in hypertension to the increase in global obesity (25), more 

specifically, childhood obesity that is showing an alarming increase in the incidence of pediatric 

hypertension (26-28). Together, these data suggest the need for concerted efforts around the 
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world to target primary prevention, incorporating a combination of both the use of pharmaceutical 

agents and promotion of healthier living.  

Hypertension stimulates structural and functional changes in many different organ 

systems. In the cardiovascular system, elevated BP accelerates the process of atherosclerosis 

through disruption of the vascular endothelium by shear force (29). Chronic hemodynamic 

overload in the heart further activates myocardial growth within the left ventricle (LV) resulting 

in a cardiac phenotype associated with CVD and heart failure (30,31). In hypertensive patients, 

left ventricular hypertrophy (LVH) assessed by echocardiography has proven to be a powerful 

biomarker reflecting a variety of risk factors for the heart (32-34). However, depending on the 

type of stimulus, remodeling of the heart can be either a beneficial or maladaptive response. 

 

1.3 Cardiac hypertrophy 

Cardiac remodeling is defined as a combination of genome expressional, molecular, 

cellular and interstitial changes that clinically manifest as changes in the size, shape and function 

of the heart (35). Cardiac hypertrophy (CH) is influenced by a variety of stimuli that initiate 

adaptive responses in the myocardium ultimately leading to structural and functional changes 

(36). Depending of the type of stimulus, remodeling of the heart may be beneficial by enhancing 

cardiac function or transition to become a maladaptive response; a central response in cardiac 

pathology and heart failure. These divergent responses reflect the different patterns of CH in 

either pathological or physiological remodeling as summarized in Figure 1.1 (reviewed in (35,37-

39)).  
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1.3.1 Cardiac hypertrophy in pathology 

Pathological cardiac remodeling often occurs in the presence of a pressure overload 

stimulus such as hypertension or aortic stenosis. These stimuli elicit a concentric hypertrophic 

growth response characterized by an increase in ventricular wall thickness with a decrease in the 

diameter of the ventricular chambers. It is understood that concentric hypertrophy in the heart is a 

mechanism by which LV wall stress is counterbalanced or reduced during periods of chronic 

elevations in SBP. Thickening of the ventricular walls is accomplished two-fold. First, in 

response to injury or ischemic insults, fibroblasts within the interstitium of the heart are 

stimulated and begin to secrete excess collagen and fibrotic deposits causing abnormal cardiac 

stiffness and ventricular dysfunction (40). Secondly, cardiomyocytes, the cardiac cell-type 

fundamentally involved in the remodeling process, respond to injury and pressure overload by the 

addition of newly synthesized sarcomeres in a parallel-like fashion (36,41). This increases both 

the length and width of the cell, thus resulting in LV wall thickening. However, not all cardiac 

pathologies fall into this category. One exception is myocardial infarction whereby a loss of mass 

due to infarction markedly decreases ventricular performance. As a result, cardiomyocytes are 

unable to normalize wall stress and a decompensated eccentric hypertrophy develops (42,43).  

 

1.3.2 Physiological cardiac hypertrophy 

In the presence of a volume overload stimulus, the heart elicits an eccentric growth 

response characterized by an increase in the diameter and volume of the ventricular chambers 

with coordinated growth in the wall and interventricular septum (35,39). It is important to note 

that the thickening of the ventricular walls in eccentric hypertrophy is minimal and does not 

compare to the extent of wall and septal thickening in concentric hypertrophy. Lengthening of the 
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cardiomyocytes in response to increased DBP is achieved by a slight increase in the width of the 

cell and the addition of sarcomeres in series that add to cell length (36,41). Examples of this form 

of remodeling occur in pregnancy (44,45) and exercise (46,47), particularly endurance training 

whereby eccentric remodeling is adaptive and enhances cardiac function (46,48,49). Like 

pathological hypertrophy however, not all physiological-related remodeling is eccentric in nature. 

Isometric exercise training, for example, wrestling or weight lifting have been shown to induce a 

milder form of concentric hypertrophy that is not pathological (46).  

 

1.4 Vasoactive systems  

Vasoactive systems consist of a collection of effector molecules and receptors, that when 

activated, assist in the maintenance and control of cardiovascular homeostasis. These systems 

operate in concert to target cells of the vascular system allowing vessels to structurally adapt to 

coinciding changes in physiological function. It has been well documented that disruptions in 

these complex signaling cascades lead to the development of vascular disease. The following 

summarizes four main target vasoactive systems explored in this thesis, their role in 

cardiovascular homeostasis and implications in disease development. 

 

1.4.1 The natriuretic peptide system 

 The first natriuretic peptide (NP), atrial natriuretic factor (ANF), was identified by de 

Bold et al. in 1981 (50) decades after the initial discovery of atrial-specific granules (51). The 

amino acid sequence of ANF was determined following purification of the peptide from rat atrial 

muscle (52). Later, the term ANF was changed to the more commonly used term atrial natriuretic 

peptide (ANP). Following the identification of ANP, subsequent studies revealed three more NPs;  
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Figure 1.1: Schematic representation of the hypertrophic cardiac modifications associated 

with pathological and physiological stimuli. 

In response to various stimuli the heart undergoes structural and functional changes. Pathological 
remodeling of the heart is associated with a pressure-overload stimulus that induces a relatively 
irreversible concentric hypertrophic growth response involving ventricular and interventricular 
septal wall thickening with a decrease in chamber size. In more severe scenarios, exacerbated 
eccentric remodeling is observed in pathology in addition to a transition from concentric to 
eccentric hypertrophy.  Physiological remodeling is induced by a volume-overload stimulus 
leading to an eccentric hypertrophic growth response. This process involves an increase in 
ventricular chamber diameter with little to no change in ventricular and interventricular septal 
wall thickening. These cardiac modifications have the potential to revert back to baseline 
structure. Adapted from Maillet et al. (2012) (39) and Heineke et al. (2006) (53). RV, right 
ventricle; LV, left ventricle. 
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B-type NP (BNP) (54), C-type NP (CNP) (55) and Dendroaspis NP (DNP), named after the genus 

of the Green Mamba snake from which it was first isolated (56). Although DNP has been 

identified in several human tissues, its function in human biology is unknown.  

 Production of ANP, a 28-amino acid peptide, primarily occurs in the atria of the heart 

(57). Alternative splicing of its precursor however, yields a 32-amino acid peptide, termed 

urodilatin, an additional form of ANP expressed within the kidney. It is understood that the 

function of urodilatin in the kidney plays a role in renal water and electrolyte balance (57,58). 

Like ANP, BNP is also produced in the heart. Its expression is uniform between the atria and the 

ventricles and to a lesser extent compared to ANP (57). Additionally, BNP is not stored in cardiac 

specific granules. Production of CNP occurs in vascular endothelial cells, bone and within the 

central nervous system (CNS) (57,59).  

 Each component of the NPS is a product of an originally larger prepro-hormone. Prepro-

ANP, a 152-amino acid peptide, is encoded by the NP precursor A (NPPA) gene consisting of a 

three-exon sequence (60). The portion of the peptide encoded by the first exon is cleaved in the 

endoplasmic reticulum producing pro-ANP (128-amino acid) that is stored in atrial granules. Pro-

ANP is then cleaved by corin, a proteolytic enzyme, to form the biologically active ANP peptide. 

Similarly, BNP begins as the prepro-BNP hormone (132-amino acid) that is encoded by the 

NPPB gene. Prepro-BNP undergoes a series of cleaving to produce pro-BNP (108-amino acid) 

from which active BNP (32-amino acid) is produced (61). The production of CNP (22-amino 

acid) follows the same trend as ANP and BNP (55). Additionally, all three NPs share similarities 

in peptide structure. Each contains a 17-amino acid ring structure completed by a disulfide bond 

between two cysteine residues (62). Unlike ANP and BNP, CNP also exhibits a truncated carboxy 
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terminus beyond the cysteine residue that forms the connecting bridge (55). The production and 

molecular structure of ANP, BNP and CNP is summarized in Figure 1.2. 

 Within the NPS, three distinct NP receptors (NPRs) have also been identified; NPR-A 

(63,64), NPR-B (65), and NPR-C (66-68) (Figure 1.3). Both NPR-A and NPR-B consist of a 

transmembrane protein with an intracellular kinase-like domain linked to particulate guanylyl 

cyclase (pGC) at the carboxy terminus. Upon binding of the ligand to the extracellular portion of 

the receptor, the kinase-like domain undergoes a conformation change that blunts the inhibition of 

pGC resulting in the production of key secondary messenger protein, cyclic 3’-5’ guanosine 

monophosphate (cGMP). This in-turn stimulates a downstream cascade of anti-hypertrophic 

cellular signaling through the binding of cGMP to protein kinase G (PKG) (69-73). Although the 

mechanism of function of NPR-A and NPR-B are the same, the two receptors have dissimilar 

affinities for the three main NPs. The order of receptor affinity is as follows; NPR-A: ANP ≥ 

BNP >> CNP (74), NPR-B: CNP > ANP > BNP (62) (depicted in Figure 1.3). Activation of 

NPR-A results in vasodilation, natriuresis and diuresis (75). The third receptor, NPR-C is 

involved in the clearance of NPs from circulation (76). NPR-C lacks the catalytic pGC domain 

and when bound with its ligand, the NP/NPR-C complex is internalized, the NP enzymatically 

degraded and NPR-C recycled to the cell membrane (62,77). The order of NPR-C activation is as 

follows: ANP ≥ BNP > CNP. Along with NPR-C, NPs are also inactivated by membrane bound 

neutral endopeptidase (NEP) (78). This process of NP degradation in humans however, is poorly 

understood. 
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Figure 1.2: Schematic representation of the tissue production/localization and amino acid 
structure of the natriuretic peptides. 

Natriuretic peptide (NP) precursor genes encode for a prepro-hormone that undergoes post-
translational processing to generate a pro-hormones structure of all three NPs. Pro-ANP is 
cleaved by the serine protease enzyme corin to produce active ANP. The enzymes responsible for 
the cleavage of pro-BNP and pro-CNP to their active BNP and CNP form are unknown. 
Urodilatin is produced in the kidney by alternative splicing of pro-ANP that leaves four additional 
amino acids at the N-terminus (red). ANP, BNP and CNP all contain a 17-amino acid loop held 
together by a disulfide between cysteine (c) residues. Adapted from Potter et al. (2006) (62) and 
Nakao et al. (1992) (79). 
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Figure 1.3: A schematic representation of the natriuretic peptide receptors. 

The NPS receptors NPR-A and NPR-B contain a transmembrane, ligand-binding domain with an 
intracellular kinase-like domain linked to particulate guanylyl cyclase (pGG). Binding of the 
ligand to these receptors causes a conformational change in the kinase-like domain blunting the 
inhibition of the pGC domain leading to the conversion of intracellular GTP to cGMP. NPR-A 
has a high affinity for ANP and BNP whereas NPR-B has a higher affinity for binding CNP. 
NPR-C, the clearance receptor of the system lacks the intracellular kinase-like and pGC domains 
and binds all three NPs regulating their bioavailability. Adapted from Potter et al. (2006) (62) and 
Nishikimi et al. (2006) (75). 
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1.4.2 The role of the NPS in hypertension and CH 

The NPS is activated in response to elevated BP and cardiac or vascular wall stress. High 

levels of circulating ANP and BNP have been correlated with the presence of human 

hypertension and congestive heart failure, among other CVDs (80). Assessment of common 

genetic variants in the loci of human NPPA and NPPB genes have shown associations between 

increased circulating ANP and BNP concentrations with lower BP and reduced odds of 

developing hypertension (81). Furthermore, ANP and NPR-A gene polymorphisms have been 

shown to significantly contribute to ventricular remodeling in human hypertension (82). These 

data are highly suggestive that the NPS is involved in the inter-individual variability of BP and 

cardiac phenotypes seen in the human population. 

Experimental targeted disruption of the NPS genes has provided further evidence for its 

role in BP regulation and cardiac phenotype. Overexpression of ANP and BNP in rodents causes 

hypotension and significant reductions in cardiac weight (83,84). Conversely, mice lacking 

expression of ANP (ANP−/−) exhibit chronic hypertension, salt-sensitivity and LVH (85-88). 

These characteristics, with the exception of salt-sensitivity, are similar with those observed in the 

NPR-A knockout mouse (NPR-A−/−) (89-91). Furthermore, normalization of BP in ANP−/− and 

NPR-A−/− mice does not ameliorate the presence of CH (91,92). This implies that ANP may 

possess a direct anti-hypertrophic effect in the heart, and thus plays a role in cardioprotection. 

Additional information on the overexpression or disruption in NP and NPR genes is summarized 

in Table 1.1. 
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Table 1.1. Summary of the genetic and transgenic mouse models for the natriuretic peptide 

system.  

Gene: Peptide Expression Cardiovascular Phenotype Reference 

Nppa: ANP Overexpression Hypotension, reduced heart weight Steinhelper et al. (1990) 

(83) 

Nppa: ANP Knockout Hypertension, salt-sensitivity, 

increase in heart weight (~40%) 

John et al. (1995)  

Melo et al. (1999) 

Angelis et al. (2005) 

(85-88) 

Nppb: BNP Overexpression Hypotension, reduced heart weight Ogawa et al. (1994) (84) 

Nppb: BNP Knockout Normal BP and cardiac weight, 

increased cardiac fibrosis 

Tamura et al. (2000) 

(93) 

Nppc: CNP overexpression Normal; contributes to prevention 

of CH following myocardial 

infarction 

Kake et al. (2009)   

Wang et al. 2007) 

(94,95) 

Nppc: CNP Knockout Normal Chusho et al. (2001) (96) 

Npr1: NPR-A Overexpression Hypotension and reduced heart 

weight 

Oliver et al. (1998) (97) 

Npr1: NPR-A Knockout Hypertension, salt-resistant, 

increased cardiac weight and 

fibrosis 

Lopez et al. (1995) 

Oliver et al. (1997) 

Kishimoto et al. (2001) 

(89-91) 

Npr2: NPR-B Knockout  Normal Tamura et al. (2004) 

(98) 

Npr3: NPR-C Knockout Hypotension with normal cardiac 

phenotype 

Matsukawa et al. (1999) 

(76) 
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1.4.3 The nitric oxide synthase (NOS) system 

The production of endogenous nitric oxide (NO) is involved in many biological functions 

such as neurotransmission (99), regulation of gene transcription (100) and vascular tone (101). 

NO is produced by three unique isoforms of the enzyme NO synthase (NOS); neuronal NOS 

(NOS1 or nNOS), primarily produced in neuronal or brain tissue, inducible NOS (NOS2 or 

iNOS) expressed by macrophages in response to inflammation, and endothelial-derived NOS 

(NOS3 or eNOS) predominantly expressed in the vascular endothelium (reviewed in (102)). The 

NOS enzymes utilize substrates L-arginine, molecular oxygen (O2) and co-substrate 

nicotinamide-adenine-dinucleotide phosphate (NADPH) to produce L-citrulline and NO 

(103,104) (Figure 1.4). This reaction is carried out via a complex signaling cascade involving 

electron transfer, reduction and oxidation. Binding of NO to soluble guanylyl cyclase (sGC) 

stimulates its downstream biological functions via production of cGMP (101,105). As a result, 

NO promotes vascular smooth muscle cell (VSMC) relaxation via cGMP effectors.  

In the cardiovascular system, the predominant cGMP effectors are phosphodieserases (PDEs), 

enzymes that degrade cGMP thus inactivating it, and PKG (106). In VSMCs, elevated 

concentrations of calcium (Ca2+) during cell contraction, initiates NO-mediated production of 

cGMP. The NO-cGMP-PKG interaction interferes with VSMC signaling by decreasing the rate 

of myosin-light chain phosphorylation, ultimately eliciting VSMC relaxation (106,107). An 

additional cGMP effector, cyclic nucleotide-gated channels have been described yet their 

functional significance within the cardiovascular system still remains unclear. 

 

 

 



 

 

 

16 

1.4.4 The role of the NOS system in hypertension and CVD risk 

Production of NO primarily by the NOS3 isoform is essential for a variety of cardiovascular 

functions. Animal studies have provided evidence for the importance of NOS3 in BP regulation 

and vascular remodeling. Mice with a deletion of the NOS3 gene (NOS3−/−) exhibit hypertension 

and abnormal vascular wall remodeling in response to a variety of stimuli (108,109). Specifically, 

in response to external carotid artery (ECA) ligation, NOS3−/− mice display hyperplasia resulting 

in an increase in vascular wall thickening (110). This data demonstrates that 1) endogenous NO 

inhibits VSMC proliferation in response to a remodeling stimulus and 2) that NOS3 is required to 

regulate vascular remodeling. Additionally, functional NO assists in the inhibition of platelet and 

leukocyte adhesion on the endothelium of blood vessels (111-114). Thus, disruption in the 

NOS3/NO pathway may also facilitate pathological alterations in vessel wall morphology 

promoting hypertension and the development of atherosclerosis (115). Endothelial dysfunction; 

the inability of the endothelium to produce NO and thus NO-mediated vasodilation, also 

accompanies many CVD risk factors including hypertension and heart disease (116). In this 

respect, oxidative stress disrupts NOS signaling via the production of reactive oxygen species 

(ROS). NO interaction with superoxide anion (O2
−!) forms a potent and toxic oxidant 

peroxynitrite (ONOO−) that inactivates NO. Oxidative stress also stimulates NOS uncoupling 

which involves the conversion of NOS3 as a NO-producing enzyme to an enzyme that generates 

O2
−! (116-118).  Exacerbated inactivation of NO is deleterious to the maintenance of vascular 

tone and cardiovascular function contributing to the development of cardiovascular risk factors 

and ultimately disease. 
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Figure 1.4: The nitric oxide signaling pathway. 

Nitric oxide synthase (NOS) catalyzes the conversion of substrate L-arginine to L-citrulline to 
produce the by-product nitric oxide (NO). Three isoforms of NOS exist, NOS1, NOS2 and NOS3. 
Soluble guanylyl cyclase (sGC) is activated upon binding of NO initiating the conversion of GTP 
to cGMP. Effector targets of cGMP include protein kinase-G and A (PKG, PKA), cyclic-
nucleotide gated ion channels and phosphodiesterases (PDEs) that function to induce vasodilation 
and assist in regulating cGMP bioavailability. MLCK, myosin light chain kinase; SMC, smooth 
muscle cell. 
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1.4.5 The renin-angiotensin system (RAS) 

The renin-angiotensin system (RAS) is a major regulator of BP, hemodynamics, 

sodium/water balance and cardiovascular remodeling (reviewed in (119,120)). The system 

precursor, angiotensinogen (AGT), is catalyzed by renin; an enzyme produced in the kidney and 

released into circulation, to produce angiotensin I (ANG-I). In turn, the active peptide 

angiotensin-II (ANG-II) is generated from ANG-I via angiotensin converting enzyme (ACE) 

within the vasculature. RAS functions both in circulation and within local tissues thus working in 

endocrine, paracrine and intracrine fashion (121-123). Known as a potent vasoconstrictor, ANG-

II exerts its biological function following interaction with the cell membrane bound angiotensin 

type-1 (AT1) receptor. This 7-transmembrane domain, G-protein coupled receptor is ubiquitously 

expressed in all organs including but not limited to the liver, brain, kidney, heart and vasculature 

(124,125). Activation of AT1 through interaction with the ANG-II hormone elicits complex G-

protein and non-G-protein signaling cascades involving downstream activation of phospholipases 

A, C and D, increased efflux of Ca2+ into the cytoplasm to increase smooth muscle cell 

contraction, stimulation of cellular growth and proliferation, and increased synthesis and 

secretion of aldosterone (120). The ultimate goal of these hypertrophic stimuli is to increase BP 

and promote osmoregulation. AT1 activation also triggers remodeling of the arterial wall through 

excess collagen production and enhanced migration of VSMCs (126). On the contrary however, 

there are two additional RAS components that each counterbalance the ANG-II/AT1-mediated 

effects mentioned above. The AT2 receptor and additional catalytic enzyme, ACE2, promote 

vasodilation and antihypertrophic responses including decreased extracellular matrix production 

and inhibition of smooth muscle cell growth (124,125,127). AT2 is able to induce these responses 

by interacting with ANG-II. Moreover, ACE2 catalyzes ANG-II to produce an additional active 
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hormone, angiotensin-1-7 (ANG-1-7) that mediates its vasodilatory and antiproliferative 

functions via MAS receptor binding (128,129). The signaling pathway of the RAS is summarized 

in Figure 1.5. 

 

1.4.6 The role of RAS in CVD 

The RAS is partly involved in all aspects of the CVD spectrum as ANG-II is able to target 

most vascular cell types including endothelial cells, VSMCs and fibroblasts (reviewed in (130)). 

The involvement of the RAS in cardiovascular homeostasis and disease was not fully understood 

until the development of the first ACE inhibitor, captopril and AT1 receptor blocker, losartan 

(131,132). Following these discoveries, a wide body of literature has now provided evidence to 

support a critical role for the RAS in the development of CVDs leading to end-organ failure. 

Animal models in particular have contributed significantly to our understanding of the RAS in 

vascular disease. Hypertension, CH and vascular remodeling in mice and rats can be stimulated 

by continuous infusion of ANG-II over a 2-3 week period (133-135). Much of the cardiovascular 

remodeling results from the up-regulation of matrix metalloproteinase genes and the high rate of 

vessel shear force due to increased vascular load (136). Additionally, ANG-II infusion has also 

confirmed the contribution of RAS in atherosclerosis and endothelial dysfunction. ANG-II-

induced hypertension accompanies increased vascular O2
−! concentrations that inactivate NOS3 

production of NO impairing endothelial relaxation (137). This disruption in endothelial function 

further encourages the advancement of atherosclerosis (138). Pharmacological intervention at 

multiple sites in the RAS signaling pathway however, has been successful in reversing or 

preventing the abovementioned ANG-II effects in animals and the human population 

(131,132,135,139,140). This includes the inhibition of the catalytic effects of either renin or 
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Figure 1.5: The renin-angiotensin system (RAS) signaling pathway. 

The precursor angiotensinogen (AGT) is cleaved by the enzyme renin to produce angiotensin-I 
(ANG-I) that is later cleaved by angiotensin converting enzyme (ACE) to produce the effector 
peptide angiotensin-II (ANG-II). Binding of ANG-II to the membrane bound, G-protein (G-Pn) 
linked receptor AT1 induces vascular vasoconstriction and sodium/water retention aimed at 
increasing BP. Conversely, binding of ANG-II to the AT2 receptor induces vascular vasodilation 
and sodium/water excretion aimed to decrease BP. The same physiological functions are carried 
out via production of angiotensin-1-7 (ANG-1-7) and the activation of MAS receptors. 
Pharmaceutical intervention includes inhibitors of renin and ACE enzymes in addition to receptor 
antagonists that disrupt the signaling pathway to limit ANG-II function (red arrows). Adapted 
from Fyrquist et al. (2008) (119) and Unger et al. (2002) (130). 
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ACE as well as receptor blockade with the use of receptor specific antagonists (Figure 1.5). 

 

1.4.7 The endothelin (ET) system 

The endothelin (ET) system has long been known for its physiological functions in 

vasoconstriction and cell proliferation (141-143). The predominant peptide of the family 

endothelin-1 (ET-1) was first identified as a potent vasoconstricting factor in 1988 after its 

isolation from cultured porcine aortic endothelial cells (141). Later it was discovered that the 

human ET system also consists of three additional 21-amino acid peptides namely ET-2, ET-3 

(144) and ET-4 (145). All four peptides originate as a preproendothelin (preproET) protein 

following gene transcription and later translation. Cleavage of preproET produces pro-ET that is 

also cleaved by furin-like enzymes (146) to produce big-ET (147). Sequential cleavage of big-ET 

by ET converting enzymes (ECE) (148) and chymase (149) produces the active ET peptide 

(Figure 1.6). The ET system also contains two main receptors; ET receptor-A (ET-A) (150,151) 

and ET receptor-B (ET-B) (152). These receptors are G-protein-coupled with a transmembrane 

domain and are activated upon ligand binding. ET-1 is often secreted abluminally towards 

VSMCs (153) where it binds to ET-A receptors initiating vasoconstriction (141). Binding of ET-1 

to ET-B receptors found on endothelial cells has opposing vasodilatory effects as activation of the 

receptor stimulates the release of NO and prostacyclin (154). The majority of endogenous ET-1 is 

produced by vascular endothelial cells yet genes encoding for the ET system have also been 

located in many other tissues including VSMCs, cardiomyocytes, macrophages and fibroblasts to 

name a few (141,155). Under normal physiological function, plasma levels of ET-1 remain very 

low. It has thus been stated that ET-1 is not a circulating hormone and works only in paracrine 

and autocrine fashion (156).   
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1.4.8 The ET system in vascular pathology 

As a modulator of vascular tone, myocyte contractility and vascular hypertrophy, the ET 

system has proven to be an important regulator of cardiovascular function. As such, dysfunction 

in the system has been implicated in a variety of vascular disease states including myocardial 

infarction (MI) (157), atherosclerosis (158), heart failure (159), hypoxia (160), cerebral ischemia 

(161) and cerebral vasospasm (162). In hypertension, the role of the ET system is a topic of 

controversy. Several studies have shown little to no change in ET-1 plasma levels in both 

experimental models of hypertension and human hypertension (163). However, other 

investigations, particularly those involving models of salt-induced hypertension such as the 

deoxycorticosterone acetate-salt (DOCA-salt) rat, have shown BP reductions following treatment 

with ET-A receptor antagonists (164,165). While the mechanistic details of these associations 

remains unclear, this data provides evidence to support involvement of the ET system in 

hypertension. Additionally, ET-1 accumulations have also been observed in atherosclerotic 

plaques. During states of inflammation, ET-1 produced and released by endothelial cells and 

macrophages activates ET-A driving a VSMC-mitogenic response consequently promoting 

atherogenesis (166). In the heart it has been observed that the addition of exogenous ET-1 into 

porcine circulation induces vasoconstriction eventually leading to ischemia, ventricular 

arrhythmias and the development of MI and congestive heart failure (CHF) (167). This 

relationship has similarly been observed in the human population whereby plasma ET-1 levels in  

patients post-MI are elevated (168). However, with regards to health and disease, the ET system 

has been implicated as a “double-edged sword” with a narrow balance between system activation 

being beneficial or detrimental (156). In the early post-infarct state, up-regulation of ET-1 is 
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Figure 1.6: The signaling pathway of the endothelin (ET) system. 

The predominant peptide of the ET system, endothelin-1 (ET-1) begins as a preproET precursor. 
Pro-ET is produced from preproET and undergoes cleavage by furin enzymes to produce Big-ET. 
Sequential cleavage of Big-ET by ET converting enzyme (ECE) or chymase produces the active 
form ET-1. ET-1 is primarily produced in vascular endothelial cells and secreted abluminally to 
bind to ET-A or ET-B receptors on vascular smooth muscle cells to initiate vasoconstriction. The 
binding of ET-1 to ET-B receptors on endothelial cells however counterbalances the ET-1/ET-A 
interaction by initiating vasodilation. Adapted from Kedzierski et al. (2001) (156) and Ohkita et 
al. (2012) (169).  
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advantageous to enhance cardiac functioning by increasing the contractility of cardiomyocytes in 

addition to tissue repair following ischemia. With that being said, prolonged ET-1 elevations in 

these scenarios are deleterious and promote the development of CHF (170,171).  

 

1.5 The etiology of stroke 

Stroke is a devastating CVD specific to the brain with a complex pathophysiology. As a 

leading cause of worldwide mortality and even more importantly, high morbidity in the surviving 

population, there is a dire need to explore the molecular and cellular mechanisms responsible for 

tissue damage and cell death. Stroke manifests as an assortment of clinical symptoms that arise as 

a result of a cerebrovascular insult causing a reduction or loss of blood supply to the brain (172). 

Each stroke falls within one of two main categories described by the type of vascular insult. The 

most common type of stroke, ischemic stroke, is initiated by partial or complete vessel occlusion 

that interrupts cerebral blood flow. This category signifies 75-80% of all strokes (173). The 

remainder of stroke is defined as hemorrhagic and is primarily caused by vascular rupture and 

intracerebral or subarachnoid bleeding (172). Due to the high incidence of ischemic stroke in 

comparison to hemorrhagic stroke, this thesis will focus on the pathophysiology and experimental 

models of ischemic stroke. 

 

1.5.1 The pathophysiology of ischemic stroke 

The pathophysiology of ischemic stroke can be divided into two events; a vascular event 

that triggers the initial reduction in blood supply and an ischemia-induced event that stimulates 

cellular abnormalities that contribute to the development of infarction and necrotic tissue loss 

(174,175). The progression of ischemic injury occurs in three phases, each exhibiting at least one 
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or more fundamental mechanisms in combination that ultimately lead to cell death (175). In the 

acute phase, cellular energy metabolism is impaired by the lack of oxygen and glucose required 

for adequate function and cell survival. This loss of energy promotes excitotoxicity and ionic 

imbalance via failing energy-dependent processes such as sodium/potassium (Na+/K+) ATPase 

pumps and an intracellular influx of calcium as a result from increased release of the excitatory 

neurotransmitter glutamate (176,177). In cases of a severe reduction in blood flow, this 

excitotoxicity and cell death by necrosis occurs within minutes in the absence of prompt 

reperfusion causing irreversible tissue damage known as the ischemic core. Cells in the periphery 

of the ischemic core are supported by collateral circulation and as such represent an area of 

reversible cellular damage, relatively slow cell death and an important target to prevent the 

progression of permanent ischemic injury (178,179). This zone of structurally intact yet 

functionally inactive neurons is commonly referred to as the penumbra or peri-infarct area (180). 

Spreading depression and tissue depolarization recruits the penumbra into the core area of 

infarction. This is accomplished by peri-infarct depolarization, spontaneous self-propagating 

waves of electrochemical activity that exacerbate tissue damage (181-183). This expansion of the 

infarct core is characteristic of the subacute phase of ischemic stroke where the largest increment 

of infarct volume is observed. The final phase, the delayed phase of injury, occurs over several 

days whereby oxidative and nitrosative stress (184,185), inflammatory cascades (186,187) and 

caspase-dependent cellular apoptosis (188) trigger downstream degradation of membrane proteins 

pertinent for cellular integrity and promote programmed cell death by DNA damage. This cascade 

of sequential events is summarized in Figure 1.7. 
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Figure 1.7: The cascade of deleterious events in cerebral ischemia. 

The damaging events in cerebral ischemia begin shortly after a deficit in cerebral perfusion 
occurs. This begins with excitotoxicity that triggers a cascade of increasingly deleterious events 
over time including peri-infarct depolarization, cerebral inflammation and programmed cell death 
by apoptosis. The evolution of these events over time is represented by the x-axis and the impact 
of each event on the outcome of cerebral ischemia is illustrated on the y-axis. Adapted from 
Dirnagl et al. (1999) (189). 
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1.5.2 In vivo models of ischemic stroke 

To optimally explore the complex signaling and ischemic cascades involved in stroke, a 

variety of in vivo models have been developed. Decades of research have focused on reproducing 

a clinically relevant scenario that can be used to evaluate mechanisms of neuroprotection and, 

although currently unsuccessful, potential pharmaceutical treatment options. In vivo models have 

been widely used to investigate global ischemia and focal ischemia. Advantages to in vivo 

modeling, particularly in rats and mice, include the ability to control the severity, duration and 

location of vessel occlusion (190). More importantly, the cerebral circulatory anatomy in mice 

and rats is strikingly similar to humans (191,192). Although experimental models of stroke have 

made great strides in our understanding of the pathophysiology of stroke, it is of importance to 

mention that there is no one perfect model to replicate all aspects of human stroke. 

The more commonly investigated models of ischemic stroke include global and focal 

ischemia (193-195). Global ischemia involves the occlusion of multiple vessels that significantly 

reduces cerebral blood flow to the entire brain. This model closely mimics the cerebral effects  

that follow cardiac arrest and asphyxia in humans (193). Experimentally, global ischemia is 

induced in rats by four-vessel occlusion (bilateral vertebral artery (VA) and common carotid 

artery (CCA) occlusion) (196) or two-vessel occlusion (bilateral CCA occlusion) (197). Two-

vessel occlusion has also been completed mice, however, in order to successfully induce stroke, 

hypotension must also be present (194). In comparison to global ischemia, focal ischemia models 

are used more frequently as they closely mimic human ischemic stroke. Induction of focal 

ischemia involves occlusion of the middle cerebral artery (MCA) by embolic injection (198) or 

intraluminal suture methods (199,200). This mode of insult produces grades of cerebral lesion, 

notably the ischemic core, penumbra and intact tissue (201). Additionally, there are two types of 
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focal ischemia models. In permanent focal ischemia, vessels remain occluded for the entirety of 

the experiment and maintained on average for 1-2 days. This procedure is more invasive as it 

requires craniotomy to access the MCA for occlusion (202). In transient focal ischemia vessels 

are occluded for a period of time (up to 3 hours) followed by reperfusion (195). This insult not 

only provides evidence for the mechanisms of ischemic injury but also injury from reperfusion, 

more thoroughly representing the complexity of human stroke.  

A multitude of techniques have been employed to measure the extent of cerebral damage 

in each of the abovementioned in vivo models of stroke. Reductions in cerebral blood flow are 

often confirmed by laser Doppler flowmetry and recorded as a percent-change from pre-occlusion 

values (203). To quantify the volume and size of cerebral infarction, a variety of methods have 

been utilized including non-invasive imaging techniques such as magnetic resonance imaging 

(MRI) and histopathological staining (204,205). One stain in particular, 2,3,5-

triphenyltetrazolium chloride (TTC) has shown to be a reliable method that rapidly distinguishes 

intact tissue from the ischemic core. TTC staining is based on the presence of intact enzymes of 

the electron transport chain such as dehydrogenases and operates through the formation of red 

formazan, a product of TTC in the mitochrondria (206,207). As a result, clear delineation is made 

between the red staining viable tissue and white infarct area. In comparison to other histological 

stains such as hematoxylin and eosin (H&E), TTC provides rapid results and earlier detection of 

ischemic damage (208).  

 

1.6 Developmental origins of health and disease (DOHaD): the Barker hypothesis 

Although a wide-body of literature has established that postnatal exposure to a variety of 

environmental factors over our lifetime contribute to the risk of CVD, a new emerging field in the 
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health sciences has begun to counter this notion. Research in the developmental origin of health 

and disease (DOHaD) promotes the idea of fetal-programming, a phenomenon that a portion of 

our disease risk begins in utero. The origin of this theory began with seminal observations by Dr. 

David J.P. Barker, who discovered that within geographic regions of England and Wales, high 

death rates of ischemic heart disease correlated with low birth weight (209). Additionally, low 

birth weight also predicted adult BP and cardiac pulse rates in relation to cardiovascular mortality 

(210). Thus, this phenomenon is also commonly referred to as the “Barker Hypothesis”. It is now 

understood that maternal influences such as environmental or behavioural factors and/or 

pregnancy complications stimulate permanent alterations in fetal physiology that translate into 

long-term consequences in cell and organ function for the adult offspring. These phenotypic 

alterations are a result of the plasticity of the embryo during gestation and the ability of the fetus 

to adapt to changes in the intra-uterine environment. Several population studies have further 

confirmed birth weight as a predictor for coronary artery disease and adult BP independent of 

other established risk factors (211). Additionally, animal studies involving models of nutrient 

deficiency and intrauterine growth restriction (IUGR) have also demonstrated the link between 

adult CVD and abnormal fetal development (212,213). Of interest however, is the repercussion of 

pregnancy-specific diseases on CVD risk in adult offspring.  

 

1.6.1 Hypertensive disorders of pregnancy and the risk of CVD in adult offspring 

Hypertensive disorders of pregnancy (HDP) contribute significantly to maternal and fetal 

morbidity and mortality. Categorically, HDP can be further broken down into four classes. The 

first is gestational hypertension, diagnosed by new-onset hypertension after the 20th week of 

gestation that resolves by the 12th week post partum. The second category is characterized by 
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elevated BP that predates pregnancy, namely chronic hypertension (214). The third category, pre-

eclampsia (PE), represents a more severe form of gestational hypertension; a hypertensive 

phenotype that also includes increased proteinuria (>300mg in 24-h). The diagnosis of PE 

however does not depend on proteinuria. In its absence, symptoms such has thrombocytopenia, 

impaired liver function, renal insufficiency and pulmonary edema assist in PE diagnosis (215). 

Lastly, a combination of the abovementioned symptoms leads to the final category of chronic 

hypertension with superimposed PE (214). 

 HDP have been shown to impact the future risk of CVD for the mother and her offspring 

(213,216,217). Experimental studies in humans and animal models of PE and/or gestational 

hypertension have shed light on the potential mechanisms of in utero cardiovascular 

programming and their long-term impact on vascular biology. Specifically, PE-affected offspring 

have been shown to exhibit mild elevations (~2-2.5 mmHg increase) in SBP and DBP, increased 

BMI (218-220) as well as structural and functional cardiovascular alterations (218,219,221-223). 

On the contrary however, very little is known with respect to HDP and the risk for stroke. The 

first epidemiological evidence of this association was published in 2009 by Kajantie et al. (224). 

Analysis of the data collected in the Helsinki Birth Cohort Study revealed that PE is associated 

with increased risk of stroke in adult offspring (224). Similar correlations have been made in 

regards to the increase in maternal stroke incidence following a pregnancy complicated by HDP, 

particularly in the early post partum period (225). However, since the emergence of these two 

studies, much of the focus within this field has been placed on maternal risk. As a result the 

mechanisms by which HDP influence offspring stroke risk is still unknown. These data suggest 

the need for a suitable animal model for which to investigate this mechanistic mystery. 
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1.7 Hypothesis and Objectives 

The presence of hypertension at many different stages of development throughout our 

lifetime contributes significantly to disease risk and disease outcome. Despite the extensive 

research on CVD however, there is still a lack of knowledge and disconnect surrounding the 

complexity and pathophysiology of these diseases, particularly with respect to ischemic stroke 

and the programming of CVD in-utero. The main HYPOTHESIS of this thesis is that adult 

hypertension or in-utero exposure to maternal hypertension during fetal development contributes 

to the pathogenesis of ischemic stroke and diminishes stroke outcome. The main objectives of this 

thesis are to characterize and describe novel models to investigate the effects of hypertension on 

multiple aspects of stroke pathogenesis including environmental/modifiable risk factors and in-

utero programming. The specific hypotheses and objectives for each research chapter are 

summarized below.  

 

1.7.1 Chapter 2: Onset and regression of pregnancy-induced cardiac alterations in 

gestationally-hypertensive dams: the role of the natriuretic peptide system. 

It is well understood that the female cardiovascular system undergoes significant 

structural and functional modifications in response to the increased metabolic demand presented 

by the fetus during pregnancy. These modifications become progressively more challenging when 

pregnancy is complicated by pre-existing or new-onset hypertension. Not only do these 

complications challenge normal fetal development, they also increase the maternal risk of future 

CVD post partum (225). Recently, our laboratory has characterized the BP profile of female 

ANP−/− mice over pregnancy and demonstrated that superimposed onto their pre-existing chronic 

hypertensive phenotype, these mice also exhibit gestational hypertension (226). This data has lead 
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to successive studies that explored the impact of this category of HDP on the development of 

offspring cardiac-specific disease (227). Yet to date, there has been no attempt in understanding 

alterations in the maternal cardiovascular system in these mice that may play a significant role in 

both fetal-programming and increased maternal CVD risk. In light of this, we sought to 

characterize maternal cardiac changes induced by pregnancy in hypertensive ANP−/− dams that 

may be a contributing factor in maternal CVD risk and impact fetal-programming. We therefore 

HYPOTHESIZE that the maternal response to pregnancy-induced cardiac modifications varies in 

gestational hypertension in comparison to uncomplicated pregnancies. 

 

Main Objectives: 

1. To determine whether gestational hypertension alters the onset and regression of 
pregnancy-induced CH in ANP−/− mice in comparison to normotensive, ANP+/+ controls. 

2. To determine whether gestational and post partum cardiac morphological changes alter in 
gestationally-hypertensive ANP−/− mice in comparison to normotensive, ANP+/+ controls. 

3. To determine whether local cardiac tissue RAS and NPS expression is altered in 
gestationally-hypertensive ANP−/− dams in comparison to normotensive, ANP+/+ controls. 

 

 

1.7.2 Chapter 3: Assessment of acute ischemic stroke in the atrial natriuretic peptide gene-

disrupted mouse. 

The principle modifiable risk factor contributing to stroke pathology is hypertension (15). 

To date, majority of the experimental models utilized to investigate this relationship include acute 

induction or spontaneous development of hypertension with little evidence on the effects of a 

chronic hypertensive phenotype on ischemic stroke. Additionally, there is limited data on the 

involvement of the NPS in stroke pathogenesis, a system known to play a cardioprotective role in 

the heart in cases of ischemic heart disease or MI. Here we assess the role of ANP and the 
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involvement of chronic hypertension in a model of ischemic stroke. We HYPOTHESIZE that 

ANP−/− mice will respond adversely to induction of acute ischemic stroke in comparison to 

normotensive ANP+/+ controls. 

 

Main Objectives: 

1. To determine whether chronic hypertension and lack of ANP alters the cerebral response 
to a model of acute ischemic stroke. 

2. To characterize the cerebral circulatory anatomy of ANP−/− and ANP+/+ mice for 
comparison of strain-specific stroke response. 

 

 

1.7.3 Chapter 4: Molecular adaptations in vasoactive systems during acute stroke in salt-

induced hypertension. 

A part from hypertension, a sodium-rich diet has been identified as a significant 

contributor to vascular disease (228). Many experimental models have also demonstrated the 

influence of salt on the development of hypertension and risk for other CVDs including stroke 

(229). These models comprise of the spontaneously hypertensive (SHR) and Dahl salt-sensitive 

rats; two models whereby the mechanisms by which they exhibit salt-induced hypertension 

remain unknown. Previously, our laboratory has demonstrated that ANP+/− mice are salt-sensitive 

thus providing an alternative mode for exploring the connection between high dietary sodium, 

hypertension and stroke pathogenesis. Therefore we HYPOTHESIZE that hypertension brought 

on by a high sodium diet contributes to the detrimental effects of acute ischemic stroke, triggering 

increased cerebral tissue damage. Additionally we believe that contrary to the SHR, 

characterization of the ANP+/− mouse will prove to be an alternative model to examine salt-

induced hypertension with genetically identical treatment and control groups. 
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Main objectives: 

1. To characterize the cerebral circulatory anatomy of ANP+/− mice. 

2. To determine whether salt-induced hypertension in ANP+/− mice impacts the volume of 
cerebral infarction following ischemic stroke induction. 

3. To determine whether salt-induced hypertension alters in the molecular expression of 
vasoactive system targets implicated in ischemic stroke 

 

 

1.7.4 Chapter 5: Maternal hypertension programs increased cerebral damage following 

ischemic stroke in adult offspring. 

Since the theory surrounding fetal-programming was first described, a large focus has 

been placed on the impact of pregnancy complications and other maternal risk factors on 

offspring CVD risk. More specifically, epidemiological and experimental studies have described 

associations between offspring risk for cardiac-specific diseases, obesity, diabetes and 

hypertension. Data from the Helsinki Cohort has provided further evidence to support the notion 

that the risk for stroke also begins in-utero (224), however, this phenomenon has not been 

experimentally investigated. Our laboratory has previously demonstrated that ANP+/− offspring 

generated by alternative parental crossing involving either normotensive or hypertensive ANP−/− 

dams elicit phenotypic differences under stress (227). This investigation sought to determine 

whether differences in phenotype would also be observed in the brain following stroke and 

provide a means of investigating the mechanisms behind the fetal-programming of stroke. Thus, 

we HYPOTHESIZE that adult offspring exposed to gestational hypertension in-utero will 

adversely respond to ischemic stroke resulting in excess tissue damage. 
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Main Objectives:  

1. To determine whether offspring subjected to gestational hypertension in utero respond 
adversely to ischemic stroke induction as adults compared to offspring born to 
normotensive pregnancies. 

2. To determine whether offspring from gestationally-hypertensive dams exhibit baseline 
phenotypic differences that increase their susceptibility to stroke compared to offspring 
from normotensive pregnancies. 

3. To determine whether the molecular expression of local cerebral vasoactive systems 
implicated in ischemic stroke differ between offspring from hypertensive or 
normotensive pregnancies. 

 

1.7.5 Chapter 6: Maternal hypertension and the developmental origins of pregnancy-

induced cardiac changes in heterozygote atrial natriuretic peptide gene disrupted mice. 

The newly emerging DOHaD field is aimed at determining the mechanisms by which 

disease risk is programmed in-utero. It is understood that a variety of influences throughout 

pregnancy can impact fetal development and the risk for future pathology into adulthood. 

Conversely, our understanding of the affects of influences and/or pregnancy complications on the 

response of offspring to normal physiological stressors such as pregnancy or exercise remains 

unclear. Specifically, pregnancy has been described as a cardiovascular stress test that unmasks 

silent pathologies (230). Therefore, with the use of the ANP+/− mouse model, we chose to explore 

whether the physiological stress of pregnancy is sufficiently robust to induce alterations in 

cardiovascular phenotypes between offspring groups. As a result, we HYPOTHESIZE that female 

offspring exposed to gestational hypertension in-utero will demonstrate alterations in pregnancy-

induced cardiac modifications.   
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Main Objectives: 

1. To determine whether exposure to gestational hypertension in-utero alters the onset and 
regression of pregnancy-induced CH in adult offspring compared to offspring born to a 
normotensive pregnancy. 

2. To determine whether exposure to gestational hypertension in-utero alters the cardiac 
morphological changes during gestation and post partum in female adult offspring 
compared to offspring born to a pregnancy uncomplicated by hypertension.  

3. To determine whether exposure to gestational hypertension in-utero alters the local 
cardiac RAS and NPS expression during pregnancy and post partum in female adult 
offspring compared to offspring from normotensive pregnancies. 
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Chapter 2 

Onset and regression of pregnancy-induced cardiac alterations in 

gestationally-hypertensive dams: the role of the natriuretic peptide 

system 
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2.1 Abstract 

Pregnancy induces cardiovascular adaptations in response to increased volume-overload. 

Aside from the hemodynamic changes that occur during pregnancy, the maternal heart also 

undergoes structural changes. However, cardiac modulation in pregnancies complicated by 

gestational hypertension is incompletely understood. The objectives of the current investigation 

were to determine the role of the natriuretic peptide system (NPS) in pregnancy and to assess 

alterations in pregnancy-induced cardiac hypertrophy between gestationally-hypertensive and 

normotensive dams. Previously, we have shown that mice lacking the expression of atrial 

natriuretic peptide (ANP; ANP−/−) exhibit gestational hypertension. In the current study, female 

ANP+/+ and ANP−/− mice were mated with ANP+/+ males. Changes in cardiac size and weight 

were evaluated across pregnancy at gestational days 15.5 and 17.5 and post-natal days 7, 14 and 

28. Non-pregnant mice were used as controls. Physical measurement recordings and histological 

analyses demonstrated that peak cardiac hypertrophy occurring at 14 days post partum in both 

ANP+/+ and ANP−/−"dams"with"little"to"no"change"during"pregnancy.  Additionally, left 

ventricular expression of the renin-angiotensin system (RAS) and NPS was quantified by real-

time quantitative polymerase chain reaction (qPCR). Up regulation of Agt and AT1a genes was 

observed late in pregnancy while Nppa and Nppb genes were significantly up regulated post 

partum. Our data suggests that pregnancy-induced cardiac hypertrophy may be influenced by the 

RAS throughout gestation and by the NPS post partum. Further investigations are required to 

gain a complete understanding the mechanistic aspects of pregnancy-induced cardiac 

hypertrophy. 
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2.2 Introduction 

 In normal pregnancy, the cardiovascular system undergoes significant physiological 

changes to allow for normal maternal function during pregnancy and to provide adequate 

oxygenation and nutrient supply to the fetus through uteroplacental circulation (45,49,231).  

Along with the characteristic hemodynamic changes associated with pregnancy such as increased 

cardiac output (232,233), increased stroke volume, increased heart rate and decreased vascular 

resistance (234), the maternal heart is also subject to extensive remodeling (231,235,236). This 

remodeling promotes physiological cardiac hypertrophy (CH) that enhances contractile function 

(37). Although there is a strong body of literature to support the maternal cardiac changes 

occurring over gestation, there is a limited number of longitudinal investigations that assess the 

regression of pregnancy-induced cardiac remodeling post partum. 

 One vasoactive system implicated in normal pregnancy and in varying forms of CH is the 

renin-angiotensin system (RAS). It has been postulated that the RAS plays a pivotal role 

throughout gestation in regulating maternal blood pressure (BP) and sodium/water retention 

(237,238). In pregnancy, studies have reported increased plasma levels of angiotensin-I (ANG-I), 

angiotensin-II (ANG-II) and the proteolytic enzyme renin (238-240). Additional associations 

between RAS alterations and pregnancy complications such as preeclampsia (PE) have also been 

established. These studies have described a lower level of expression of the RAS components in 

preecclamptic patients compared to uncomplicated pregnancies (239,240). 

Atrial natriuretic peptide (ANP), a protein hormone of the natriuretic peptide (NP) 

family, is primarily produced in the atria of the heart (241) and possesses a cardioprotective 

function . In cases of hemodynamic stress, up-regulation of fetal genes such as ANP and B-type 

NP (BNP) in addition to beta-myosin heavy chain and alpha-actin often precede the presence of 
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CH (38,242). In these situations, increased levels of ANP and BNP function to counterbalance 

increased BP and cardiac stress by stimulating vasodilation and diuretic and natriuretic processes 

(85). Much of the focus surrounding cardiac expression of ANP and BNP however has been 

limited to cases of pathology such as myocardial infarction and essential hypertension with 

insufficient evidence of their direct role in pregnancy-induced CH. 

Mice with a disruption in the Nppa gene (ANP−/−), the encoding gene for ANP, lack 

expression of ANP are chronically hypertensive, salt-sensitive and exhibit increased left 

ventricular hypertrophy (LVH) independent of arterial BP (85,243). Moreover, ANP−/− dams 

display a gestational hypertensive phenotype. While ANP−/− pregnant mice experience significant 

elevations in BP compared to normotensive controls, both ANP+/+ and ANP−/− dams demonstrate 

a biphasic increase in systolic and diastolic BP (SBP, DBP respectively) with a nadir at 

gestational day 9 (226). With the use of this murine model, we therefore sought to 1) evaluate the 

onset and regression of CH between normotensive (ANP+/+) and hypertensive (ANP−/−) dams to 

better understand the role of ANP in pregnancy-induced CH; and 2) assess whether gestational 

hypertension exhibited by ANP−/− dams alters pregnancy-related cardiac remodeling. Being that 

both the RAS and NPS exhibit unique functions in the development of either physiological or 

pathological CH, we were interested in characterizing the expression of these vasoactive systems 

over gestation and post partum to elucidate their implication in pregnancy-induced CH. 

 

2.3 Materials and Methods 

2.3.1 Animals and Husbandry 

 All experimental protocols pertaining to the use of mice in this study received approval 

by the University Animal Care Committee (UACC) of Queen’s University. Animal ethics were 
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also in accordance with the guidelines of the Canadian Council of Animal Care (CCAC). Mice 

were bred in-house up to 4 animals per cage (maintained at room temperature; 21 ± 1°C) and 

cared for in the Queen’s University Animal Care Facilities. Normal chow and tap water were 

provided ad libitum and mice maintained on a 12hr light/dark cycle. Female ANP+/+ (C57BJ/6) 

and ANP−/− (C57BJ/6 x SV129 background) mice were mated between the ages of 10-14 weeks 

with ANP+/+ males. Detection of a copulation plug was deemed gestation day (GD) 0.5. To 

evaluate the onset and regression of pregnancy-induced CH between normotensive and 

hypertensive dams, female mice were sacrificed prior to giving birth at 15.5GD and 17.5GD and 

following birth at 7 days post partum (PP), 14PP and 28PP. Non-pregnant female mice were used 

as a control (referred to as NPC). Live fetuses, embryo resorption and litter size at birth were 

recorded. The litters of those pregnancies followed to 28PP were weaned at 21 days of age.  

  

2.3.2 Tissue Collection 

Upon euthanasia, all dams were anaesthetized via an intraperitoneal (IP) injection of 

Euthanyl (100mg kg-1 body weight). Maternal ANP+/+ and ANP−/− hearts were excised and their 

wet-weight recorded. The individual chambers of each heart were further isolated, wet-weights 

recorded and snap frozen for molecular analysis (n=6; all time points each genotype). The length 

of the left femur was measured using digital calipers following soft tissue digestion overnight at 

60°C in 0.2M NaOH and used to normalize all cardiac weights. Additionally, four placentas from 

the right uterine horn of each dam (15.5GD and 17.5GD) were isolated and weighed to obtain 

mean placental weight.  
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2.3.3 Cardiac Histology 

 To assess pregnancy-induced changes in cardiac morphology, a subset (n=4) of ANP+/+ 

and ANP−/− mice were assessed by histology. NPC and 14PP mice were anesthetized and 

transcardially perfused through the left ventricle (LV) with buffer containing 140mM NaCl, 

10mM KCl and 5mM EDTA followed by 4% paraformaldehyde in phosphate buffered saline 

(PBS) at a filling pressure of 80 mmHg. Hearts were paraffin embedded and cross-sectioned 

through the ventricles at a thickness of 5µm. Slides were cleared of paraffin, rehydrated through a 

series of toluene and ethanol gradients and stained with Weigert’s iron hematoxylin (1% in 

EtOH) and eosin (Fischer Scientific, NJ, USA). Masson’s Trichrome (HT15-IKT kit, Sigma-

Aldrich, St. Louis, MO, USA) stain was used to assess collagen content. 

 To quantify changes in LV size, the area of the LV wall (cardiac muscle) was calculated 

by subtracting the lumen area from the area of the entire LV cross-section; both of which were 

measured using ImageJ software. Additionally, lumen area was used to predict LV lumen 

diameter by assuming the area of a perfect circle using the following equation:!!"#$%&%' =

2√(!"#! ÷ !). To determine whether changes in cardiac size are due to cellular hypertrophy or 

hyperplasia, cardiomyocyte area was measured in the free-wall of the LV using ImageJ. Cells 

present in cross-section (short axis) with a visible nucleus and clear cytoplasmic membrane were 

used for analysis. Cardiomyocyte area is reported as an average taken from a total of 50 cells 

from each histological section. 

 

2.3.4 RNA isolation and real-time quantitative PCR (qPCR) 

 Total RNA was isolated from frozen LV samples and reverse transcribed as previously 

described (244). Gene mRNA expression was measured using a LightCycler® 480 system II 
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(Roche Scientific, Laval, QU, Canada) and the standard-curve method for each gene was 

employed using hypoxanthine-guanine phosphoribosyltransferase (Hprt) as the reference gene. 

Cycling parameters consisted of denaturation at 95°C for 5 min, followed by touchdown 

annealing temperatures at 68°C to 62°C (decreasing step size of 0.5°C per cycle) for 15 s and 

72°C for 15 s to ensure precise hybridization. Melt curve analyses were performed to ensure 

quality and specificity of qPCR products. All primer sets were designed using Primer Design 2.0 

software (Scientific & Educational Software, Cary, NC, USA) from published mRNA sequences 

from the NIH GenBank (www.ncbi.nlm.nih.gov/Genbank) (National Center for Biotechnical 

Information, Bethesda, MD, USA). Primer sequences and efficiencies can be found in Table 2.1. 

All primer standard curve efficiencies were between 1.8 and 2.0.  

  

2.3.5 Data and statistical analysis 

 All statistical analyses were performed using Prism 6.0 Software (GraphPad Software 

Inc., La Jolla, CA, USA). Comparisons between groups were performed by either one-way or 

two-way ANOVA with Sidak post hoc test where necessary. Multiple comparison tests were 

conducted to assess within genotype comparisons across time in addition to across genotype 

within each time point.  Variable interactions were not observed for all two-way ANOVA 

analyses. In all cases, P≤0.05 were deemed statistically significant. Data is presented as mean ± 

standard deviation (SD) or mean ± standard error of the mean (SEM) where appropriate. 
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Table 2.1. Primer sequences, annealing temperatures (Ta) and standard curve efficiency 

values for all cardiac gene targets analyzed by qPCR.  

Peptide Name Gene Sequence      
Ta 

(°C) 

Standard 
Curve 

Efficiency 

NPS      

Atrial natriuretic 
peptide (ANP) 

Nppa 
S 
AS 

CAAGAACCTGCTAGACCACC 
AGCTGTTGCAGCCTAGTCC 

62 
63 

1.97 

B-type natriuretic 
peptide (BNP) 

Nppb 
S 
AS 

CCAGAGACAGCTCTTGAAGG 
TCCGATCCGGTCTATCTTG 

63 
63 

1.99 

Natriuretic peptide 
receptor C (NPRC) 

Npr3 
S 
AS 

CAGCAGACTTGGAACAGGA 
CCATTAGCAAGCCAGCAC 

62 
62 

1.81 

RAS      

Angiotensinogen (AGT) Agt 
S 
AS 

GCAATGATCGCCAACTTC 
ACCTTGTGTCCATCTAGTCG 

62 
62 

1.87 

Angiotensin converting 
enzyme 1 (ACE1) 

Ace1 
S 
AS 

AACGGCAAGGACTTCAGG 
AAGGCGATCTTGTCGAGG 

63 
63 

1.99 

Angiotensin II receptor 
1A (AT1A) 

At1a 
S 
AS 

GGCCTAACCAAGAACATCC 
CAGCTGAATCAGCACATCC 

62 
62 

1.97 

CTRL      

hypoxanthine-guanine 
phosphoribosyl-
transferase 

Hprt 
S 
AS 

TGCTCGAGATGTCATGAAGG 
GTAATCCAGCAGGTCAGCAA 

64 
64 

2.03 

Sense (S, Forward direction), Anti-sense (AS, Reverse direction), Control gene (CTRL) 
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2.4 Results 

2.4.1 Pregnancy-induced CH is greatest post partum in ANP+/+ and ANP−/− dams. 

 Comparison within genotype demonstrated significant increases in whole heart and 

individual cardiac chamber wet-weights at 14PP in both ANP+/+ and ANP−/− dams (Figure 2.1 and 

Figure 2.2). Hypertensive, ANP−/− mice exhibited larger hearts at baseline (NPC) of which 

remained consistently higher at all gestational and post partum time points compared to their 

counterpart (Figure 2.1A). This observation was consistent in all four cardiac chambers (Figure 

2.1B-E). Assessment of NPC and 14PP maternal hearts by light microscopy further confirmed 

this observation. The degree of change in cardiac size is shown in the ventricular cross-section 

images depicted in Figure 2.2A. Further histological analysis revealed significant increases in 

LV-wall area and LV lumen diameter from NPC to 14PP in ANP+/+ dams (p=0.02 and p=0.008 

respectively). Similar trends were observed in ANP−/− dams (p=0.09) (Figure 2.2B and C). At 

14PP, cardiomyocyte area was greater than NPCs demonstrating that increases in cardiac size are 

attributed to cellular hypertrophy and not hyperplasia (Figure 2.2D). These differences were 

significant in ANP+/+ dams (p=0.02) and approached significance in ANP−/− dams (p=0.07). 

Moreover, differences in collagen deposition or cardiac fibrosis were not observed (data not 

presented).  

 

2.4.2 Gestational hypertension and lack of maternal ANP does not influence pregnancy 

success or placental weight 

 Following euthanasia viable embryo and embryo resorption numbers were recorded for 

both 15.5GD and 17.5GD time points. Litter size was also recorded at birth at all post partum  
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Figure 2.1: Cardiac physical data normalized to left femur length.  

Whole heart (A), atrial (B, C) and ventricular (D, E) weight data are presented for ANP+/+ and 
ANP−/− mice. Two-way ANOVA was conducted with Tukey post-hoc test. Significance (P≤0.05) 
for within genotype multiple comparisons is denoted by letters (bars containing letters are 
significantly different from the corresponding time point(s); a-NPC, b-15.5GD, c-17.5GD, d-7PP, 
e-14PP, f-28PP). Significance (P≤0.05) for across genotype multiple comparisons is denoted by 
*. Data are presented as mean ± SD. 
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Figure 2.2: Representative cardiomyographs and quantified morphological assessment of 
cardiac changes across NPC and 14PP ANP+/+ and ANP−/− dams.  

(A) Whole ventricular cross-sections stained in H&E highlight significant changes in ventricular 
size across time points and genotype. Images captured at magnification of 10x; scale bar 
represents 1.5mm. (B) Comparison of LV wall area, (C) LV lumen diameter and (D) average 
cardiomyocyte area across genotype and time. Data are presented as mean ± SD (B,C) or SEM 
(D). Significance was determined by two-way ANOVA with Tukey post hoc test. * denotes 
p≤0.05, ** denotes p≤0.01. (n=4) 
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Table 2.2: Mean values for the number of viable embryos, embryo resorption and litter size 

recorded at gestational or post partum time points.  

Genotype 
Viable Embryos Embryo Resorption Litter Size 

15.5GD 17.5GD 15.5GD 17.5GD 7PP 14PP 28PP 

ANP+/+ 9.17 ± 1.1 8.17 ± 1.2 0.50 ± 0.6 0.67 ± 0.8 8.33 ± 1.8 8.33 ± 2.1 7.83 ± 0.8 

ANP−/− 8.33 ± 1.6 8.50 ± 1.0 1.17 ± 1.0 2.00 ± 1.6 8.67 ± 2.2 8.33 ± 1.9 7.50 ± 2.1 

Values are presented as mean ± SD. (n=6) 
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time points (7PP, 14PP and 28PP). Significance was not achieved in either measure (Table 2.2). 

Additionally, significant differences in mean placental weight were not observed across ANP+/+ 

and ANP−/− dams (Refer to Figure A.1 in Appendix A). These results are consistent with our 

previous investigation (226). 

 
 

2.4.3 Gestational elevations in cardiac RAS expression are attenuated immediately post 

partum  

 Observed LV expression of components of the RAS in ANP+/+ and ANP−/− dams is 

presented in Figure 2.3. Gene expression of Agt (Figure 2.3A) and the rodent isoform of the 

ANG-II receptor 1 (At1a ) (Figure 2.3B) was significantly increased at 17.5GD with trending 

significance at 15.5GD (p=0.1). The expression of these genes reverted to baseline NPC levels in 

both ANP+/+ and ANP−/− dams by 7PP. LV expression of Agt and At1a expression did not differ 

between genotypes. Angiotensin converting enzyme-1 (Ace1) displayed peak levels in gene 

expression at 7PP and 14PP in ANP+/+ and ANP−/− dams (Figure 2.3C). Across time points, 

ANP−/− mice displayed slightly lower levels of Ace1 expression compared to their counterpart. 

This difference in expression only reached significance at 14PP (p=0.02).  

 

2.4.4 Post partum CH is associated with elevations in NPS expression 

 Expression of the genes encoding for NPs, ANP and BNP  (Nppa and Nppb, respectively) 

and NP receptor C (NPRC, gene=Npr3) were measured in the LV of ANP+/+ and ANP−/− dams by 

qPCR Figure 2.4. Gene expression of NP receptor A (NPRA, Npr1) and B (NPRB, Npr2) were 

also measured however detection was not achieved. Moreover, due to the transgenic background 

of ANP−/− mice, Nppa expression was not detected in the LV of ANP−/− dams. LV expression of  
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Figure 2.3: Cardiac gene expression of the RAS of ANP+/+ and ANP−/− dams.  

LV gene mRNA expression of Agt (A), At1a (B) and Ace1 (C) measured by qPCR. Data are 
presented as mean ± SEM. Significance (P≤0.05) for within genotype multiple comparisons is 
denoted by letters (bars containing letters are significantly different from the corresponding time 
point(s); a-NPC, b-15.5GD, c-17.5GD, d-7PP, e-14PP, f-28PP) and * for across genotype 
comparison as detected by two-way ANOVA with Tukey post hoc test. 
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Nppa in ANP+/+ dams demonstrated low levels during gestation equivalent to NPCs with 

significant elevation in gene expression at 7PP and 14PP that gradually declined at 28PP (Figure 

2.4A). Similar expression was observed in Nppb across ANP+/+ and ANP−/− dams with significant 

elevations in gene expression post partum (7PP and 14PP) (Figure 2.4B). However, ANP−/− mice 

displayed a lower degree of Nppb elevation post partum compared to ANP+/+ dams as 

demonstrated by multiple comparison analysis across genotype. Expression of the NP clearance 

receptor Npr3 gene exhibited no differences between genotypes with slight increases in gene 

expression in both groups 7PP compared to NPCs (Figure 2.4C). 

 

2.5 Discussion 

 CH is an adaptive response of the myocardium to either a pressure-, or volume-overload 

stimulus (37,38). These adaptive responses can cause dramatic structural changes in the heart 

with respect to cardiac chamber size and wall thickness. In pregnancy, a notable increase in blood 

volume occurs within the first few weeks of gestation (245) stimulating a hypertrophic growth 

response in the heart. Unlike the concentric, irreversible characteristics associated with 

pathological cardiac remodeling and pressure-overload (36,246-248), pregnancy induces CH that 

is eccentric in nature and reversible (44,45,231). This remodeling is synonymous with that 

observed during maturation and with respect to exercise due to vascular volume overload 

accompanying each of these processes (46,47,249). The response of cardiomyocytes to volume-

overload includes the addition of sarcomeres in series to existing sarcomeres resulting in 

increased chamber diameter without increasing wall thickness. Additionally, this type of cardiac 

remodeling has been shown to enhance contractile function, an essential requirement in  
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Figure 2.4: Cardiac gene expression of the NPS of ANP+/+ and ANP−/− dams.  

LV gene mRNA expression of Nppa (A), Nppb (B) and Npr3 (C) measured by qPCR. Data are 
presented as mean ± SEM. Significance (P≤0.05) for within genotype multiple comparisons is 
denoted by letters (bars containing letters are significantly different from the corresponding time 
point(s); a-NPC, b-15.5GD, c-17.5GD, d-7PP, e-14PP, f-28PP) and * for across genotype 
comparison as detected by two-way ANOVA with Tukey post hoc test. Nppa analysis was 
conducted by one-way ANOVA with Tukey post hoc test. 
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pregnancy to allow for the maternal system to successfully adapt to the increased metabolic need 

of the fetus.  

 It has been well established that the structure of the maternal heart in uncomplicated 

pregnancy is significantly altered and that the changes observed during pregnancy regress post 

partum. Many investigations have demonstrated an approximate 15-20% increase in ventricular 

wall thickness and 40-50% increase in LV wall mass alone by the end of gestation 

(44,45,231,250). Additionally, studies involving echocardiography in normal pregnancy have also  

shown mild dilation in all four cardiac chambers of the heart (242); this is confirmed in the 

current study. The body of literature surrounding pregnancy-induced CH focuses highly on 

changes during gestation. Currently, knowledge of the mechanisms by which pregnancy-induced 

cardiac modifications reverse post partum is limited. This is partly due to the lack of detailed 

longitudinal studies in both human and animal models.  

 In our investigation, we have characterized the onset and regression of pregnancy-

induced CH in both normal pregnancy and pregnancy complicated by gestational hypertension 

and lack of maternal ANP monitoring both ANP+/+ and ANP−/− dams up to 28PP. At baseline, 

ANP−/− mice exhibit CH prior to pregnancy; a significant difference in cardiac size that persisted 

across gestation and post partum. This characteristic is attributed to the chronic hypertensive 

nature of the ANP−/− mouse. Pregnancy-induced cardiac changes in normotensive and 

hypertensive dams displayed peak CH at 14PP contradicting the current literature that the heart is 

largest during pregnancy. Although ANP−/− dams exhibit larger hearts at this time-point post 

partum, it is important to mention that identical trends in cardiac change were observed in both 

hypertensive dams and control groups suggesting that the presence of chronic hypertension in 

these mice and/or lack of ANP. Other investigations have also reported sustained pregnancy-
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induced CH post partum in normal (48,49,235) and pre-eclamptic (251) pregnancies. Thus along 

with our data set, there is growing evidence to suggest that the critical window of significant 

maternal cardiac change occurs early post partum.  As a result, mothers, especially those who 

have experienced pregnancy complications, should be closely monitored during this time. 

 As previously mentioned, the biological roles of circulating RAS are BP regulation and 

fluid homeostasis. During pregnancy, an overexpression of the RAS components 

(239,240,252,253) have been observed with the exception of ACE which displays decreased 

expression (240). Expression of the RAS has been observed in placental spiral arteries and is said 

to be involved in blood volume maintenance and uteroplacental circulation (254). Additionally, 

due to alterations in receptor phenotypes observed over gestation, pregnant women are less 

sensitive to ANG-II and thus require approximately twice the amount of ANG-II to elicit a 

similar vasomotor response compared to NPCs (255-257). This explains why pregnancy is 

associated with hypotension while AGT and ANG-II levels remain increased. Moreover, the 

amount of AGT, a key factor in circulating RAS activity, is highly influenced by estrogens 

stimulating increased production of AGT and renin as plasma estradiol levels increase in 

pregnancy (258). Our data has further confirmed the increased expression of Agt and At1a late in 

pregnancy in both ANP+/+ and ANP−/− dams. The expression of the components of the RAS was 

significantly reduced within the first week post partum, which we speculate may be partly due to 

the increase in NPS expression. However, the process of delivery and other physiological post 

partum alterations are more likely to influence these expressional changes as ANP−/− dams also 

demonstrated similar decreases in post partum RAS expression. 

 Contrary to normal pregnancy, pregnancy complications such as PE have shown a shift in 

circulating RAS expression displaying decreased levels compared to those observed in 
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uncomplicated pregnancy (239,240) and increased ANG-II sensitivity (257). Although ANP−/− 

dams exhibit gestational hypertension, these mice did not display significant differences in RAS 

expression compared to ANP+/+ mice. This could be in part due to the transgenic nature of our 

model. Close examination of the Agt and At1a data displays slight decreases in expression within 

the ANP−/− animal however these reductions are quite minimal.  

 It has been well established that the members of the NP family, specifically ANP and 

BNP, oppose hypertrophic processes in cases of pathological cardiac remodeling. BNP has long 

been appointed as a biochemical marker used to predict LVH or LV remodeling (259). In the 

spontaneously hypertensive rat (SHR), ANP and BNP have been shown to display increased 

levels of expression prior to the development of hypertension in both male and female offspring 

(260). Furthermore, the hypertensive and hypertrophic phenotype exhibited by our ANP−/− mouse 

model (85) is added proof of the importance of these peptides for normal cardiovascular function. 

Contrary to its characterization in pathological CH, the pattern of ANP and BNP expression in 

pregnancy has not been extensively studied.  

 The role of the NPS in pregnancy remains a topic of controversy. A review by Fournier 

and colleagues in 1991 (261), presented many conflicting and inconsistent results observed across 

the literature with respect to ANP plasma levels in pregnancy. Similar conclusions regarding the 

role of BNP in pregnancy have also been made (262). Some investigations have shown increases 

in circulating ANP during pregnancy occurring prior to hypervolemia and increased cardiac 

preload (263). It is understood that this elevation in ANP permits vasodilation ensuring adequate 

blood supply to the fetal-placental unit (263-266). This is partially accomplished through the 

antagonistic effect of ANP on ANG-II-induced vasoconstriction of the uterine artery (267). 

Although the aforementioned investigations demonstrate the importance of ANP in pregnancy, 
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there is a lack of knowledge surrounding the expression of the NPS and its function in pregnancy-

induced CH. 

 In our investigation, we have particularly focused on the maternal cardiac expression of 

the NPS over pregnancy and post partum. We have observed an up-regulation of the Nppa and 

Nppb gene expression at 7PP and 14PP correlating with peak post partum CH. This data is 

suggestive of a protective role for ANP and BNP in counterbalancing the effects of post partum 

CH in the heart and a potential influential system involved in the observed initiation of cardiac 

regression to NPC levels at 28PP. Additionally, genotypic differences in Nppb expression were 

observed in ANP+/+ and ANP−/− dams. This may be due to the fact that the hearts of ANP+/+ mice 

responded more drastically to pregnancy as shown by their change in LV area and LV diameter 

(1.5 and 1.2 fold increase respectively) compared to ANP−/− dams (1.2 and 1.1 fold increase 

respectively). It may be possible that because of their chronically hypertensive phenotype, the 

ANP−/− mouse possesses an unknown mechanism that protects against or limits further cardiac 

modification thus requiring less BNP to counterbalance pregnancy-induced changes in the heart.  

Expression of Nppa and Nppb during pregnancy however did not fluctuate from baseline levels. 

Our results corroborate with the current literature as this has also been previously observed by 

Eghbali et al. (242) who assessed ANP expression during pregnancy in comparison to a stimulus 

of pathological CH. Further mechanistic work is required to elucidate the direct role of the NPS 

in post partum CH.  

 

2.6 Conclusion 

 In conclusion, our data set is one of the first to assess the onset and regression of 

pregnancy-induced CH in normotensive and hypertensive dams using the ANP−/− mouse. We have 
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been able to demonstrate that the maternal heart undergoes the largest change in size within the 

first two weeks post partum following both normal pregnancy and pregnancy complication by a 

gestational hypertensive phenotype. Unexpectedly, the lack of maternal ANP and hypertension 

exhibited by ANP−/− dams did not affect the remodeling of the maternal heart or greatly impact 

the cardiac gene expression of the RAS and NPS compared to wildtype controls. Furthermore, 

components of each vasoactive system assessed by qPCR highlighted the importance of the RAS 

during pregnancy, in particular, late in gestation, and a much larger role for the NPS post partum. 

Future work is required to determine a mechanistic understanding of the systems involved in the 

development of post partum CH and its implication on maternal cardiac function. 
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Chapter 3 

Assessment of acute ischemic stroke in the atrial natriuretic peptide 

gene-disrupted mouse 
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3.1 Abstract 

Hypertension is a leading risk factor for both cardiovascular and cerebrovascular disease. 

In response to an increase in blood pressure (BP), components of vasoactive systems such as the 

natriuretic peptide (NP) system are highly up regulated to counterbalance these effects by 

promoting vasodilation and natriuresis. Development of the transgenic atrial natriuretic peptide 

gene-disrupted (ANP−/−) mouse, provided evidence for the importance of ANP and the NPS in the 

heart as a cardioprotective mechanism for myocardial infarction and hypertension. Thus, due to 

the overlap in mechanism between ischemic heart disease and cerebral ischemia, we propose that 

the NPS may also provide cerebral protection, reducing ischemic damage following stroke. 

Transient cerebral ischemia was induced in wildtype (ANP+/+) and ANP−/− mice by temporary 

middle cerebral artery occlusion (MCAO). Mice were euthanized following 24-h reperfusion, 

cerebral coronal slices stained in 0.5% 2,3,5-triphenyltetrazolium chloride (TTC) and cerebral 

infarct volume measured. Assessment of the vascular structure of the circle of Willis was 

conducted by vascular casting. Our data demonstrates that contrary to our hypothesis, ANP−/− 

mice displayed significantly smaller cerebral infarcts. Additionally, we have observed that 

ANP−/− mice contain a complete circle of Willis as opposed to the incomplete circle discerned in 

ANP+/+ controls.  As a result we have concluded that the ANP−/− mouse model is not suitable to 

investigate the effects of chronic hypertension and lack of ANP on cerebrovascular disease as the 

adaptive cerebral circulation following stroke induction would be differ between genotype. 

Ultimately, these differences confound the response of ANP+/+ and ANP−/− mice to transient 

cerebral ischemia. 
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3.2 Introduction: 

 Cerebrovascular disease, a leading cause of global death (3), shares many of the same 

symptomatic and mechanistic characteristics as cardiovascular disease (CVD). A number of 

modifiable risk factors have previously been associated with both ischemic heart disease and 

stroke including a variety of environmental factors, diet, tobacco use and most importantly, 

hypertension (268,269).  Elevated blood pressure (BP), characteristic to hypertension, stimulates 

a multitude of vascular adaptations in both systemic and cerebral blood vessels. These changes 

include vascular hypertrophy and increased vascular stiffness, adaptive responses that occur to 

reduce vessel wall stress and prevent any disruption in the downstream microcirculation (270). 

Furthermore, hypertension disrupts cerebral circulation by promoting endothelial dysfunction and 

impairing autoregulation in the brain (271).  

 Components of the natriuretic peptide (NP) system, namely atrial natriuretic peptide 

(ANP) and B-type natriuretic peptide (BNP) are highly up-regulated in hypertension or cases of 

myocardial infarction (260,272). In response to an increase in vascular pressure, circulating ANP 

and BNP stimulate vasodilation as well as diuresis and natriuresis (273,274) (reviewed in (275)), 

thus playing an important role in BP regulation and cardioprotection (276). As a result, plasma 

BNP has been utilized for a number of years as a prognostic indicator for patients with essential 

hypertension, pulmonary hypertension and diastolic dysfunction (259,277). Elevations and the 

release of ANP and BNP are also said to occur in response to cerebral ischemia. Following acute 

ischemic stroke, circulating ANP and BNP measured in the plasma have demonstrated increased 

concentrations of the two peptides and an association with predicting stroke mortality (278,279). 

Epigenetic studies investigating allelic mutations of the ANP gene (NPPA) in humans have 
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further confirmed these associations, correlating increased circulating ANP and increased risk of 

hypertension and stroke (82,280-282).  

 In animals, disruption of the Nppa gene in mice has led to the development of the ANP 

gene-disrupted (ANP−/−) mouse (85); a model used to investigate the cardioprotective role of 

ANP in hypertension and myocardial infarction. This murine model exhibits salt-sensitivity, 

chronic hypertension and left ventricular hypertrophy independent of arterial blood pressure 

(85,86,283,284). Due to the overlap in pathophysiology of stroke and CVD, it is possible that 

ANP may also provide cerebrovascular protection in stroke, however this phenomenon has never 

been investigated. Thus, the objective of the current investigation was to generate a murine model 

to determine the role of the NPS and the effects of chronic hypertension in acute ischemic stroke 

using the ANP−/− mouse.  

 

3.3 Materials and Methods 

3.3.1 Animals and Genotyping 

Animal ethics for all experimental protocols pertaining to the use of mice in this 

investigation had received approval by the University Animal Care Committee (UACC) of 

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

(CCAC). Mice were kept at room temperature (21 ± 1°C) on a 12hr light/dark cycle, up to 4 

animals per cage in the Animal Care Facility at Queen’s University. All mice were provided with 

rodent chow and tap water ad libitum. Ear and tail tissue biopsies were collected for genotyping 

at weaning (21 days). Both wildtype (ANP+/+; C57BJ/6) and ANP−/− (C57BJ/6 x SV129 

background) males were considered in this study. The genotype of each mouse was determined 

using an AccuStartTMII mouse genotyping kit (Quanta Biosciences, Gaithersburg, MD, USA) and 
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previously published PCR methods (285). Only male offspring were considered in this study as 

previous literature has demonstrated sex specific responses to stroke; both incidence of stroke and 

stroke outcome (286,287). 

 

3.3.2 Induction of Acute Ischemic Stroke 

 Acute ischemic stroke was induced in male ANP+/+ and ANP−/− between the ages of 13-15 

weeks by temporary occlusion of the proximal left middle cerebral artery (MCA). This was 

achieved using the intraluminal filament method previously described by Longa et al. (199) and 

Barber et al (200). Mice were anesthetized with isoflurane (3% initial, 1-1.5% maintenance), in 

oxygen to air ratio of 20%:80%. Core body temperature was maintained at 36.5°C by heated 

surgical stage and monitored via rectal probe feedback. Transcranial measurements of cerebral 

blood flow were obtained by laser Doppler flowmetry (Perimed, Periflux System 5010, North 

Royalton, Ohio, USA) and a reduction of 70% or more in regional MCA cerebral blood flow was 

required to induce the stroke event. This reduction in blood flow was maintained for 30 min after 

which the mice were re-perfused and allowed to recover in a cage warmed to 34°C by a 

circulating water blanket for 24 hr. Post-operative analgesics were provided (2mg/kg of 

bupivacaine subcutaneous (SQ), 0.5mL of 0.9% saline SQ and 2mg/kg of meloxicam SQ) 

immediately following surgery and all efforts made to minimize animal suffering. Surgical 

control (sham) mice were also obtained. In the sham group, all surgical procedures were 

conducted with the exception of MCA occlusion (MCAO).  
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3.3.3 Tissue Collection 

 Following 24-h of reperfusion, mice were anesthetized via an IP injection of Euthanyl 

(100mg kg-1 body weight) and the brain of each mouse (n=4-5 each; ANP+/+ and ANP−/−, sham 

and MCAO) was removed from the cranium. Coronal sections (1mm thick) were stained in 0.5% 

2,3,5-triphenyltetrazolium chloride (TTC) diluted in phosphate buffered saline (PBS). Infarct 

volumes were measured using ImageJ software (http://rsbweb.nih.gov/ij/). To account for 

cerebral swelling post-stroke, infarct volumes were calculated according to the methods of 

Swanson et al. (288) using the following formulas: 

!"##$%&$'!!"#$%&'!!"#$!(!) =

!!!"!!"#$%&'&$(%&'!ℎ!"#$%ℎ!"! ÷ !!!"!!"#!$%&'(%$!ℎ!"#$%ℎ!"! !×!!"#$%&'!!  

 

!"#$%!!"#$%&'!!"#$%&! ! =

!"##$!%$&!!"#$%&'!!!×!!"#$%!!ℎ!"#$%&& !×![#!!"!!"#$%!!!"#$%&"']  

 

3.3.4 Cerebrovascular Casting 

 A subset of mice (n=4 each; ANP+/+ and ANP−/−) was used to assess the integrity and 

structure of the circle of Willis in the brain. Each mouse was transcardially perfused with 140 

mmol/L NaCl, 10 mmol/L KCl, and 5mmol/L ethylenediaminetetraacetic acid (EDTA) (pH=7.5). 

A retrograde injection of Batson’s #17 polymer (Polysciences Inc., Warrington, PA, USA) (2mL) 

was accomplished through the thoracic aorta. Polymerization occurred over 24-h after which the 

skull was isolated and the soft and bony tissue digested in 1mol/L NaOH and 5% Contrad 70 

(Fisher Scientific, Pittsburgh, PA, USA) detergent.  
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3.3.5 Statistical Analysis 

 Statistical analyses were conducted using Prism 6.0 Software (GraphPad Software Inc., 

La Jolla, CA, USA). Cerebral infarct volumes were compared by unpaired, two-tailed Student’s t 

test. Statistical significance is reported when P≤0.05.  

 

3.4 Results 

3.4.1 Cerebral infarction is reduced in ANP−/− mice. 

Cerebral infarct volumes were measured in both ANP+/+ and ANP−/− mice. ANP−/− males 

displayed significantly smaller cerebral infarct volumes compared to ANP+/+ controls (P=0.031) 

as measured by TTC stain. Data is presented in Figure 3.1. 

 

3.4.2 The structure of the circle of Willis differs in ANP+/+ and ANP−/− mice.  

 Assessment of the cerebrovascular casts in ANP+/+ and ANP−/− males demonstrated 

differences with respect to the structure of the circle of Willis. ANP+/+ mice were consistently 

seen to possess only one posterior communicating artery, and thus and incomplete circle of 

Willis. Right and left posterior communicating arteries were observed in ANP−/− mice. 

Representative cerebrovascular casts are presented in Figure 3.2. 
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Figure 3.1: Cerebral infarct volumes measured in ANP+/+ and ANP−/− mice. 

Data is presented as mean ± SD where * represents P ≤ 0.05 following unpaired, two-tailed, 
student’s t test. (n=4-5) 
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Figure 3.2: Representative cerebrovascular casts. 

Arrows denote the presence of posterior communicating arteries responsible for completing the 
circle of Willis (n=4). 
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3.5 Discussion 

 Presently, we have demonstrated that ANP−/− mice experience less cerebral damage 

following induction of transient cerebral ischemia compared to their genotypic counterpart. This 

is contrary to our hypothesis that the hypertensive phenotype of ANP−/− mice would render the 

brain more susceptible to tissue damage. The ANP−/− mouse has been extensively studied for a 

number of years to elucidate the cardioprotective role of ANP in the heart. These studies have 

been successful in achieving a better understanding of the mechanisms by which ANP assists in 

regulating BP and the involvement of the NPS in cardiac remodeling (86,87,283,284,289). 

However, the current investigation proves that the ANP−/− mouse is not an advantageous model to 

study the effects of chronic hypertension and lack of ANP on cerebrovascular disease. This is due 

to the fact that the genotype control mice possess opposing structures in the circle of Willis and 

comparison of stroke response would be inaccurate.  

 Many investigations have provided evidence for strain specific alterations in 

cerebrovascular structure, particularly with respect to the circle of Willis (290). The circle of 

Willis is composed of a cerebral arterial complex on the base of the brain that provides a 

structural basis for free anastomotic flow and collateral circulation. A disruption in the continuity 

of its structure significantly influences the biological function of the circle of Willis as a “shunt 

mechanism” in the presence of arterial occlusion or obstruction. In comparison to SV129 strains 

of mice, C57BJ/6 mice have hypoplastic posterior communicating arteries contributing to an 

increased susceptibility to ischemic damage (291). Thus, we suspect that due to the structural 

differences we have observed and the genetic background of our transgenic model, ANP+/+ mice 

possess diminished brain circulation and collateral blood supply in comparison to ANP−/− mice; 

accounting for the unexpected results obtained.  
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3.6 Conclusion 

As a result of the genetic engineering of our mouse model, ANP+/+ and ANP−/− mice 

display structural differences in the vessels that comprise the circle of Willis. We therefore cannot 

compare their response to an induced acute ischemic stroke, as either genotype will use 

alternative collateral shunting to adapt to the vascular occlusion.  Future investigations will focus 

on characterizing stroke response in heterozygote mice to reduce confounding variables like 

across genotype comparison.   
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Chapter 4 

Molecular adaptations in vasoactive systems during acute stroke in salt-

induced hypertension 
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4.1 Abstract 

Investigations regarding hypertension and dietary sodium, both factors that influence 

stroke risk, have previously been limited to using genetically disparate treatment and control 

groups, namely the stroke-prone, spontaneously hypertensive rat and Wistar-Kyoto rat. In this 

investigation we have characterized and compared cerebral vasoactive system adaptations 

following stroke in genetically identical, salt-induced hypertensive and normotensive control 

mice. Briefly, ANP+/− (C57BJ/6 x SV129 background) mice were fed chow containing either 

0.8% NaCl (NS) or 8.0% NaCl (HS) for 7 weeks. Transient cerebral ischemia was induced by 

middle cerebral artery occlusion (MCAO). Infarct volumes were measured 24 hrs post 

reperfusion and the mRNA expression of five major vasoactive systems was characterized using 

qPCR.  Along with previous publications, our data validates a salt-induced hypertensive state in 

ANP+/− mice fed HS chow as they displayed left ventricular hypertrophy, increased systolic blood 

pressure and increased urinary sodium excretion. Following MCAO, mice fed HS exhibited larger 

infarct volumes than their dietary counterparts. In addition, significant up-regulation in Et-1 and 

Nos3 mRNA expression in response to salt and stroke suggests implications with increased 

cerebral damage in this group. In conclusion, our data demonstrates increased cerebral 

susceptibility to stroke in salt-induced hypertensive mice. More importantly however, we have 

characterized a novel method of investigating hypertension and stroke with the use of genetically 

identical treatment and control groups. This is the first investigation in which genetic 

confounding variables have been eliminated. 

 

 

 



 

 

 

71 

4.2 Introduction 

Hypertension is the most important, preventable risk factor for premature death 

worldwide (9) increasing the risk of developing coronary artery disease (292) and stroke (293). 

Dietary salt intake is a known contributor to hypertensive disease (228,294,295).  

Approximately one third of patients with essential hypertension are sensitive to dietary 

changes in salt (295). Increased sodium has been linked to vessel remodeling (296), increased left 

ventricular (LV) mass, increased blood pressure (BP) (228,297) and increased urinary sodium 

excretion (9,297). Epidemiological studies have shown a positive correlation between salt intake 

and increased risk of stroke (295,298,299) while others have demonstrated correlations between 

BP and essential hypertension on stroke (293,300-302). No direct relationship between salt-

induced hypertension and stroke injury has previously been examined. Vasoactive systems, such 

as the natriuretic peptide (NP), nitric oxide synthase (NOS), renin-angiotensin (RAS) and 

endothelin (ET) systems, possess homeostatic roles in normal states to regulate BP. In salt-

induced hypertension these systems show adaptive changes that may affect stroke injury.  

Atrial natriuretic peptide (ANP) is modulated by volume status and is responsible for the 

homeostatic control of sodium and water content in the body. Heterozygous ANP gene-disrupted 

mice (ANP+/−) display normal cardiac mass and BP under normal conditions. Due to the salt-

sensitivity of this genotype, ANP+/− mice display left ventricular hypertrophy (LVH) and 

increased BP when fed high salt (HS) (85,284). In the current study, we have used the ANP+/− 

mouse to investigate the effects of salt-induced hypertension on stroke particularly with interest 

in cerebral adaptations in the NP, NOS, RAS, ET and the vascular endothelial growth factor 

(VEGF) vasoactive systems.  
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4.3 Materials and Methods 

4.3.1 Animal Model and Genotyping 

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

University Animal Care Committee (UACC) of Queen’s University in accordance with the 

guidelines of the Canadian Council of Animal Care (CCAC). All mice were bred and cared for in 

the Animal Care Facility at Queen’s University. Mice were housed in cages (up to 4 animals per 

cage) at room temperature on a 12hr light/dark cycle. Heterozygous (ANP+/−) offspring were 

obtained by crossing wild-type (ANP+/+, C57BJ/6) females with homozygous ANP gene-

disrupted (ANP−/−, C57BJ/6 x SV129 background) (85) males. Mice were weaned at three weeks 

and ear and tail tissue biopsies were collected for genotyping. The genotype of each mouse was 

determined using an AccuStartTMII mouse genotyping kit (Quanta Biosciences, Gaithersburg, 

MD, USA) and previously published PCR methods (285).     

 

4.3.2 Dietary Treatment and Non-invasive Tail-cuff BP Measurements 

Male ANP+/− mice were fed either normal-salt (NS; 0.8 % NaCl) or high-salt chow (HS; 

8.0 % NaCl, Lab Diet 5001®, Brentwood, MO, USA) for 7 weeks. A total of 22 NS- treated and 

23 HS-treated mice (between 13 and 15 weeks of age) were used. Chow diets and tap water were 

provided ad libitum. At the beginning of the fourth week of salt treatment, a randomized subset of 

mice (NS; n = 4, HS; n = 5) underwent a 3-week training period to acquire BP measurements 

using a CODA non-invasive tail-cuff system (Kent Scientific, Connecticut, USA) (303,304). 

Following training, systolic BP measurements were recorded and the mean value from two 

separate days at the end of salt treatment was calculated. To ensure successful salt treatment, a 

separate randomized subset of mice was used for urine collection (0.8 % NaCl, n=4; 8.0 % NaCl, 
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n=4). Urine was collected from each mouse by metabolic cages over a morning, 4-h time period, 

and analyzed for urinary Na+ excretion. Urinary Na+ concentration was measured using a sodium 

specific electrode (Model #: K-27504-30, Cole Palmer, Montreal, Canada).  

 

4.3.3 Induction of Transient Cerebral Ischemia 

Transient cerebral ischemia was induced by temporary occlusion of the proximal left 

middle cerebral artery (MCA) using the intraluminal filament method previously described by 

Longa et al. (199)and later modified by Barber et al. (200). Mice were anesthetized with 

isoflurane (3 % initial, 1–1.5 % maintenance), in oxygen to air ratio of 20:80 %. Core body 

temperature was monitored and maintained at 36.5 °C using a rectal probe with feedback to a 

heated surgical stage. Transcranial measurements of cerebral blood flow were obtained by laser 

Doppler flowmetry (Perimed, Periflux System 5010, North Royalton, OH, USA). A reduction of 

70 % or more in regional MCA cerebral blood flow was considered adequate to induce ischemia. 

Occlusion was maintained for 30 min after which reperfusion was achieved.   All mice recovered 

in a cage warmed to 34 °C by a circulating water blanket for 24 h and received 2 mg/kg of 

bupivacaine subcutaneous (SQ), 0.5 mL of 0.9 % saline SQ and 2 mg/kg of meloxicam SQ for 

analgesia immediately following surgery. Sham mice were used as controls; all surgical 

procedures were conducted with exception of MCA occlusion.  

 

4.3.4 Vascular Casting 

 Mice (n=4) were transcardially perfused with 140 mmol/L NaCl, 10 mmol/L KCl, and 

5mmol/L ethylenediaminetetraacetic acid (EDTA) (pH=7.5). Batson’s #17 polymer (Polysciences 



 

 

 

74 

Inc., Warrington, PA, USA) (2mL) was injected (retrograde) through the thoracic aorta and left to 

polymerize for 24-h. The skull was isolated and the soft and bony tissue digested in 1mol/L 

NaOH and 5% Contrad 70 (Fisher Scientific, Pittsburgh, PA, USA) detergent.  

 

4.3.5 Tissue Collection 

 Mice were anesthetized via an intraperitoneal (IP) injection of Euthanyl (100mg/kg body 

weight) 24-h post reperfusion. One millimetre cerebral sections were obtained. The fourth slice 

(Bregma ± 1mm) was isolated and snap-frozen for molecular analysis. All other slices were 

stained in 0.5% 2,3,5-triphenyltetrazolium chloride (TTC) diluted in 1x phosphate buffered saline 

(PBS). Infarct volumes were measured using ImageJ software (http://rsbweb.nih.gov/ij/). To 

account for the overestimation of infarct size due to cerebral swelling, infarct volume 

measurements were calculated according to Swanson et al. (288). The heart was excised and 

dissected into individual chambers. Organ tissue weights were normalized to tibia length.  

 

4.3.6 RNA Isolation 

 Total RNA was isolated from the left cerebral hemisphere using a combination of Trizol 

(Tri Reagent, Molecular Research Centre, Inc. Burlingtion, ON, Canada) and a high pure RNA 

isolation kit (Roche Scientific Co., Laval, QC, Canada). All wash and elution steps were carried 

out according to the manufacturer’s instructions. RNA was measured using Nano-Drop 2000 

spectrometer (Thermo Scientific, Wilmington, DE, USA).  
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4.3.7 Reverse Transcription 

 Total RNA (1µg) was reverse transcribed into cDNA using a high capacity cDNA reverse 

transcription kit (LifeTechnologies, Carlsbad CA). Protocol was carried out according to the 

manufacturer’s instructions. Samples were incubated for 1 hr with oligo-dT18 and an additional 

hour with random hexamers.  

 

4.3.8 Real-time quantitative PCR (qPCR) 

 Oligonucleotide primers were designed using Primer Design 2.0 software (Scientific & 

Educational Software, Cary, NC, USA) from published mRNA sequences from NIH GenBank 

(www.ncbi.nlm.nih.gov/Genbank) (National Center for Biotechnical Information, Bethesda, MD, 

USA) (Table 4.1). Primer sets yielding a standard curve with efficiency within 1.7-2.0 were 

deemed adequate. Levels of mRNA expression were measured using the standard-curve method 

for each gene with hypoxanthine-guanine phosphoribosyltransferase (HPRT) as a reference gene. 

All qPCR was performed using the LightCycler® 480 system II (Roche Scientific, Laval, QU) and 

all samples were run in triplicates. 

 

4.3.9 Data and statistical analysis 

 All statistical analyses were performed using Prism 6.0 Software (GraphPad Software 

Inc., La Jolla, California). Organ tissue weights to tibia length ratios, systolic blood pressure 

(SBP) measurements for NS and HS treatment groups and infarct volumes were compared by 

unpaired, two-tailed Student’s t test and plotted as mean ± SD. Target gene mRNA expressional 

data was compared by two-way ANOVA with multiple comparisons and Tukey post hoc test.  
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Table 4.1. qPCR primer sequences, annealing temperatures (Ta) and standard curve 
efficiency (SCE) values for genes assessed in the NPS, NOS, RAS, ET and VEGF systems. 

Peptide Name Gene Sequence Ta 
(°C) SCE 

NPS! ! ! ! ! !
C-type natriuretic peptide Nppc 

 
S 
AS 

TGCGTGTGGACACCAAGT 
GATGCTGGAGGCTGATGAC 

62 °C 
62 °C 

 

1.746 

Natriuretic peptide receptor 2 Npr2 
 

S 
AS 

GAACAATGACCGCGAGAC 
TCTCCAGCATCAGCTTCC 

62 °C 
61 °C 

1.762 

NOS!System! ! ! ! ! !
Neuronal nitric oxide synthase Nos1 

 
S 
AS 

AGTCATGCTTGCCATCAGTC 
TCAACTACATCTGTAACCACGTC 

63 °C 
63 °C 

 

1.959 

Endothelial-derived nitric oxide 
synthase 

Nos3 
 

S 
AS 

TTGAGGATGTGGCTGTGTG 
GAGTTAGGCTGCCTGAGATG 

63 °C 
63 °C 

 

1.787 

Soluble guanylyl-cyclase alpha 
1 

sGCα1 

 

S 
AS 

TGTGATCGCATCATGGTG 
CTCTGTTGGCTCCTTAGGAA 

61 °C 
62 °C 

 

1.799 

Soluble guanylyl-cylcase beta 1 sGCβ1 

 

S 
AS 

TTCGTCTTCTGCCAGGAGT 
CCGAGTAGTAGTGCAGGATGA 

63 °C 
63 °C 

1.771 
 

RAS! ! ! ! ! !
Angiotensin converting enzyme Ace 

 
S 
AS 

AACGGCAAGGACTTCAGG 
AAGGCGATCTTGTCGAGG 

62 °C 
62 °C 

 

1.895 

Angiotensinogen Agt 
 

S 
AS 

CAATGATCGCCAACTTCG 
GAGCCAGGCTCTGAACAA 

62 °C 
62 °C 

 

1.839 

Angiotensin receptor 1 Agtr1a 
 

S 
AS 

GGCCTAACCAAGAACATCC 
CAGCTGAATCAGCACATCC 

62 °C 
62 °C 

 

1.717 

Angiotensin receptor 2 Agtr2 
 

S 
AS 

ACCTTCTTGGATGCTCTGAC 
CCAATGGCTAGGCTGATTAC 

62 °C 
62 °C 

1.955 

ET!System! ! ! ! ! !
Endothelin-1 Et-1 

 
S 
AS 

CGCTGTTCCTGTTCTTCCT 
CCTGGTCTGTGGCCTTATT 

63 °C 
63 °C 

 

1.869 

Endothelin receptor A Et-A 
 

S 
AS 

TGCCTCTGTTGCTGTTGTC 
GCATCTGTGGCGTAATGGT 

62 °C 
64 °C 

1.802 
 

VEGF!System! ! ! ! ! !
Vascular endothelial growth 
factor A 

Vegfa 
 

S 
AS 

AACACAGACTCGCGTTGC 
CGTGGTGGTGACATGGTT 

62 °C 
62 °C 

 

2.019 

Vascular endothelial growth 
factor receptor 1 

Flt-1 
 

S 
AS 

TGGTCCTATGGCGTGTTG 
CTGTTGGACGTTGGCTTG 

63 °C 
63 °C 

 

2.009 

Vascular endothelial growth 
factor receptor 2 

Flk-2 

 

S 
AS 

TAGCTGTCGCTCTGTGGTT 
AATCACGCTGAGCATTGG 

62 °C 
62 °C 

1.983 

!
CTRL!

! ! ! ! !

hypoxanthine-guanine 
phosphoribosyltransferase 

Hprt S 
AS 

TGCTCGAGATGTCATGAAGG 
GTAATCCAGCAGGTCAGCAA 

64 °C 
64 °C 

1.863 

Sense (S, forward direction), Antisense (AS, reverse direction), Control gene (CTRL) 
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Data are presented as mean ± SEM. P ≤ 0.05 were deemed statistically significant.  

 

4.4 Results 

4.4.1 ANP+/− mice exhibit salt-induced hypertension, LVH and a complete circle of Willis.  

 Body weight and cardiac mass to tibia length ratios are presented in Table 4.2. 

Previously, we have demonstrated that ANP+/− mice are salt-sensitive (85,284). When fed HS 

chow over a 7 week period, ANP+/− mice exhibited significant LVH, a clear indicator for cardiac 

changes associated with the development of hypertension. Tibia lengths were used as a non-

confounding variable to normalize all physical masses. As compared to ANP+/− mice fed NS 

chow, those fed a HS diet, demonstrated a 12% increase in cardiac mass by the end of the dietary 

treatment period. Furthermore, consistent cerebrovascular casting demonstrated a complete circle 

of Willis in all mice with the presence of posterior communicating arteries (PCommAs) in both 

right and left cerebral hemispheres (Figure 4.1). 

 

4.4.2 Salt-induced hypertensive ANP+/− mice exhibit larger infarct volumes  

 A subset of ANP+/− mice underwent non-invasive tail-cuff BP measurements to ensure the 

development of hypertension. As expected, a significant increase (22%) in SBP was shown in 

ANP+/− mice fed HS chow (159.5 ± 4.5 mmHg) as compared to the NS (130.8 ± 10.2 mmHg) 

group (Figure 4.2A). Only SBP is being reported as other investigators have demonstrated 

inaccuracies in measuring diastolic blood pressure (DBP) using non-invasive tail-cuff methods 

(303).  
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Table 4.2. Body weight and cardiac mass physical data for 0.8 and 8.0% NaCl treatment 

groups. 

Treatment 
Group 

n 
Body Weight:Tibia 

Length (g/mm) 
Heart Weight:Tibia 
Length (mg/mm) 

Left Ventricle 
Weight:Tibia 

Length (mg/mm) 

0.8% NaCl 14 1.58 ± 0.154 8.86 ± 1.18 5.94 ± 0.56 

8.0% NaCl 14 1.57 ± 0.152 9.96 ± 1.53* 6.62 ± 0.83* 

Values are presented as mean ± SD. * Indicates that the 0.8% NaCl treatment group is 
significantly different as compared to the 8.0% NaCl treatment group at P ≤ 0.05 
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Figure 4.1: Representative cerebrovascular cast. 

Arrows denote the presence of posterior communicating arteries responsible for completing the 
circle of Willis (n=4). 
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Figure 4.2: Systolic BP (A) and urinary sodium excretion (B) measurements in NS and HS 
treatment groups. 

(A) Data represented as mean ± SEM, n=4-5; (B) data represented as mean ± SD, n=5. * P ≤ 0.05 
using unpaired, two-tailed Student’s t test. 
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In addition, mice fed HS chow excrete more urinary Na+ as compared to those fed NS (Figure 

4.2B).  

Following middle cerebral artery occlusion (MCAO), mice treated with 8.0% NaCl 

exhibited an approximate 3 fold increase in infarct size as compared to the 0.8% NaCl group 

(P=0.0002) (Figure 4.2C, Figure 4.3). Thus, the development of salt-induced hypertension in 

ANP+/− mice significantly impacted cerebral ischemic infarct size.  

 

4.4.3 Cerebral vasoactive gene expression in response to salt-induced hypertension and 

transient cerebral ischemia 

 Left cerebral hemispheric mRNA expression levels of various vasoactive system genes 

were assessed by qPCR methods. Sham operated mice were used as controls to better assess gene 

expression differences in response to stroke and/or dietary treatment.  

 

4.4.3.1 Natriuretic Peptide (NP) System 

 Gene mRNA expression levels of C-type natriuretic peptide (Nppc) and its specific 

receptor, natriuretic peptide receptor 2 (Npr2) demonstrated no significant differences across 

dietary treatment or across surgical intervention (refer to Figure B.1 in Appendix B). All 

components of the NPS, including ANP (Nppa), B-type natriuretic peptide (Nppb) and natriuretic 

peptide receptor 1 (Npr1) were assessed; however expression levels of these peptides and 

receptor were undetectable by qPCR methods.  
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Figure 4.3: Representative brain images stained with TTC 24-h post reperfusion 
demonstrating infarct volume differences across ANP+/− treatment groups. 

(A) Control sham, (B) 0.8% NaCl and (C) 8.0% NaCl. All brain sections (1mm) were stained 
with TTC to measure infarct volume. Arrows locate infarcted area. 
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4.4.3.2 Nitric Oxide Synthase (NOS) System 

 Figure 4 summarizes the changes in mRNA expression of neuronal nitric oxide synthase 

(Nos1) (Figure 4.4A), endothelial-derived nitric oxide synthase (Nos3) (Figure 4.4B) and 

receptors soluble guanylyl cyclase alpha-1 (sGC1α1) (Figure 4.4C) and beta-1 (sGC1β1) (Figure 

4.4D). A general, non-significant trend towards increased expression in response to HS was 

observed in both receptor genes as well as Nos1 with no influence from stroke. The expression of 

Nos3 significantly increased in stroked, HS treated (HS-MCAO) mice as compared to the NS, 

stroke (NS-MCAO) and HS treated sham (HS-Sham) groups. Nos3 levels appear to change in 

response to the combined effect of HS treatment and stroke. 

 

4.4.3.3 Renin-Angiotensin (RAS) System 

The resultant mRNA expression of angiotensinogen (Agt), angiotensin-converting enzyme 

(Ace), angiotensin II receptor type 1a (Agtr1a) and angiotensin II receptor type 2 (Agtr2) did not 

show significant changes although some trends were observed. Both Agt and Agtr1 target genes 

demonstrated a pattern of decreased gene expression in response to stroke in both dietary groups 

equally, thus increased salt did not influence these genetic changes. Agtr2 mRNA expression 

increased in response to high salt alone. (Refer to Figure C.1 in Appendix C). 
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Figure 4.4: Changes in mRNA expression of Nos1 (A), Nos3 (B), sGCa1 (C), and sGCb1 (D) in 
left hemispheric brain tissue of sham and left MCAO mice fed either NS or HS diet. 

Data are presented as mean ± SEM. * P ≤ 0.05, using two-way ANOVA with Tukey’s post hoc 
test. n=6. 
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4.4.3.4 Endothelin (ET) System 

Endothelin-1 (Et-1) mRNA levels demonstrated a trend towards increased expression 

following stroke in normotensive mice (Figure 4.5A). A significant increase in Et-1 expression 

was observed in the HS-MCAO group as compared to all other treatment groups (Figure 4.5A). 

This pattern of expression suggests that the combined presence of increased sodium, hypertension 

and stroke stimulates this system, above all, to respond. Although, no significant changes were 

observed, a similar trend of increased endothelin receptor A (Et-A) mRNA expression was seen in 

the HS-MCAO group compared to all others, which corresponds to Et-1 levels (Figure 4.5B). 

 

4.4.3.5 Vascular Endothelial Growth Factor (VEGF) System 

 Vascular endothelial growth factor type A (VEGFA), vascular endothelial growth factor 

receptor 1 (Flt-1) and vascular endothelial growth factor receptor 2 (Flk-1) were assessed by 

qPCR to determine whether cerebral ischemia and/or hypertension stimulate this physiological 

response. A general trend to increased Vegfa expression (Figure 4.6A) in response to salt was 

seen. Receptors Flt-1 (Figure 4.6B) and Flk-2 (Figure 4.6C) exhibited similar expression patterns. 

Both receptors showed an increase in mRNA expression in the HS-MCAO group; however only 

the Flk-1 expression was significantly increased. As a result, these data demonstrate angiogenic 

responses to a combined salt-induced hypertensive and cerebral ischemic event. 
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Figure 4.5: Changes in mRNA expression of Et-1 (A) and Et-A (B) in left hemispheric brain 
tissue of sham and left MCAO mice fed either NS or HS diet. 

Data are presented as mean ± SEM. * P ≤ 0.05, using two-way ANOVA with Tukey’s post hoc 
test. n=6. 
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Figure 4.6: Changes in mRNA expression of Vegfa (A), Flt-1 (B) and Flk-2 (C) in left 

hemispheric brain tissue of sham and left MCAO mice fed either NS or HS diet. 

Data are presented as mean ± SEM. * P ≤ 0.05, using two-way ANOVA with Tukey’s post hoc 
test. n=6. 
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4.5 Discussion 

 We have used a novel approach to study the effects of salt-induced hypertension on 

adaptations in vasoactive systems in acute stroke. The genotype expressed by the ANP+/− mouse 

allowed us to examine the effects of salt-sensitivity without confounding from genetic influences. 

Experiments using the spontaneously hypertensive rat (SHR) and spontaneously hypertensive 

stroke-prone (SHR-SP) rat developed by Okamoto et al. (305), often use the Wistar-Kyoto 

(WKY) rat as the control group, a genetically disparate animal from SHR and SHR-SPs (306). 

The genetic factors by which these rats develop hypertension or become more vulnerable to 

stroke is still poorly understood. This is also the case with Dahl salt-sensitive and Dahl salt-

resistant rat models (307,308) for which the genetic basis of salt-sensitivity has also not been 

elucidated. This is the first study in which the influence of salt-induced hypertension on stroke 

tissue injury has been examined using treatment and control groups with well-defined and 

identical genotypes. Through evaluation of urinary sodium excretion, SBP and cardiac 

hypertrophy, we have validated the establishment of salt-induced hypertension in the ANP+/− 

mouse. This is in accordance with previously published work (85,226,284).  

Vascular casting in the ANP+/− mouse demonstrated an intact circle of Willis without 

anastomotic variations, thus allowing comparison of cerebral responses across treatment groups 

following stroke. As a result, we can be confident that the increased infarct size we have observed 

in the HS group is due to mechanistic changes that have been influenced by the acquired salt-

induced hypertensive state. 

 Cerebrovascular adaptations resulting from increased salt and high BP, could contribute 

to the large infarct volumes experienced by hypertensive ANP+/− mice. The NPS and RAS did not 

show significant changes in mRNA expression of the peptides or receptors investigated implying 
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that these systems are likely not responsible for cerebrovascular changes in this state. However, 

changes involving NOS1, NOS3, ET-1, and VEGF were seen.  

 Nitric oxide (NO) production is known to play a pathophysiological role for various 

vascular diseases, in particular, those related to aberrant blood flow and inflammatory response. 

Increases in NOS1 have been implicated with larger infarct volumes due to its neurotoxic effects 

while increases in NOS3 play a neuroprotective and angiogenic role (309,310). In response to the 

HS dietary treatment, cerebral mRNA expression of NOS1 increased in ANP+/− mice, suggesting 

that NOS1-associated neurotoxicity may be stimulated in the presence of high sodium. Cerebral 

NOS3 expression increased markedly in response to the combined presence of high sodium and 

stroke, perhaps reflecting an induced endogenous protective response.  

 The effect of NO on vascular smooth muscle cells is calcium-dependent. Binding of NO 

to sGC receptors catalyzes the conversion of GTP to cGMP causing further alterations in calcium 

availability leading to vasodilation. Gene mapping of sGC receptor isoforms has revealed a 

connection between expression of these receptors, salt-sensitivity and BP (311). Our molecular 

analysis demonstrates a similar role for the α-1 and β-1 sGC isoforms as trending increased 

mRNA expression was seen in the hypertensive animal. 

The ET system is responsible for vasoconstriction of blood vessels, in particular, small 

arterioles and controlling myogenic tone of capillary beds. The plasma concentration of ET-1, is 

increased in acute stroke patients (312,313) and salt-sensitive/hypertensive individuals (314). In 

addition, ET-1 has been shown to disrupt microcirculation in the brain rendering the 

cerebrovasculature at risk for damage (315). Although not significant, increased Et-1 mRNA 

expression was seen in response to stroke. In contrast, there was a significant rise in cerebral 

mRNA expression of Et-1 in the HS-MCAO group alluding to a potential role for Et-1 in 
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contributing to the large infarct volumes in this subset of mice. Future experimentation is required 

to better understand the mechanism of these alterations and the role of ET-1. 

 VEGF is involved in angiogenesis (316) and enhanced vascular permeability (317-319). 

Ischemic conditions induce the production of VEGF to promote new vessel formation (320) but it 

remains unclear if this is beneficial or detrimental to stroke injury. Increased Vegfa, Flt-1 and 

Flk-2 in response to HS may reflect a propensity for increased vascularization and possibly a 

contributor to larger infarct size. Further experimentation would be needed to clarify this.  

 

4.6 Conclusion 

We have successfully examined potential influences of salt-induced hypertension on 

stroke with genetically identical treatment and control groups using the ANP+/− mouse. Our data 

indicate that a salt-induced state of hypertension renders the brain more susceptible to tissue 

damage following an ischemic event. We provide evidence for the notion that the large infarct 

volumes observed are due to alterations in vasoactive systems, in particular the NOS, ET and 

VEGF systems, which change the response and activity of the cerebrovasculature. Further 

investigation is required to identify the mechanistic role the proposed vasoactive systems play 

with respect to salt-induced hypertension and stroke.  
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Chapter 5 

Maternal hypertension programs increased cerebral tissue damage 

following stroke in adult offspring 
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5.1 Abstract 

The maternal system is challenged with many physiological changes throughout 

pregnancy to prepare the body to meet the metabolic needs of the fetus and for delivery. Many 

pregnancies, however, are faced with pathological stressors or complications that significantly 

impact maternal health. A shift in this paradigm is now beginning to investigate the implication of 

pregnancy complications on the fetus and their continued influence on offspring disease risk into 

adulthood. In this investigation, we sought to determine whether maternal hypertension during 

pregnancy alters the cerebral response of adult offspring to acute ischemic stroke. Atrial 

natriuretic peptide gene-disrupted (ANP−/−) mothers exhibit chronic hypertension that escalates 

during pregnancy. Through comparison of heterozygote offspring born from either normotensive 

(ANP+/−WT) or hypertensive (ANP+/−KO) mothers, we have demonstrated that offspring exposed to 

maternal hypertension exhibit larger cerebral infarct volumes following middle cerebral artery 

occlusion. Observation of equal baseline cardiovascular measures, cerebrovascular structure and 

cerebral blood volumes between heterozygote offspring suggests no added influences on 

offspring that would contribute to adverse cerebral response post-stroke. Cerebral mRNA 

expression of endothelin (ET) and nitric oxide synthase (NOS) vasoactive systems demonstrated 

up-regulation of Et-1 and Nos3 in ANP+/−KO mice and thus an enhanced acute vascular response 

compared to ANP+/-WT counterparts.  Gene expression of Na+/K+ ATPase channel isoforms; 

Atp1a1, Atp1a3 and Atp1b1 displayed no significant differences. These investigations are the first 

to demonstrate a fetal-programming effect between maternal hypertension and adult offspring 

stroke outcome. Further mechanistic studies are required to complement epidemiological 

evidence of this phenomenon in the literature.  
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5.2 Introduction 

Adverse maternal influences during critical periods of embryonic development have 

shown to have implications on disease risk later in the adult life of the offspring. The 

phenomenon that disease risk begins in-utero is commonly referred to as “The Barker 

Hypothesis”, which was coined when the relationship between low birth weight and increased 

adult cardiovascular disease risk was established (209). Due to the developmental plasticity of the 

embryo, changes to the intrauterine environment may stimulate fetal adaptations resulting in 

permanent alterations in fetal physiology. Various pregnancy specific pathologies, in particular, 

hypertensive diseases of pregnancy such as pre-eclampsia, have been associated with both 

increased risk of cardiovascular disease and stroke in adult offspring (210,217,224,225).  

 The natriuretic peptide (NP) system, a regulator of tissue dynamics, is expressed within 

the heart and has known implications to impede the development of cardiac hypertrophy (CH) 

(85). Atrial natriuretic peptide (ANP) is a peptide hormone of the NPS and produced primarily in 

the atria of the heart (241). ANP possesses its cardioprotective roles through binding of the ligand 

to transmembrane guanylyl cyclase (i.e. particulate guanylyl cyclase or pGC) linked receptors and 

the downstream production of cyclic guanosine 3’-5’ monophosphate (cGMP) (64,273,321). 

Further investigations with particular focus on allelic mutations within the ANP gene (NPPA) in 

humans have revealed correlations between increased circulating levels of ANP and the risk of 

both hypertension and stroke (81,82,281,282).  

In mice, disruption of the ANP gene has led to an animal model that lacks the expression 

of ANP (ANP−/−). These mice are chronically hypertensive, salt-sensitive and exhibit left 

ventricular (LV) hypertrophy independent of arterial blood pressure (85,243). Previously, we 

have demonstrated that chronically-hypertensive female ANP gene-disrupted or knockout 



 

 

 

94 

(ANP−/−) mice display even further significant increases in blood pressure during their pregnancy 

as compared to wildtype (ANP+/+) controls (226). Additionally, the gestational hypertension 

exhibited by female ANP−/− mice does not compromise pregnancy success or offspring growth 

into adulthood (226). Although the absence of maternal ANP has no effect on heterozygous ANP 

(ANP+/−) offspring blood pressure, we have previously demonstrated that heterozygote offspring 

born from ANP−/− mothers display adverse phenotypes such as increased cardiac hypertrophy, 

cardiac fibrosis and diastolic dysfunction when administered isoproterenol; a moderate cardiac 

stressor targeting the sympathetic nervous system (227). The objective of the current 

investigation was to use this murine model of gestational hypertension to determine whether these 

adverse phenotypic responses in the heart translate in the brain with respect to increased cerebral 

tissue damage or outcome following induction of acute ischemic stroke. 

 

5.3 Materials and Methods 

5.3.1 Animal model, parental crossing and genotyping 

  Approval was received from the University Animal Care Committee (UACC) of Queen’s 

University in accordance with the guidelines of the Canadian Council of Animal Care (CCAC) 

for all experimental protocols pertaining to the use of mice in this investigation. All surgical 

procedures were performed under Euthanyl injection or isoflourane anaesthesia and all efforts 

were made to minimize animal suffering. All mice were housed (up to 4 animals per cage), bred 

and cared for in the Animal Care Facility at Queen’s University. Mice were kept at room 

temperature (21 ± 1°C) on a 12hr light/dark cycle and fed rodent chow and tap water ad libitum. 

To investigate the influence of gestational hypertension on cerebral ischemia in adult offspring, 

heterozygous (ANP+/−) mice were obtained through specific parental crossing and compared as 
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previously described (226,227). Briefly, normotensive, ANP+/+ (C57BJ/6) females were crossed 

with ANP−/− (C57BJ/6 x SV129 background) males to produce ANP+/−WT offspring. Conversely, 

hypertensive, ANP−/− females were crossed with ANP+/+ males to produce ANP+/−KO offspring. 

Mice at 13-15 weeks of age were used for experimentation. Only male offspring were considered 

in this study as previous literature has demonstrated sex specific responses to stroke; both 

incidence of stroke and stroke outcome (286,287). Ear and tail tissue biopsies were collected for 

genotyping at weaning (21 days). The genotype of each mouse was determined using an 

AccuStartTMII mouse genotyping kit (Quanta Biosciences, Gaithersburg, MD, USA) and 

previously published PCR methods (285).  

 

5.3.2 Induction of transient cerebral ischemia  

 Temporary occlusion of the proximal left middle cerebral artery (MCA) using the 

intraluminal filament method previously described by Longa et al. (199) and Barber et al (200) 

was used to induce transient cerebral ischemia in ANP+/−WT and ANP+/−KO mice.  This method has 

been validated by Ventura et al. (244). Briefly, mice were anaesthetized with isoflurane (3% 

initial, 1-1.5% maintenance), in oxygen to air ratio of 20%:80%. Core body temperature was 

monitored and maintained at 36.5°C using a rectal probe with feedback to a heated surgical stage. 

Changes to cerebral blood flow were measured transcranially by laser Doppler flowmetry 

(Perimed, Periflux System 5010, North Royalton, Ohio, USA). To induce ischemia, a reduction 

of 70% or more in regional MCA cerebral blood flow was achieved and maintained for 30 min 

after which the mice were re-perfused and allowed to recover in a cage warmed to 34°C by a 

circulating water blanket for 24 hr. Mice received 2mg/kg of bupivacaine subcutaneous (SQ), 

0.5mL of 0.9% saline SQ and 2mg/kg of meloxicam SQ for analgesia immediately following 
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surgery. Sham mice were used as controls; all surgical procedures were conducted with the 

exception of MCA occlusion.  

 

5.3.3 Tissue collection 

 Mice were anesthetized via an IP injection of Euthanyl (100mg kg-1 body weight) 24 hr 

post-cerebral reperfusion. The brain of each mouse (n=6 each; ANP+/−WT and ANP+/−KO, sham and 

MCAO) was removed from the cranium and sectioned into 1 mm coronal slices. Coronal slices 

were stained in 0.5% 2,3,5-triphenyltetrazolium chloride (TTC) diluted in phosphate buffered 

saline (PBS) with the exception of the fourth slice (Bregma ± 1 mm) that was isolated and snap-

frozen for molecular analysis. Infarct volumes were measured using ImageJ software 

(http://rsbweb.nih.gov/ij/). To account for cerebral swelling post-stroke, infarct volumes were 

calculated according to the methods of Swanson et al. (288) using the following formulas: 

!"##$%&$'!!"#$%&'!!"#$!(!) =

!!!"!!"#$%&'&$(%&'!ℎ!"#$%ℎ!"! ÷ !!!"!!"#!$%&'(%$!ℎ!"#$%ℎ!"! !×!!"#$%&'!!  

 

!"#$%!!"#$%!"!!"#$%&! ! =

!"##$!%$&!!"#$%&'!!!×!!"#$%!!ℎ!"#$%&& !×![#!!"!!"#$%!!!"#$%&"']  

 

To evaluate differences in cardiac size, the heart was excised and dissected into 

individual chambers. Both whole heart and individual cardiac chamber wet weights were 

recorded. Cardiac tissue weights were normalized by tibia length. Tibias were obtained by 

dissolving all soft tissue in 0.2M NaOH overnight at 60°C and tibia length was measured using 

digital calipers. 
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5.3.4 Serum and organ tissue Evan’s blue extraction 

 A subset of mice was used to assess systemic blood and organ specific vascular volumes 

between ANP+/−WT and ANP+/−KO mice (n=5 and n=6, respectively). Mice were anaesthetized via 

an intraperitoneal (IP) injection of Euthanyl (100mg kg-1 body weight). Evan’s blue dye (Fisher 

Scientific, Ottawa, Canada) was dissolved in normal saline (0.9% NaCl). ANP+/−WT and ANP+/−KO 

mice were administered 0.025mg g-1 body weight of Evan’s blue dye through a left jugular vein 

injection. Successful uptake of the dye was confirmed by a visible colour change in the face and 

paws of each mouse. Blood was drawn via a right ventricular cardiac puncture two minutes 

following injection. Blood plasma containing Evan’s blue dye was isolated and frozen at -20°C 

until analyzed. Plasma sample absorbance was measured using a UV-visible spectrophotometer 

(SpectraMax Plus, Molecular Devices, Sunnyvale California, USA) at 625 nm, the maximum 

absorbance of Evan’s blue as was determined through spectrophotometric analysis. Duplicate 

serum absorbance measurements were normalized to background measured at 725 nm. 

Concentrations of Evan’s blue were calculated from a standard curve of dilutions of Evan’s blue 

dye in pooled serum samples. 

The brain of each mouse was excised and both hemispheres isolated. Cerebral 

hemisphere wet weights were recorded and placed in formamide for 72 hours at room 

temperature to extract the dye from the tissue. Cerebral Evan’s blue absorbance was measured by 

spectrophotometry as indicated above. Concentrations of Evan’s blue were calculated from a 

standard curve of dilutions of Evan’s blue dye in formamide and normalized as indicated above.   
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5.3.5 Cerebral vascular network imaging – confocal microscopy 

 Mice were anaesthetized by IP injection of Euthanyl as described above. FITC-dextran 

(MW = 59,000-77,000, Sigma, St. Louis, MO, USA) dissolved in saline and 25 mg kg-1 body 

weight was administered via a left jugular injection.  The brains of ANP+/−WT and ANP+/−KO mice 

(n=4 each) were removed two minutes post-injection and the cortical surfaces visualized using a 

Leica TCS SP2 multiphoton microscope (Heidelberg, Germany). FITC was excited using a 488 

nm argon laser and the fluorescent emission was collected from 515-535 nm. One confocal image 

(Pinhole = 1 Airy disk) was obtained at steps of one µm to a total tissue depth range of 38-77 µm. 

MetaMorph Offline Version 7.7.0.0 image analysis software (Molecular Devices LLC, USA) was 

used to render four-dimensional (4D) stacks of the confocal images and measure the average 

intensity of vessels within the chosen 4D section. With particular interest in the smaller branching 

and micro-capillary networks, the average intensity of vessels with a calibrated voxel volume 

between 10,000 µm3 and 10 µm3 as well as vessels with a volume less than 10 µm3 were analyzed. 

Vessels with a calibrated voxel volume greater than 10,000 µm3 were excluded from all analyses.   

  

5.3.6 Gene expression analysis 

5.3.6.1 RNA isolation  

 Total RNA was isolated using a combination of Trizol (Tri Reagent, Molecular Research 

Centre, Inc. Burlington, ON, Canada) and a high pure RNA isolation kit (Roche Scientific Co., 

Laval, QC, Canada). Frozen brain slices were homogenized in Trizol using a Polytron 

homogenizer (PT 10 20 3500, Brinkman Instruments, Rexdale, ON, Canada). Chloroform was 

added and the aqueous phase, combined with ethanol, was transferred to a silica column. All 

wash and elution steps were carried out according to the manufacturer’s instructions. The quantity 
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and purity of total RNA was measured using Nano-Drop 2000 spectrometer (Thermo Scientific, 

Wilmington, DE, USA). Eluted total RNA was stored at -80°C until assay. 

 

5.3.6.2 Reverse transcription  

Total RNA (1µg) was reverse transcribed into cDNA using a high capacity cDNA reverse 

transcription kit (LifeTechnologies, Carlsbad, CA, USA). Protocol was carried out according to 

the manufacturer’s instructions. Samples were incubated for one hr with oligo-dT18 and an 

additional hour with random hexamers. The first strand cDNA was stored at 4°C. 

 

5.3.6.3 Real-time quantitative PCR (qPCR) 

 Oligonucleotide primers were designed using Primer Design 2.0 software (Scientific & 

Educational Software, Cary, NC, USA) from published mRNA sequences from the NIH 

GenBank (www.ncbi.nlm.nih.gov/Genbank; National Center for Biotechnical Information, 

Bethesda, MD, USA). Details of each primer set are outlined in Table 5.1. Primer sets yielding 

standard curve efficiencies between 1.8 and 2.0 were deemed adequate. Levels of mRNA 

expression were measured using a LightCycler® 480 system II (Roche Scientific, Laval, QU, 

Canada), employing the standard-curve method for each gene. All samples were run in duplicates 

and normalized using hypoxanthine-guanine phosphoribosyltransferase (HPRT) as a reference 

control gene. Cycling parameters consisted of denaturation at 95°C for five min, followed by 

touchdown from 68°C to 62°C (decreasing step size of 0.5°C per cycle) for 15 s and 72°C for 15 

s to ensure precise hybridization. Melt curve analysis was completed to evaluate the quality and 

specificity of qPCR products (244). 
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Table 5.1: Primer sequences, annealing temperatures (Ta) and standard curve efficiency 
(SCE) values for genes assessed in the NOS and ET vasoactive systems and 
sodium/potassium ATPase (Na+/K+ ATPase) channel isoforms by qPCR. 

   Sense (S, forward direction), Antisense (AS, reverse direction), Control gene (CTRL) 

 

Peptide Name Gene Sequence 
Ta 

(°C) SCE 

NOS!System! ! ! ! ! !

Neuronal nitric 
oxide synthase 

Nos1 
 

S 
AS 

AGTCATGCTTGCCATCAGTC 
TCAACTACATCTGTAACCACGTC 

63 °C 
63 °C 

 

1.962 

Endothelial-derived 
nitric oxide synthase 
 

Nos3 
 

S 
AS 

TTGAGGATGTGGCTGTGTG 
GAGTTAGGCTGCCTGAGATG 

63 °C 
63 °C 

 

1.932 

Soluble guanylyl-
cyclase alpha 1 

sGCα1 

 

S 
AS 

TGTGATCGCATCATGGTG 
CTCTGTTGGCTCCTTAGGAA 

61 °C 
62 °C 

 

2.004 

Soluble guanylyl-
cylcase beta 1 
 

sGCβ1 

 

S 
AS 

TTCGTCTTCTGCCAGGAGT 
CCGAGTAGTAGTGCAGGATGA 

63 °C 
63 °C 

1.978 
 

ET!System! ! ! ! ! !

Endothelin-1 Et-1 
 

S 
AS 

CGCTGTTCCTGTTCTTCCT 
CCTGGTCTGTGGCCTTATT 

63 °C 
63 °C 

 

1.950 

Endothelin receptor 
A 

Et-A 
 

S 
AS 

TGCCTCTGTTGCTGTTGTC 
GCATCTGTGGCGTAATGGT 
 

62 °C 
64 °C 

1.820 
 

ATPase!Channel!Isoforms! ! ! ! !

Na+/K+ ATPase 
alpha 1 subunit 

Atp1a1 S 
AS 

ACGGAGAATCAGAGTGGTGT 
CTTGTTGGTGGAGTTGAAGG 

62 °C 
63 °C 

 

2.028 

Na+/K+ ATPase 
alpha 3 subunit 

Atp1a3 S 
AS 

CAATTGTGGCTGTGACTGG 
TCAGAGTGTAGGCGATGGA 

63 °C 
62 °C 

 

2.071 

Na+/K+ ATPase beta 
1 subunit 

Atp1b1 S 
AS 

CTCCGTGCTGAATGCTGT 
GCATGATGCCTCCAGAGAA 
 

62 °C 
64 °C 

2.037 

CTRL! ! ! ! ! !
Hypoxanthine-
guanine 
phosphoribosyl-
transferase 
 

Hprt S 
AS 

TGCTCGAGATGTCATGAAGG 
GTAATCCAGCAGGTCAGCAA 

64 °C 
64 °C 2.006 
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5.3.7 Data and statistical analysis 

 All statistical analyses were performed using Prism 6.0 Software (GraphPad Software 

Inc., La Jolla, CA, USA). Statistical analyses utilized in this investigation involved unpaired, two-

tailed Student’s t test for comparing cardiac weights, Evan’s blue, confocal and infarct volume 

measurements. In addition, target gene mRNA expression data were compared by two-way 

ANOVA with multiple comparisons and Tukey’s post hoc test. In all cases, P ≤ 0.05 were 

deemed statistically significant.  

 

5.4 Results 

5.4.1 ANP+/−KO mice exhibit larger cerebral infarcts following induced stroke. 

 Acute stroke was induced via temporary MCAO in a subset of ANP+/−WT and ANP+/−KO 

mice (n=6 each) with the remaining mice undergoing sham surgical procedures (n=6 each) for 

comparison. Measurements of cerebral infarction volumes by TTC indicated a significant 

increase in cerebral tissue damage in ANP+/−KO mice following reperfusion. The mean infarct 

volume observed in ANP+/−KO mice was double that of ANP+/−WT mice (Figure 5.1, P=0.0034).  

These results suggest that offspring born from a hypertensive mother display increased cerebral 

tissue damage when stressed by a cerebrovascular event such as stroke. 

 

5.4.2 ANP+/−WT and ANP+/−KO mice do not differ in cardiac size, cerebrovascular volume or 

structure at baseline. 

To ascertain whether ANP+/−WT and ANP+/−KO mice exhibit any characteristics at baseline 

that would contribute to dissimilar cerebral responses to stroke induction, we investigated cardiac 

size and cerebrovascular structure and volume. Physical measurement recordings for ANP+/−WT  
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Figure 5.1. Cerebral infarct volumes as measured by TTC staining. 

Data demonstrates significant increase in cerebral infarction volume in ANP+/−KO mice. 
Representative stained coronal sections clearly demonstrate the extent of tissue damage expressed 
by ANP+/−KO (A). Data are presented as mean ± SD. Statistical significance denoted by * (P≤0.05, 
n=6 each) and measured using unpaired, two-tailed Student’s t-test (B). Scale bar represents 
3mm. 
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and ANP+/−KO mice at 13-15 weeks of age included body weight and cardiac mass normalized to 

the length of the left tibia (Table 5.2). ANP+/−KO mice demonstrated a significant increase in body 

weight to tibia length ratio as compared to ANP+/−WT mice (P=0.018). Cardiac mass, in particular, 

the mass of the LV is often used as an indicator for hypertension or cardiac hypertrophy; both 

factors that would modify the cerebral response to stroke or pose added risk. Neither heart weight 

nor left ventricular weight to tibia length ratios demonstrated any significant changes between 

groups. Blood pressure was not measured in this investigation as previous work by our 

laboratory, has shown no differences in the blood pressure of either set of heterozygote offspring 

at baseline (226). 

Cerebral blood volumes were estimated by use of Evan’s blue dye tissue extraction. 

Evaluation of hemispheric blood volume was of importance to ascertain no local circulatory or 

vascular abnormalities between ANP+/−WT and ANP+/−KO mice. As presented in Figure 2, equal 

volumes of circulating blood were found in both right (Figure 5.2A) and left (Figure 5.2B) 

cerebral hemispheres of either heterozygote genotype.  

Cerebrovascular structure and vessel volumes were observed through the use of confocal 

microscopy and fluorescent detection. The cerebrovascular capillary beds were of particular 

interest as any differences in their vascular density and/or vascular size could modify the cellular 

response of these mice following induction of a stroke. The acquired confocal images and 3D 

stacks of the cerebrovasculature of ANP+/−WT and ANP+/−KO mice did not show any obvious 

differences in vessel number, structure or size (Figure 5.3A) (Refer to Figure D.1. in Appendix D 

for 4D images). In addition, no significant differences in average fluorescent intensity were 

observed between ANP+/−WT and ANP+/−KO mice (Figure 5.3Bi). 
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Table 5.2: Body weight and cardiac mass measurements for ANP+/-WT and ANP+/-KO mice. 

Genotype n 
Body Weight:Tibia 

Length (g/mm) 
Heart Weight:Tibia 

Length (mg/mm) 

Left Ventricle 
Weight:Tibia 

Length (mg/mm) 

ANP+/−WT 12 1.49 ± 0.18 8.86 ± 2.08 5.98 ± 1.21 

ANP+/−KO 12 1.68 ± 0.17* 9.47 ± 1.15 6.14 ± 0.72 

Values are presented as mean ± SD. * represents P≤0.05 using unpaired, two-tailed Student’s t-

test. 
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Figure 5.2. Evan's blue measurements of cerebral blood volumes. 

Estimated right (A) and left (B) cerebral hemisphere blood volumes as calculated by Evan’s blue 
dye tissue extraction. Data are represented as mean ± SEM, n=5-6. No statistical significance was 
seen following unpaired, two-tailed Student’s t-test. 
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Isolation of smaller branching cerebral vessels (Figure 5.3Bii) and capillaries (Figure 5.3Biii) also 

displayed no differences in fluorescence intensity.  

 

5.4.3 Vasoactive systems implicated in the acute response to ischemia following stroke are 

significantly up-regulated in the ANP+/−KO brain. 

 Being that the baseline characteristics between ANP+/−WT and ANP+/−KO mice did not 

differ we sought to determine whether the cerebral response to an ischemic event varied between 

heterozygote offspring by examining a variety of target genes and their resultant cerebral mRNA 

expression. Endothein-1 (ET-1), a peptide belonging to the endothelin (ET) system as well as its 

specific receptor, endothelial receptor A (ET-A), were analyzed in the left hemisphere of 

ANP+/−WT and ANP+/−KO mice. Both MCAO and sham groups were compared within genotypes 

and across genotypes (n=6 each). Et-1 mRNA expression was significantly up-regulated in 

stroke-induced ANP+/−KO mice compared to its sham control (P=0.039; Figure 5.4A). A similar 

trend was observed between sham and stroke-induced ANP+/−WT groups, however this was not 

statistically significant. The levels of expression of Et-A were not statistically significant across 

surgical and genotypic groups (Figure 5.4B). No interaction between surgical or genotypic group 

was detected. 

 Neuronal and endothelial derived nitric oxide synthase (NOS1 and NOS3, respectively) 

enzymes of the nitric oxide synthase (NOS) system function to initiate vasodilation. Analysis of 

Nos1 displayed no significant differences in mRNA expression across genotypes or surgical 

groups, however in both ANP+/−WT and ANP+/−KO mice, a trend of Nos1 up-regulation in the 

stroke-induced group was seen (Figure 5.5A). On the contrary, Nos3 mRNA expression 

significantly increased in stroke-induced ANP+/−KO mice as compared to their sham control  
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Figure 5.3: Comparison of cerebrovascular structure and vessel volume. 

Representative confocal images of cerebrovascular vessels (A) and vessel mean average 
fluorescence intensities (B). Measurements included those vessels with a calibrated voxel volume 
(VV) >10,000 µm3 (i), VV between 10,000 µm3 and 10 µm3 (ii), and VV <10 µm3 (iii). No 
statistical significance was detected following unpaired, two-tailed Student’s t-test. Data are 
presented as mean ± SEM (n=4). 
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Figure 5.4: Cerebral gene expression of the ET system. 

Alterations in mRNA expression of Et-1 (A) and Et-A (B) in the left cerebral hemisphere of 
ANP+/−WT and ANP+/−KO mice; comparing MCAO and sham control groups. Data are presented as 
mean ± SEM. * P ≤ 0.05, using two-way ANOVA with Tukey’s post hoc test. n=6 each 
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(P=0.032; Figure 5.5B). Although significance was not achieved, a trend of increased Nos3 

expression in stroke-induced ANP+/−WT mice was seen compared to the sham control. NOS system 

peptide specific receptors, soluble guanylyl cyclase alpha-1 and beta-1 (sGCα1 and sGCβ1, 

respectively) were also analyzed. No significant modifications in gene expression were observed 

in either receptor (Figure 5.5C and D). No interaction between surgical or genotypic group was 

detected in any of the above genes. 

 

5.4.4 ANP+/−WT and ANP+/−KO mice do not vary in expression of Na+/K+-ATPase channel 

isoforms in the brain following stroke. 

 Na+/K+-ATPase channels function to maintain ion homeostasis within neurons. 

Specifically, the subunit isoforms of Na+/K+-ATPase channels were investigated by qPCR to 

verify whether potential differences in neuron-specific alterations post-stroke could contribute to 

or impact infarct size in ANP+/−KO mice. Figure 6 demonstrates no significant differences in 

isoforms Atp1a1 (Figure 5.6A), Atp1a3 (Figure 5.6B) and Atp1b1 (Figure 5.6C) across genotype 

and surgical groups. No interaction between surgical or genotypic group was detected in any of 

the above target genes. 

 

5.5 Discussion 

Fetal-programming, the idea that disease risk begins in-utero, has recently gained 

considerable attention. In specific, themes of maternal and fetal nutrition (322), obesity 

(323,324), diabetes (325) and cardiovascular risk (209,210) have been in the limelight with only a 

small number of epidemiological studies correlating hypertensive diseases of pregnancy and 

increased risk of stroke in adult offspring (224,225). This epidemiological evidence however  
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Figure 5.5: Cerebral gene expression of the NOS system. 

Alterations in mRNA expression of Nos1 (A), Nos3 (B) peptides and sGCα1 (C), sGCβ1 (D) 
receptors in the left cerebral hemisphere of ANP+/−WT and ANP+/−KO mice; comparing MCAO and 
sham control groups. Data are presented as mean ± SEM. * P ≤ 0.05, using two-way ANOVA 
with Tukey’s post hoc test. n=6 each 
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Figure 5.6: Cerebral gene expression of Na+/K+ ATPase channels. 
Alterations in mRNA expression of Na+/K+ ATPase channel isoforms; ATP1a1 (A), ATP1a3 (B) 
and ATP1b1 (C) in the left cerebral hemisphere of ANP+/−WT and ANP+/−KO mice; comparing 
MCAO and sham control groups. Data are presented as mean ± SEM. * P ≤ 0.05, using two-way 
ANOVA with Tukey’s post hoc test. n=6 each 
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focuses only on stroke risk with no current link to gestational hypertension and stroke outcome to 

our knowledge. In the current investigation, we have used a well-established murine model of 

chronic hypertension, the ANP−/− mouse, to demonstrate that maternal hypertension programs 

increased cerebral tissue damage following stroke and thus poor outcome. The purpose of this 

study was to develop and establish an alternative method to further explore the mechanisms by 

which fetal programming occurs in place of sole epidemiological evidence.  

This study sought to examine stroke outcome by evaluating the extent of neural damage 

following stroke induction and 24 hr reperfusion. We have observed that adult heterozygote 

offspring born from a hypertensive mother displayed significantly larger infarct volumes when 

compared to their counterpart when subjected to ischemic stroke. This set of data is suggestive of 

a fetal-programming effect between maternal hypertension throughout pregnancy and cerebral 

susceptibility to damage when stressed by a cerebrovascular event such as stroke. 

 To ensure that either heterozygote group did not exhibit any adverse physiological 

baseline characteristics that may influence the cerebral response to stroke observed, both 

cardiovascular and neural features were examined. Hypertension, a primary risk factor for stroke 

(228), has often been determined through examination of the size of the heart, in particular, that 

of the LV (326-328). Previous investigations from our lab have shown no differences in the 

arterial BP of ANP+/−WT and ANP+/−KO mice (226). To confirm our previous findings, presently, 

we have demonstrated no differences in whole heart or left ventricular weights between ANP+/−WT 

and ANP+/−KO mice. Thus, we can confidently state that cardiac risk factors such as hypertension 

and/or CH have likely not influenced the changes we see in response to stroke in either 

heterozygote group. 
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 Cerebral imaging techniques such as PET, MRI and diffusion-weighted imaging have 

been utilized to investigate whether variations in cerebral blood volume predicts abnormal 

cerebral haemodynamics ultimately affecting patient risk or patient response to stroke (329). 

Clinically, it has been shown that patients with increased cerebral blood volumes have a higher 

risk of ischemic stroke (330). Amongst the above mentioned methods, Evan’s blue dye has also 

been commonly used to measure blood volume; a method that is proven to highly correlate with 

simultaneous blood volume measurements collected using MRI (331). Through the use of Evan’s 

blue dye and confirmation by confocal microscopy we have successfully assessed 

cerebrovascular structure and cerebral blood volume. ANP+/−WT and ANP+/−KO mice displayed no 

significant differences in blood volume measures at baseline suggesting that the stroke-induced 

response of either heterozygote group was also not influenced by irregularities in cerebrovascular 

circulation or altered haemodynamics. As a result of the baseline physical data collected in this 

study and previous work from our laboratory regarding heterozygote offspring, we chose to 

examine potential variations in cerebral mRNA expression of vasoactive target genes as a method 

of assessing cerebrovascular response to stroke. In the acute phase of stroke, a variety of factors 

and vasoactive systems work together to control vascular tone and cerebrovascular blood flow 

(332). It has been widely explored that the ET system, in particular ET-1, acts as a mediator of 

cerebral damage within the brain alongside the production of oxygen radicals. In both clinical and 

animal model investigations, increased levels of ET-1 can be found in both blood plasma and 

brain tissues following stroke (312,313,333). In addition, application of ET-1 locally was found 

to severely reduce cerebral blood flow and has served as a model of inducing controlled focal 

ischemia in mice and rats (334).  



 

 

 

114 

To achieve successful stroke outcome, one must exude an optimal balance between ET 

and NOS system expression. Nitric oxide (NO) production specifically via the NOS3 isoform 

exhibits opposing functions to ET-1 as it works to endogenously protect the brain from neuronal 

injury and promotes endothelial integrity (335). Studies have shown that mice lacking NOS3 

expression exhibit larger infarct volumes following stroke-induction proving it to be a target for 

stroke protection (310). Contrary to this however, NO production via the NOS1 isoform has 

demonstrated detrimental effects in the brain with respect to increasing neurotoxicity in the brain 

(336). The production of NO in the brain has remained a topic of controversy specifically with 

regards to its detrimental or advantageous functions depending on the NOS isoform it is produced 

by. Nonetheless, NO generated by either NOS isoform is able to react strongly with superoxide, 

resulting from excess oxygen radical production, to generate peroxynitrate (337,338).The 

formation of peroxynitrate is damaging for the brain (339,340) and could be one potential 

mechanism by which the increased Nos3 expression we have examined in this study contributes 

to the excess tissue damage in ANP+/−KO mice. 

 Na+/K+-ATPase channels found on the plasma membrane of neurons function to maintain 

resting-membrane potentials and these channels play an important role in signal transduction 

through their contributions to cellular ion homeostasis (341).  Na+/K+-ATPase is a heterodimeric 

protein with alpha, beta, and tissue-dependent gamma subunits. Additionally, each subunit 

possesses multiple isoforms. The a1 and b1 isoforms are ubiquitously expressed where the α3 

isoform is neuron specific (342,343). Under hypoxia or ischemic conditions, a reduction in the 

activity of these channels in addition to their expression has been previously seen in the heart 

(344), kidney (345), and brain (346). Therefore, to understand whether neuron-specific diversity 

in the expression of Na+/K+-ATPase channels could contribute to the alternative phenotypes 
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expressed by ANP+/−WT and ANP+/−KO mice following stroke, Atp1a1, Atp1a3 and Atp1b1 

isoforms were examined using qPCR. Our results have demonstrated no distinct differences in 

expression of these isoforms implying that the altered stroke response between offspring born 

from normotensive or hypertensive mothers may not be a result of variations in neuronal response 

but vascular instead.  

 

5.6 Conclusion 

In the present investigation, we sought to determine whether maternal hypertension 

during pregnancy could alter the adult-offspring’s response to stroke. Our results provide 

evidence that hypertension during pregnancy programs cerebral susceptibility to increased tissue 

damage following stroke using the heterozygous ANP+/− mice as a model. To our knowledge, this 

is the first study to observe these distinct phenotypic responses in the mouse and this model 

serves as a platform to further explore the mechanisms by which this programming is occurring. 

Although our set of data provides exciting novel evidence in the field of fetal-programming and 

stroke, we understand that the present study is limited. We have not assessed the possibility that 

the altered phenotype we have observed is solely of maternal origin and not due to paternal 

imprinting. It is possible that the gene expression profiles seen in these two experimental groups 

may differ in a parent-of-origin specific manner. With that being said, we hypothesize that the 

uterine environment of the ANP−/− dam is a major player in producing the varied phenotypes we 

have observed in this investigation and our previously published work (226,227). Future 

investigations surrounding enhanced mechanistic understanding and maternal imprinting or 

epigenetic changes are required to better determine how this information can be translated to the 

human population.  
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Chapter 6 

Maternal hypertension and the developmental origins of pregnancy-

induced cardiac changes in atrial natriuretic peptide gene-disrupted 

mice 
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6.1 Abstract 

Pregnancy evokes many challenges on the maternal cardiovascular system that may 

unmask predispositions for future disease. This is particularly evident for women who develop 

pregnancy-related disorders, for example, pre-eclampsia and gestational diabetes or hypertension. 

Such pregnancy-related syndromes increase the risk for cardiovascular disease (CVD) post 

partum. As a result pregnancy has been termed as a cardiovascular stress test and an indicator or 

marker to predict the development of CVD later in life. In addition, pregnancy-related disorders 

impact the development of offspring also placing them at a higher risk for disease. Utilizing 

pregnancy as a physiological stressor, the current investigation sought to determine whether the 

cardiovascular system of offspring exposed to gestational hypertension in-utero would respond 

adversely to the stress of pregnancy. Heterozygote atrial natriuretic peptide gene-disrupted 

(ANP+/−) offspring were generated by specific parental crossing between normotensive ANP+/+ 

and hypertensive ANP−/− dams. Cardiac size and molecular expression of the renin-angiotensin 

(RAS) and natriuretic peptide systems (NPS) were compared between offspring groups. Our data 

demonstrate that gestational hypertension and lack of maternal ANP did not significantly impact 

the progression and regression of pregnancy-induced cardiac hypertrophy over gestation and post 

partum in ANP+/− offspring. Additionally, the molecular cardiac expression of the RAS and NPS 

did not differ between offspring groups. Future investigation should assess potential differences 

in cardiac function and the impact of fetal-programming on offspring cardiovascular adaptations 

during pregnancy in a more severe model of pregnancy-related syndrome.  
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6.2 Introduction 

The concept of developmental origins of health and disease (DOHaD) is based around the 

theory that influences on a mother throughout gestation impacts fetal development and ultimately 

offspring disease risk into adulthood (209,210). More specifically, offspring cardiovascular 

disease (CVD) risk has been linked to a variety of environmental influences stemming from 

pregnancy complications such as gestational diabetes (347,348) or pre-eclampsia (PE) 

(216,220,224,225) to maternal characteristics like nutrition (349) or body mass index (BMI) 

(350). The focus of DOHaD however has remained largely concentrated on the assessment of 

future risk for pathology with minimal efforts made to determine whether the effects of fetal-

programming are translatable to the response of offspring to physiological stressors; for instance, 

pregnancy and/or exercise.  

The natriuretic peptide (NP) system is a vasoactive system with known functions in 

regulating tissue dynamics, blood pressure (BP) and impeding the development of cardiac 

hypertrophy (CH) (62,351). It has been well established that mice lacking expression of atrial 

natriuretic peptide (ANP) due to a disruption in the ANP gene, NPPA (ANP−/−), exhibit salt-

sensitivity (85) and cardiac hypertrophy (CH) independent of arterial BP (243). During 

pregnancy, ANP−/− dams display a gestational hypertensive phenotype that does not compromise 

pregnancy success (226). Previously with the use of this model, we have been able to demonstrate 

that heterozygote (ANP+/−) offspring born to ANP−/− mothers possess alternative phenotypes 

under stress compared to offspring born to normotensive, wildtype dams. These genotypically-

identical offspring exhibit differences in salt-sensitivity following supplementation of a high-salt 

diet (226) and in cardiac response when subjected to a moderate cardiac stressor, isoproterenol 

(227). Moreover, these differences have also shown translation into the brain. Offspring exposed 
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to gestational hypertension in-utero displayed alterations in cerebrovascular response and 

increased cerebral tissue damage following induction of acute ischemic stroke (352). Together, 

these investigations have confirmed the value of this model and highlight a potential role for ANP 

in the development of disease in adult offspring.  

The stress of pregnancy drives many physiological changes as the maternal system adapts 

to the increased metabolic need of the fetus (45,231). Due to the multitude of biological system 

adaptations that occur as a result of pregnancy, it has been termed as a “life stress test”, 

unmasking maternal predisposition for metabolic syndrome, vascular dysfunction and other 

subclinical conditions that predict future maternal risk for disease (230). This is particularly 

evident for women experiencing complications throughout gestation whom were healthy prior to 

pregnancy (217). The cardiovascular system, in particular, is significantly modified during 

pregnancy. Thus, using pregnancy as a model of physiological stress, we sought to determine 

whether exposure to gestational hypertension and lack of maternal ANP in-utero would influence 

pregnancy-induced cardiac remodeling in adult offspring. We hypothesized that offspring born to 

hypertensive mothers would show adverse cardiac adaptations in response to the stress of 

pregnancy. 

 

6.3 Materials and Methods 

6.3.1 Animals and Husbandry 

 All experimental protocols pertaining to the use of mice in this study received approval 

by the University Animal Care Committee (UACC) of Queen’s University in accordance with the 

guidelines of the Canadian Council of Animal Care (CCAC). Mice were bred in-house up to 4 

animals per cage (maintained at room temperature; 21 ± 1°C) and cared for in the Queen’s 
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University Animal Care Facilities. Normal chow and tap water were provided ad libitum and 

mice maintained on a 12hr light/dark cycle. To assess the developmental origins of pregnancy-

induced CH, specific parental crossing methods were utilized as previously described (226,227). 

Briefly, normotensive, ANP+/+ (C57BJ/6) females were mated with ANP−/− (C57BJ/6 x SV129 

background) males to produce ANP+/−WT offspring. Conversely, hypertensive, ANP−/− females 

were mated with ANP+/+ males to produce ANP+/−KO offspring. Female ANP+/−WT and ANP+/−KO 

offspring were mated between the ages of 10-14 weeks with ANP+/+ males. Detection of a 

copulation plug was deemed gestation day 0.5 (0.5GD). Pregnant dams were sacrificed at 15.5GD 

and 17.5GD and following birth at 7 days post partum (PP), 14PP and 28PP to collect maternal 

cardiac tissues. Non-pregnant, heterozygote female mice were used as a control (referred to as 

NPC). Live fetuses, embryo resorption and litter size at birth were recorded. The litters of those 

pregnancies followed to 28PP were weaned at 21 days of age.  

 

6.3.2 Tissue Collection 

Prior to sacrifice, all dams were anaesthetized via an intraperitoneal (IP) injection of 

Euthanyl (100mg kg-1 body weight). Maternal ANP+/−WT and ANP+/−KO hearts were excised and 

their wet-weight recorded. Each cardiac chamber was further isolated from every heart, weighed 

and snap frozen for molecular analysis (n=6; all time points each genotype). The left femur of 

each mouse was isolated, digested overnight at 60°C in 0.2M NaOH to remove all soft tissues and 

the length measured using digital calipers. Left femur length was used to normalize cardiac 

weight. Additionally, four placentas from the right uterine horn of each dam (15.5GD and 

17.5GD) were isolated and weighed to obtain mean placental weight.  
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6.3.3 Cardiac Histology 

 Light microscopy was used to assess pregnancy-induced changes in cardiac morphology. 

A subset (n=4) of ANP+/−WT and ANP+/−KO (NPC and 14pp) dams were anesthetized and 

transcardially perfused through the left ventricle (LV) with buffer (140mM NaCl, 10mM KCl and 

5mM EDTA) followed by 4% paraformaldehyde in PBS. Hearts were paraffin embedded and 

cross-sectioned through the ventricles at a thickness of 5µm. Slides were cleared of paraffin, 

rehydrated through a series of toluene and ethanol (EtOH) gradients and stained with Weigert’s 

iron hematoxylin (1% in EtOH) and eosin (Fischer Scientific, NJ, USA). Masson’s Trichrome 

(HT15-IKT kit, Sigma-Aldrich, St. Louis, MO, USA) stain was used to assess collagen content. 

 Cardiomyographs collected from the tissue described above were utilized to quantify 

changes in LV size. Briefly, the area of the LV wall (cardiac muscle) was calculated by 

subtracting the lumen area from the area of the entire LV cross-section; both measured using 

ImageJ software. Additionally, LV lumen diameter was estimated using LV lumen area by 

assuming the area of a perfect circle using the following equation: !"#$%&%' = 2√(!"#! ÷ !). 

 

6.3.4 RNA isolation and real-time quantitative PCR (qPCR) 

 Frozen LV samples were homogenized using the Omni Bead Ruptor (VWR International, 

Mississauga, ON, Canada) at a speed of 5.65m/s for two, 45s cycles with a 30s dwell in between. 

Total RNA was isolated from the cardiac tissue and reverse transcribed as previously described 

(244). Following reverse transcription, gene mRNA expression was measured using a 

LightCycler® 480 system II (Roche Scientific, Laval, QU, Canada) employing the standard-curve 

method for each gene. Hypoxanthine-guanine phosphoribosyltransferase (Hprt) was used as the 

reference control gene. Published mRNA sequences were obtained from the NIH GenBank 
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(www.ncbi.nlm.nih.gov/Genbank) (National Center for Biotechnical Information, Bethesda, MD, 

USA) and primer sets designed using Primer Design 2.0 software (Scientific & Educational 

Software, Cary, NC, USA). Primer set sequences, annealing temperatures and standard curve 

efficiencies are presented in Table 6.1. Standard curve efficiencies between 1.8-2.1 were deemed 

adequate. Target gene expression was amplified by cycling parameters consisting of denaturation 

at 95°C for 5 min, followed by touchdown annealing temperatures at 68°C to 62°C (decreasing 

step size of 0.5°C per cycle) for 15 s and 72°C for 15 s to ensure precise hybridization. Melt 

curve analyses were performed to ensure the quality and specificity of qPCR products. 

  

6.3.5 Data and statistical analysis 

 Prism 6.0 Software (GraphPad Software Inc., La Jolla, CA, USA) was exercised for all 

statistical analyses. All data was analyzed by two-way ANOVA with Tukey post hoc test. 

Multiple comparison tests were conducted to assess within genotype comparisons across time in 

addition to across genotype within each time point. In all cases, P≤0.05 were deemed statistically 

significant. Data is presented as mean ± standard deviation (SD) or mean ± standard error of the 

mean (SEM) where appropriate. 
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Table 6.1. Oligonucleotide primer sets for cardiac gene targets analyzed by qPCR.  

Peptide Name Gene Sequence      
Ta 

(°C) 
SCE 

NPS      

Atrial natriuretic 
peptide (ANP) 

Nppa 
S 
AS 

CAAGAACCTGCTAGACCACC 
AGCTGTTGCAGCCTAGTCC 

62 
63 

2.02 

B-type natriuretic 
peptide (BNP) 

Nppb 
S 
AS 

CCAGAGACAGCTCTTGAAGG 
TCCGATCCGGTCTATCTTG 

63 
63 

2.10 

Natriuretic peptide 
receptor C (NPRC) 

Npr3 
S 
AS 

CAGCAGACTTGGAACAGGA 
CCATTAGCAAGCCAGCAC 

62 
62 

2.04 

RAS      

Angiotensinogen (AGT) Agt 
S 
AS 

GCAATGATCGCCAACTTC 
ACCTTGTGTCCATCTAGTCG 

62 
62 

2.02 

Angiotensin converting 
enzyme 1 (ACE1) 

Ace1 
S 
AS 

AACGGCAAGGACTTCAGG 
AAGGCGATCTTGTCGAGG 

63 
63 

2.02 

Angiotensin II receptor 
1A (AT1A) 

At1a 
S 
AS 

GGCCTAACCAAGAACATCC 
CAGCTGAATCAGCACATCC 

62 
62 

2.01 

CTRL      

hypoxanthine-guanine 
phosphoribosyl-
transferase 

Hprt 
S 
AS 

TGCTCGAGATGTCATGAAGG 
GTAATCCAGCAGGTCAGCAA 

64 
64 

2.07 

Annealing temperatures (Ta), Standard Curve Efficiency (SCE), Sense (S, Forward direction), 
Anti-sense (AS, Reverse direction), Control gene (CTRL) 
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6.4 Results 

6.4.1 Exposure to gestational hypertension in-utero does not influence pregnancy-induced 

CH in adult offspring 

The onset and regression of pregnancy-induced CH was assessed in maternal hearts by 

organ wet-weight recording and morphological analysis. Cardiac weight to femur length ratios is 

presented in Figure 6.1. Within genotype comparisons demonstrated peak CH in both ANP+/−WT 

and ANP+/−KO dams at 7PP and/or 14PP. Whole heart (Figure 6.1A) and ventricular (Figure 6.1D 

and E) weight ratios remained significantly increased from NPCs at 28PP demonstrating 

sustained CH. Across genotype comparisons displayed no significant differences in cardiac 

weight between ANP+/−WT and ANP+/−KO mice at all time points for all cardiac chamber weights. 

The only exception was observed in the right atrium at 14PP as ANP+/−KO mice displayed an 

increased weight to femur length ratio compared to ANP+/−WT dams (P=0.003; Figure 6.1B).  

LV wall area and lumen diameter were assessed using obtained photomicrographs of 

ventricular cross-sections. At baseline, ANP+/−KO mice displayed greater LV wall area and lumen 

diameter compared to their NPC counterpart (p=0.04, p=0.02; Figure 6.2B and C respectively). 

Furthermore, ANP+/−WT hearts displayed a statistically significant increase in LV area and lumen 

diameter from NPC to 14PP (p=0.007, 0.004) while increases in LV size in ANP+/−KO mice 

approached significance (p=0.07, P=0.08). Differences in cardiac fibrosis across time and 

genotype were not observed by Masson’s trichrome stain (data not shown). 
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Figure 6.1. A graphical representation of whole heart (A) and individual cardiac chamber 
(B-E) weight-to-femur length ratios as recorded over gestation and post partum for 
ANP+/−WT and ANP+/−KO mice.  

Data are presented as mean ± SD. Two-way ANOVA was conducted with Tukey post-hoc test. 
Significance (P≤0.05) for within genotype multiple comparisons is denoted by letters (bars 
containing letters show significance from the corresponding time point; a-NPC, b-15.5GD, c-
17.5GD, d-7PP, e-14PP, f-28PP). Significance (P≤0.05) for across genotype multiple 
comparisons is denoted by *. 
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Figure 6.2. Representative photomicrographs and quantification of cardiac morphological 

changes across NPC and 14PP time points for ANP+/−WT and ANP+/−KO dams.  

Whole ventricular cross-sections stained in H&E (A) demonstrate changes in ventricular size. 
Assessment of cardiac size was further quantified by measuring LV wall area (B) and LV lumen 
diameter (C) across genotype and time. Data is presented as mean ± SD. Significance was 
determined by two-way ANOVA with Tukey post hoc test. P≤0.05 is denoted by *; P≤0.01 is 
denoted by ** . Scale bars represent 1.5mm (A). (n=4) 
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6.4.2 Gestational hypertension does not influence the success of pregnancy in adult 

offspring. 

 Embryo resorption and number of viable embryos were recorded for 15.5GD and 17.5GD 

in ANP+/−WT and ANP+/−KO dams. Results are presented in Table 6.2. Statistical significance in 

embryo viability was observed between ANP+/−WT and ANP+/−KO dams at 17.5GD (P=0.02).  

However, statistical differences were not observed for all other comparisons between embryo 

viability and embryo resorption. Likewise, no differences were seen in litter size across time or 

genotype. Examination of mean placental weight demonstrated no significant differences, 

however, a slight decrease in placental weight was shown in ANP+/−KO mice, approaching 

significance at 17.5GD (P=0.08; Figure 6.3). 

 

6.4.3 Expressional profiles of the renin-angiotensin (RAS) system components do not differ 

between ANP+/−WT and ANP+/−KO mice across gestation or post partum. 

 The mRNA expression of angiotensinogen (Agt), angiotensin-II receptor 1 (AT1a; rodent 

isoform) and angiotensin converting enzyme-1 (Ace1) was evaluated by qPCR. Agt expression 

significantly increased in ANP+/−KO dams at 15.5GD and 17.5GD followed by a dramatic drop at 

7PP (Figure 6.4A). Although a similar profile of expression was observed in ANP+/−WT mice, 

significance was not achieved. Moreover, we did not observe any alterations in At1a expression 

within or across genotype (Figure 6.4B). Contrary to Agt, Ace1 expression significantly increased 

post partum in both ANP+/−WT and ANP+/−KO dams at 7PP and 14PP. However, ANP+/−KO mice 

displayed lower levels of Ace1 expression compared to their counterpart approaching significance 

at 14PP (P=0.07; Figure 6.4C).  
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Table 6.2. Embryo viability, resorption and litter size as recorded over gestation and post-

partum.  

Genotype 
Viable Embryos Embryo Resorption Litter Size 

15.5gd 17.5gd 15.5gd 17.5gd 7pp 14pp 28pp 

ANP+/−WT 10.0 ± 1.6 8.00 ± 2.5 0.83 ± 0.8 0.83 ± 1.2 9.50 ± 0.6 9.17 ± 0.8 7.67 ± 1.2 

ANP+/−KO 10.2 ± 1.5 10.8 ± 1.2 * 0.83 ± 0.8 0.83 ± 0.9 9.00 ± 1.4 7.83 ± 2.1 7.83 ± 2.2 

Values are presented as mean ± SD. * denotes significance between ANP+/−WT and ANP+/−KO 

groups (P≤0.05). (n=6) 
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Figure 6.3. Placental weight recordings obtained at 15.5GD and 17.5GD from ANP+/−WT and 
ANP+/−KO pregnancies. 

Significance (P≤0.05) was measured by two-way ANOVA with Tukey post hoc test. Data is 
presented as mean ± SEM. (n=6, average of 4 placentas per pregnancy). 
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Figure 6.4. Local gene expression of the RAS system components in ANP+/−WT and ANP+/−KO 

cardiac tissue.  

LV gene mRNA expression of Agt (A), At1a (B) and Ace1 (C) was measured by qPCR. 
Significance (P≤0.05) for within genotype multiple comparisons is denoted by letters (bars 
containing letters are significantly different from the corresponding time point(s); a-NPC, b-
15.5GD, c-17.5GD, d-7PP, e-14PP, f-28PP) and * for across genotype comparison as detected by 
two-way ANOVA with Tukey post hoc test. Data is presented as mean ± SEM. (n=6). 
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6.4.4 Elevated gene expression of the NPS correlates with post partum elevations in 

pregnancy-induced CH. 

 Within genotype comparison demonstrated significant elevations in Nppa and Nppb 

(genes encoding for ANP and B-type natriuretic peptide (BNP) respectively) expression at 7PP 

and/or 14PP in both ANP+/−WT and ANP+/−KO mice (Figure 6.5A and B respectively). During 

gestation however, the mRNA expression of these genes was maintained at levels comparable to 

the NPC group. Across genotype differences were only detected in the Nppb gene. ANP+/−KO 

dams displayed significant reductions in Nppb expression at 7PP (P=0.006) and 14PP (P<0.0001) 

compared to ANP+/−WT mice. Npr1 and Npr2, the genes encoding for NP receptors A and B 

respectively (NPRA, NPRB) were measured however expression was undetectable. Measurement 

of Npr3, the gene encoding for the NP clearance receptor, NPRC, demonstrated no statistical 

significance across time within each genotype. However, the overall expression of Npr3 remained 

reduced in the ANP+/−KO group across all time points (Figure 6.5C). This was significant at 

17.5GD (P=0.03) and approached significance at 7PP (P=0.07) and 14PP (P=0.08).  

  

6.5 Discussion 

 In the current investigation we sought to determine whether adult offspring exposed to 

gestational hypertension and lack of maternal ANP in-utero would show an adverse response to 

the physiological stress of pregnancy. Our model demonstrates that gestational hypertension does 

not greatly influence the pregnancy success of offspring or the ability of the heart to respond to 

pregnancy-induced CH. During pregnancy, the pattern of onset and regression of CH remained 

relatively similar between dams. Both ANP+/−WT and ANP+/−KO mice demonstrated peak CH post 

partum, however, a more dramatic increase in cardiac size from NPC to 14PP was observed in  
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Figure 6.5. Cardiac gene expression of the NPS in ANP+/−WT and ANP+/−KO dams.  

LV gene mRNA expression of Nppa (A), Nppb (B) and Npr3 (C) measured by qPCR. Data is 
presented as mean ± SEM. Significance (P≤0.05) for within genotype multiple comparisons is 
denoted by letters (bars containing letters are significantly different from the corresponding time 
point(s); a-NPC, b-15.5GD, c-17.5GD, d-7PP, e-14PP, f-28PP) and * for across genotype 
comparison as detected by two-way ANOVA with Tukey post hoc test. (n=6). 
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ANP+/−WT mice (1.8 fold increase in LV area) in comparison to ANP+/−KO dams (1.3 fold 

increase). This difference may be due to the fact that ANP+/−KO mice exhibit slight LV 

hypertrophy (LVH) at baseline prior to pregnancy as demonstrated by the photomicrograph 

analysis (data in accordance to previous work (226)). One possible explanation is that excess 

cardiac remodeling in ANP+/−KO mice is limited via an unknown protective or adaptive 

mechanism they possess as a result of in-utero programming and/or exposure to gestational 

hypertension. Nonetheless, the variations observed between ANP+/−WT and ANP+/−KO groups were 

inconsequential. Thus, we can confidently state that the differences observed in cardiac response 

to pregnancy are minute in comparison to the exacerbated phenotypic distinctions seen under 

pathological stress (226,227).  

 There is much dissimilarity between physiological and pathological cardiac remodeling. 

A hypertrophic growth response is initiated in pregnancy by a volume-overload stimulus 

(235,245). This causes the heart to undergo eccentric CH whereby the mass and size of the heart 

increases to accommodate for the increase in blood volume. This mode of CH is characterized by 

an increase in lumen diameter (cardiac chamber dilation) with little or no change in cardiac wall 

thickness (45,49,236). Excess collagen or fibrotic deposits are not often observed with respect to 

physiological remodeling (37,44). This ensures enhanced contractile function (48), preventing the 

heart from becoming too stiff and thereby increasing the metabolic demand of the heart (49). By 

assessment of cardiac chamber and whole heart weights, ventricular lumen diameter, ventricular 

wall area and change in collagen content, we can confirm that the cardiac adaptations observed in 

both heterozygote offspring reflected that of pregnancy-induced or eccentric CH, without any 

characteristics of pathological modification.  



 

 

 

135 

 Additionally, a functional hemodynamic balance is established in normal pregnancy with 

the help a variety of vasoactive systems that work together to regulate BP, sodium/water retention 

and vascular tone. Components of the RAS have shown to be up regulated in pregnancy, 

particularly late in gestation (253). Studies have reported increased plasma levels of AGT and 

renin (238-240), a proteolytic enzyme responsible for cleaving angiotensin-I (ANG-I) to the 

biologically active angiotensin-II (ANG-II) protein (353). With respect to local tissue expression, 

previous work by our laboratory has also characterized the onset and regression of pregnancy-

induced CH in wildtype and gestationally-hypertensive dams. It was found that the cardiac 

expression of the RAS is also up regulated in late pregnancy (unpublished). Thus, the present 

study, along with previous investigations by our laboratory and others confirms the importance of 

RAS overexpression for normal cardiovascular function in pregnancy. Additionally, with no 

divergence in RAS expression, this data further strengthens the conclusion that exposure to 

gestational hypertension in-utero does not alter the cardiac response of offspring to pregnancy-

related changes.  

 Elevations in NPS expression, particularly ANP and BNP peptides, are associated with 

pathological cardiac remodeling (259,260). ANP and BNP elicit cardioprotection by stimulating 

vasodilation and diuresis in cases of hypertension or cardiac pressure-overload (85,243,354). 

While the molecular cardiac adaptations in pathology differ greatly from the heart’s response to 

physiological stress (38), increased plasma ANP has also been detected in pregnancy (355). This 

remains a topic of controversy. Some investigations have claimed that circulating ANP permits 

volume expansion by sustaining vasodilation throughout pregnancy ensuring adequate blood 

supply to the placenta and therefore fetus (264,265,356). Others have concluded that the levels of 

ANP remain unchanged (242) or decrease during pregnancy (357), regulating blood volume via 
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the competitive nature between the NPS and RAS (267,357). Nevertheless, these studies do not 

explain the local cardiac role of ANP in pregnancy-induced CH. Our results demonstrate that the 

cardiac expression of Nppa and Nppb genes significantly increases post partum corresponding to 

the rise in cardiac size; findings that are consistent with previous investigations (262). We believe 

that the rise in NPS expression within the heart during this time is an adaptive response to 

increased CH, aiding in blood volume regulation and the post partum transition of the heart 

toward its non-pregnant state. Still, further investigation is required to elucidate the biological 

function of the NPS in post partum, pregnancy-induced CH and cardiovascular function in 

pregnancy. 

 

6.6 Conclusion  

 Together, these results suggest that although minor dissimilarities were observed, the 

state of pregnancy may not elicit a stress that is robust enough to unveil distinct phenotypic 

variations between ANP+/−WT and ANP+/−KO offspring. With our model, we have been able to 

show that gestational hypertension does not strongly influence pregnancy-related cardiovascular 

modifications in adult female offspring. Although this is the first study to investigate the 

developmental origins of pregnancy-induced cardiac remodeling we understand that are 

limitations in our study. The present study is largely descriptive and future work is essential to 

determine the mechanism and physiological processes involved in pregnancy-induced CH in 

addition to potential alterations in cardiac function. Furthermore, to better evaluate and translate 

this information to the human population, advanced understanding of parental imprinting and/or 

epigenetic changes is required. 
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Chapter 7 

General Discussion and Future Directions 
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7.1 Overall Summary 

 In recent years there has been an increase in awareness of cardiovascular disease (CVD) 

particularly with regards to factors that contribute significantly to the PAR of these diseases. 

Accordingly, the focus of public health and research sectors has shifted to emphasize CVD 

prevention, concentrating on the categorical risk factors that are modifiable and thus treatable or 

preventable. An alternative approach to disease prevention has also transpired with the newly 

emerging developmental origins of health and disease (DOHaD) research stream. DOHaD 

proposes that the influence of adverse events during early stages of human development 

contributes to the risk and/or development of chronic disease (358). Therefore, in addition to 

disease prevention in adulthood, it is now acknowledged that early-life intervention is also 

advantageous (Figure 7.1). Thus, by targeting these pregnancy-related factors, the burden of 

disease over generations may be reduced.   

 A vast amount of epidemiological data has implicated hypertension as a major risk factor 

for ischemic stroke yet there is insufficient data that poses the question, but by which 

mechanisms? It is evident that questions such as these are raised to provide impetus for the 

implementation of successful preventative and therapeutic treatment strategies. Consequently, the 

aim of this thesis was to 1) characterize novel experimental models of hypertension in stroke and 

2) to provide evidence for the impact of a variety of modes of hypertension on CVD, specfically 

ischemic stroke pathology. We have, therefore, been able to assess the effects of gestational 

hypertension on maternal cardiovascular remodeling, the impact of environmental factors such as 

salt-induced hypertension on ischemic stroke in addition to providing novel experimental 

evidence to support the DOHaD phenomenon with respect to stroke outcome (Summarized in 

Figure 7.1). Therefore, we conclude that the presence of hypertension whether by environmental  
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Figure 7.1. Disease prevention in various developmental stages across the course of life. 

A schematic representation of the development of CVD risk over the course of life. It is 
acknowledged that intervention during fetal-development and in infancy is advantageous to 
reduce the risk for future disease. Corresponding to the DOHaD theory, Chapters 5 and 6 focused 
on the impact of fetal programming on future disease outcome (stroke and pregnancy-induced 
cardiac remodeling respectively). Additionally, environmental factors (for example a high salt 
diet) or pregnancy complications influence disease risk and thus intervention during this time 
(either early or late life interventions) could help reduce CVD risk. The objectives for Chapters 2 
to 4 of this thesis were aimed at identifying the underlying mechanisms responsible for this 
increased risk for disease both with respect to pregnancy complications and stroke outcome. 
Modified from El-Heis et al. (2015) (358).  
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factors in adulthood or in-utero exposure during critical periods of fetal development is 

deleterious in the brain and increases the extent of cerebral damage following acute ischemic 

stroke. Furthermore, we identified vasoactive systems that were highly up regulated in response 

to gestational and post partum cardiac remodeling. Alternative systems were also found to be up 

regulated in the brain of hypertensive mice following induction of cerebral ischemia.  

 

7.1.1 Hypertension in pregnancy and CVD risk 

A substantial burden of maternal and fetal morbidity and mortality is represented by 

pregnancy complications associated with hypertensive disorders of pregnancy (HDP). Women 

facing HDP represent a clinically enigmatic and challenging group whereby disease and/or 

disorder causation remains unclear. In the United States, 5-10% of pregnancies are complicated 

by HDP (359). These complications are responsible for 16% of maternal deaths annually and are 

the leading cause of maternal mortality worldwide (360). As introduced in Chapter 1, HDP 

symbolize a spectrum of hypertensive phenotypes expressed over gestation. A nationwide survey 

observed a 50% increase in the number of pregnancies affected by chronic hypertension alone 

from 1998 to 2004 (361). These pregnancies have been linked to increased perinatal morbidity, 

preterm delivery and other adverse neonatal outcomes often as a result of developing 

superimposed pre-eclampsia (PE) (362,363). Similar to the rise in global CVD, industrialization 

and changes in maternal characteristics, such as increased maternal age and pre-pregnancy 

weight, has also impacted the prevalence of HDP (364). It has therefore been postulated that these 

pregnancy-related syndromes have contributed considerably to the continued rise in CVD in 

women. These epidemiological findings validate the need to advance our understanding of HDP  
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and explore potential avenues of early-life prevention to assist in reducing the burden of disease 

in women, particularly post partum. 

In normal pregnancy, the cardiovascular system is challenged by an increase in blood 

volume stimulating a cascade of hemodynamic changes including an increase in cardiac output 

and decrease in peripheral vascular resistance (365). In addition, it has been indicated that up 

regulation of the renin-angiotensin system (RAS) contributes to normal physical remodeling of 

the heart during pregnancy without significantly altering cardiac function (129,252). However, in 

the presence of chronic or gestational hypertension, these hemodynamic patterns are interrupted 

and have been associated with increased obstetrical complications and future risk of 

cardiovascular and cerebrovascular events in the mother post partum (366-368). Many 

investigations have focused on the decline in cardiac function in HDP describing a linear 

association between diastolic dysfunction and severity in symptoms (369-371). However, the 

literature is devoid of information pertaining to cardiac structural changes in these cases. In 2013, 

Bazan et al. (372) compared the effect of essential hypertension and pregnancy on myocardial 

hypertrophy and LV function demonstrating a synergistic effect on ventricular remodeling. 

Although this investigation stipulates differences in end-point cardiac alterations in pregnant, 

hypertensive women, a complete characterization of the progression and regression of these 

pregnancy-induced modifications in normotensive and hypertensive women has not been defined.  

Chapters 2 and 6 of this thesis were designed to assess differences in cardiac modification 

over gestation and post partum with the goal to ascertain whether the progression of pregnancy-

induced CH is altered in gestational hypertension in comparison to normal pregnancy. 

Unexpectedly, our results have demonstrated that the gestational hypertension exhibited by the 

ANP−/− mouse, did not significantly differ from normotensive controls with respect to the onset 



 

 

 

143 

and regression of pregnancy-induced CH (Chapter 2). Additionally, offspring exposure to 

gestational hypertension and lack of maternal ANP in-utero did not influence the cardiovascular 

response of offspring to pregnancy (Chapter 6). Due to the fact that our data show minimal 

structural changes in both studies, our results may appear to contradict the idea that HDP 

contribute to increased post partum CVD risk. Studies have demonstrated that more severe forms 

of HDP are strongly associated with increased risk for stroke and later development of ischemic 

heart disease compared to milder pregnancy-related diseases (234,373). Our studies did not assess 

cardiac function and as such we cannot discount the possibility of functional discrepancies 

between each of the experimental groups tested. Furthermore, our model does not exhibit a PE-

like phenotype or other characteristics of severe HDP such as IUGR (226). It is, therefore, 

possible that the phenotype of gestational hypertension exhibited by the ANP−/− mouse is too 

minimal to evoke sizeable dissimilarities in pregnancy-related cardiac alterations. We can also 

conclude that the fetal-programming effects observed in Chapter 5 or tested in Chapter 6 of this 

thesis in addition to previously published data from our laboratory (226,227) are likely not 

influenced by alterations in the maternal cardiovascular system since ANP+/+ and ANP−/− dams 

did not show significant differences in cardiac response to pregnancy.  

In spite of this, our data shed light on the importance of the early post partum period as a 

time of immense cardiac modification. Seemingly contrary to what is stated throughout the 

literature, the hearts of our normotensive and gestationally-hypertensive mice are largest in the 

first two weeks post partum followed by cardiac regression. Corresponding to the rise and fall of 

cardiac size observed in these mice, we have also observed a switch in cardiac-specific molecular 

expression of the RAS and NPS specifying their roles in cardiovascular regulation throughout 

pregnancy. During pregnancy, our data proposes that cardiac regulation and functional 
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maintenance may be dominated by the RAS and that expression of its system components do not 

differ between our model of gestational hypertension and normal pregnancies. As the heart 

continues to grow in size post partum, components of the NPS are activated. This implies a 

potential role of the NPS as a major system involved in the regression of pregnancy-induced CH. 

Our data are also the first to describe these molecular exchanges particularly for the NPS since its 

function in cardiovascular homeostasis in pregnancy is still in question. We are confident in the 

validity of these results as similar structural and molecular modifications were observed in all 

four genotypes examined (ANP+/+, ANP−/−, ANP+/−WT and ANP+/−WT; Chapters 2 and 6).  

 

7.1.2 Hypertension in stroke 

The pathogenesis of hypertension in stroke is complex and multifaceted. Hypertension 

radically alters the structure and function of cerebral arteries leading to reductions in cerebral 

blood flow (270,374,375). In an attempt to decrease vessel wall stress and protect the network of 

microvessels in the brain, cerebral arteries undergo remodeling. Hypertrophy and inward 

eutrophic remodeling of arterial smooth muscle cells encroaches on the vessel lumen particularly 

when a consistent intraluminal wall stress is present for example, in chronic hypertension (376). 

This, in turn, contributes to arterial stiffening and may lead to vessel occlusion followed by 

ischemic injury. Hypertension also predisposes patients to ischemic heart disease and advances 

the formation of atherosclerotic plaques, respectably increasing the risk of cardioembolic stroke 

and impaired endothelium-dependent vascular relaxation (375,377). A unique feature of the 

cerebrovascular system is the existence of a blood brain barrier (BBB), a structure essential for 

the regulation and dispersal of circulatory molecules into neuronal tissues. The inflammatory and 

oxidative stresses that accompany hypertension are damaging to the BBB resulting in increased 
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vascular permeability (378,379). Furthermore, investigations have also demonstrated that 

fluctuation in BP or the development of hypertension following stroke correlates with patient 

stroke outcome (380-382). It is obvious therefore that targeting hypertension can significantly 

reduce the risk for stroke. 

The objectives of Chapter 3 of this thesis were to determine whether chronic 

hypertension in the ANP−/− mouse would negatively impact the cerebral response to an induced 

acute ischemic stroke and thus provide evidence to suggest a similar protective role for ANP in 

the brain as previously observed in the heart. Surprisingly, our results demonstrated opposing 

effects that we attributed to differences in the cerebral circulatory anatomy. The rejection of this 

hypothesis led us to characterize the salt-sensitive ANP+/− mouse as a potential model to examine 

the impact of salt-induced hypertension on ischemic stroke and identify molecular targets 

associated with hypertension and poor stroke outcome (Chapter 4). 

 In 1989, a large epidemiological study evaluated the relationship between excretion of 

electrolytes, BMI and a variety of other lifestyle characteristics to BP across 32 countries. The 

INTERSALT Study (228) demonstrated that sodium excretion was significantly and 

independently related to SBP across populations. The authors also state that a reduction of 

approximately 100 mmol of dietary sodium would ensue a 2mmHg drop in SBP and decrease the 

rate of stroke mortality by 6% (228). This data provides information on the impact of diet on 

disease progression and validates the theory that small changes in population lifestyle and 

average BP represent more notable changes in population mortality. As such, experimental 

models of salt-induced hypertension were established and utilized to decipher the modifications 

dietary sodium derives in the brain. However, these models utilized for decades, namely the 

spontaneously hypertensive rat (SHR) (305) and Dahl salt-sensitive rat (307,383), have remained 
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limited as the main causes that induce hypertension in these animals is still unclear to the 

scientific community at large. Moreover, the control comparison counterparts used are often of a 

different strain all together and confounds experimental results (306). In Chapter 4, we have 

successfully compared genetically identical treatment and control groups and demonstrated that 

hypertension induced by a high salt (HS) diet significantly impacts cerebral infarct volume. It has 

been established in the literature that immediately after cerebral ischemia is initiated, NO 

production is activated along with ET-1 (332). Our data also provide proof that expression of the 

NOS and ET systems is disturbed in salt-induced hypertension furthering the development of 

cerebral infarction by significant up regulation of their system components. The significance of 

these two vasoactive systems and their contribution to the development of cerebral infarction has 

become particularly evident. In Chapters 5 and 6 similar molecular results were observed with 

respect to dietary treatment on stroke or in-utero exposure to gestational hypertension and stroke 

in adult offspring. Therefore, it is feasible to conclude that exposure to hypertension whether in 

early stages of development or late into adulthood, affects the molecular signaling of the NOS 

and ET system pathways negatively altering the cerebral response to stroke.  

 

7.1.3 Developmental origins of acute ischemic stroke and cardiac modulation in pregnancy 

Emergence of the DOHaD theme has altered how we perceive disease prevention. Based 

on the concept that adverse exposures during early stages of development programs disease risk 

and influences health as we age, it is now understood that intervention during pregnancy, infancy 

and throughout childhood can provide dramatic improvements in the global burden of NCDs 

(358). CVD specifically has been a major target for this field. Human and experimental models 

have tirelessly examined a multitude of stimuli and their impact on offspring CVD risk. 
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Characteristics such as maternal diet (349), BMI (384,385), birth weight (209,386) and 

complications of pregnancy (224,364) impair and/or disturb fetal-development placing infants at 

a higher risk for adult disease. There is growing evidence to suggest that the origin of disorders, 

for instance, hypertension, coronary artery disease, obesity and diabetes lies in the response of the 

plastic fetus to an adverse maternal environment (364,368). Much of the accruing evidence in 

support of the fetal-programming phenomenon however is epidemiological and as such, the 

underlying mechanisms involved are unknown. It is speculated that a large proportion of fetal 

modulation is caused by epigenetic changes and environmentally mediated alterations in fetal and 

infant gene expression (358).  

While the risk of cardiac-specific disease in offspring has been established, there is 

limited data on the risk for cerebrovascular disease such as stroke. The Helsinki Birth Cohort 

Study was the first to assess the long-term effects of gestational hypertension and PE on offspring 

CVD. Specifically, the authors observed a significant increase in the number of hemorrhagic and 

thrombotic strokes experienced by adult offspring from pre-eclamptic pregnancies (224). Beyond 

the findings reported in this study however, there has been no experimental evidence to support 

these epidemiological claims. Successful characterization of the MCAO stroke model in ANP+/− 

mice (Chapter 4) led us to adopt previously published experimental protocols described by 

Armstrong et al. (226,227) to assess the developmental origins of ischemic stroke. The results of 

this study, presented in Chapter 5, provide experimental evidence to confirm that gestational 

hypertension impacts cerebral tissue damage following ischemic stroke in adult offspring. 

Interestingly, the pattern of cerebral molecular expression of the NOS and ET systems were 

strikingly similar to those observed in Chapter 4. This indicates not only the importance and 

implications of these two vasoactive systems with respect to cerebral damage in stroke, but also 
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that exposure to hypertension in-utero or in adulthood likely targets the same molecular 

mechanisms causing modulations in cerebral response.  

 In conjunction with intrauterine programing of future pathology, optimal conditions of 

pregnancy are also important for the development of physiological systems and normal response 

to physiological stress. Permanent changes in the structure and function of physiological systems 

at the genetic, cellular, tissue and organ level overtly lead to adverse physiological function 

contributing to disease (387). Epidemiological studies have demonstrated that women with a 

family history of PE acquire an increased risk of developing PE during pregnancy alluding to 

adverse programing that impacts the pregnancy outcome of future generations 2(388). With that 

being said, this concept has not been experimentally tested in great detail. Utilizing the 

established models and experimental protocols described in Chapters 2 and 5, we sought to 

determine whether female ANP+/− offspring born to either ANP+/+ or ANP−/− dams would show 

adverse cardiac modulation over the course of pregnancy. Chapter 6 revealed that gestational-

hypertension exhibited by the ANP−/− mouse is not sufficient to elicit adverse pregnancy-induced 

cardiac remodeling in adult offspring. Experimental models of severe forms of PE may be more 

suitable for these investigations. 

 

7.2 Summary of Original Contributions 

Our studies are the first to examine the use of the transgenic ANP mouse model as a means to 

explore the effects of hypertension on stroke pathology and pregnancy-induced cardiac 

modifications. Currently, experimental models used to investigate the relationship between 

hypertension and stroke are limited; comparison groups are genetically disparate from each other 
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and the mechanism by which they exhibit hypertension is not well understood. In this set of data, 

we have characterized the ANP+/− model proving it to be an advantageous tool to investigate the 

effects of salt-induced hypertension in stroke, a model that resolves the abovementioned 

limitations of other models (Chapter 4). In pregnancy, complications such as gestational 

hypertension have proven to challenge both the mother and her fetus. Although ANP−/− dams 

exhibit gestational hypertension over their pregnancy, we have demonstrated that adaptations of 

the heart throughout gestation and post partum are not significantly different from normotensive 

controls (Chapter 2). As such, our hypothesis that adverse cardiac alterations in hypertensive 

dams contributed partly to adverse phenotypes observed in offspring was rejected. Despite this, 

differences in cerebral response in ANP+/−WT and ANP+/−KO offspring following ischemic stroke 

were observed (Chapter 5). These results alone are important for the DOHaD and stroke research 

streams, as this data provides the first experimental evidence of in-utero programming of stroke 

outcome. Together, these data confirm the importance of hypertension as a primary risk factor for 

cerebrovascular disease and an area to target for future employment of preventative and 

therapeutic treatment strategies. 

Lastly, in answering the hypothesis originally described, we also came across several other 

unexpected results in each of the research chapters that are notably important. Those results are 

briefly summarized below.  

• Pregnancy-induced CH is greatest early post partum and may be regulated by the 

NPS during this period (Chapter 2). 

• Dissimilarities in cerebral circulatory anatomy in ANP−/− mice render it an inapt 

model to study chronic hypertension and stroke (Chapter 3). 

 



 

 

 

150 

• Up-regulation of vasoactive system target genes ET-1 and NOS3 are associated with 

increased cerebral infarction in salt-induced hypertension and in offspring exposed to 

gestational hypertension demonstrating the implications of these targets in stroke 

damage (Chapter 4 & 5). 

• Pregnancy, a physiological stress, does not provoke cardiac specific phenotypic 

differences in ANP+/−KO offspring compared to controls (Chapter 6).     

 

7.3 Future Directions 

7.3.1 Investigating short and long-term sensory-motor deficits following acute ischemic 

stroke.  

The World Health Organization (WHO) defines stroke as “rapidly developing clinical 

signs of focal (or global) disturbance in cerebral function, lasting more than 24 hours or leading 

to death, with no apparent cause other than that of vascular origin” (172). This signifies the 

importance in classifying the functional deficits that result from cerebrovascular disruption to 

provide a thorough stroke diagnosis and long-term assessment of disability. Post-stroke 

behavioural studies in mice and rats are advantageous and assist in narrowing the gap between 

clinical knowledge and experimental end point (389). There are a variety of commonly used 

behavioural tests in mice and rats that examine sensory-motor deficit such as the rotarod, 

adhesive removal, cylinder, grip strength and corner tests. Each of these tests are able to 

distinguish between sham and MCAO groups during specific periods of post-stroke recovery 

(390). In Chapters 3-5, sham and MCAO groups were compared for extent of cerebral tissue 

damage following a 24-hr reperfusion period. Future investigations should increase the 

reperfusion period to assess sensory-motor function over a period of days to weeks to provide 

information on short and long-term deficits. 
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7.3.2 Investigating whether increased stroke susceptibility in ANP+/−KO mice is due to 

gestational hypertension or lack of maternal ANP or a resultant of the combined variables.  

Findings in Chapter 5 indicate that offspring born to gestationally-hypertensive, ANP−/− 

dams exhibit more widespread cerebral infarction compared to controls. A limitation of this study 

is that we cannot distinguish whether the response of these offspring is due to the presence of 

gestational hypertension, lack of maternal ANP or a combination of the two. It would be of 

interest to add a third experimental group of offspring born to ANP−/− dams treated with an anti-

hypertensive pharmaceutical during pregnancy to eliminate hypertension from the mix. If the 

extent of cerebral damage in these mice is comparable to offspring born to ANP+/+ dams, then we 

can be confident that the results we have observed in Chapter 5 are due to the presence of 

hypertension in pregnancy and not lack of maternal ANP. The use of an anti-hypertensive 

pharmaceutical would be more advantageous than the addition of exogenous ANP into the 

circulation of ANP−/− dams, since placing ANP back into the circulatory system normalizes BP in 

these animals and would fail to provide delineation between these two variables.  

Alternatively, utilization of the salt-sensitive ANP+/− mouse model described in Chapter 4 

may be another option for this investigation.  Comparison groups would include offspring born to 

salt-induced hypertensive, ANP+/− dams (fed a HS diet prior to pregnancy) and offspring born to 

normotensive ANP+/− dams (provided with a NS diet). However, this experimental study would 

not evaluate the effect of a gestational hypertensive phenotype (new onset hypertension during 

pregnancy) but rather a chronic hypertensive phenotype due to the fact that consumption of the 

HS chow would be required prior to pregnancy in-order to provide enough time for hypertension 

to develop in these mice. 
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7.3.3 Investigation of the effects of ET-A receptor blockade on cerebral infarction in adult 

offspring 

Our investigations and others have postulated that the ET system is one mechanism 

responsible for the increase in cerebral damage following stroke (244,313). Chapters 4 and 5 of 

this thesis observed increased expression of Et-1 and Et-a genes in mice following ischemic 

stroke. Therefore it would be of interest to evaluate whether the extent of cerebral damage in our 

experimental models would be reduced through ET receptor blockade by implementing an ET-A 

receptor antagonist. Few studies have been conducted in the rat demonstrating ET receptor 

antagonists as a promising therapeutic to reduce cerebral deficit following stroke (333).  
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Appendix A 

Placental weight comparison between ANP+/+ and ANP−/− dams 

 

 

 

 

 

 

 

 

 

 

 

Figure A. 1. Placental weight recordings obtained at 15.5GD and 17.5GD from ANP+/+ and 
ANP− /− pregnancies. 

Significance (P≤0.05) was measured by two-way ANOVA with Tukey post hoc test. Data is 
presented as mean ± SEM. (n=6, average of 4 placentas per pregnancy). 
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Appendix B 

Molecular analysis of cerebral natriuretic peptide system expression  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B. 1. Changes in mRNA expression of Nppc (A) and Npr2 (B) in left hemisphere 

brain tissue of sham and MCAO mice fed either NS or HS diet. 

Data are presented as mean ± SEM. * p < 0.05, using two-way ANOVA with Tukey’s post hoc 
test. n=6-7. 
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Appendix C 

Molecular analysis of cerebral renin-angiotensin system expression 

          

Figure C. 1. Changes in mRNA expression of Agt (A), Ace (B), Agtr1a (C) and Agtr2 (D) in 
left hemispheric brain tissue of sham and MCAO mice fed either NS or HS diet. 

Data are presented as mean ± SEM. * p<0.05, using two-way ANOVA with Tukey’s post hoc 
test. n=6-7. 
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Appendix D 

Four-dimensional render of cerebrovascular confocal images – 

supplement for two-dimensional images in Chapter 5 

 

 

 

Figure D. 1. Comparison of cerebrovascular structure.   

Representative confocal images of cerebrovascular vessels of ANP+/─WT and ANP+/─KO mice in 
four-dimensional (4D) format. Images were produced in a Leica TCS SP2 multiphoton 
microscope (Heidelberg, Germany) using FITC-dextran (MW = 59,000-77,000) as a tracer. 
MetaMorph Offline Version 7.7.0.0 image analysis software (Molecular Devices LLC, USA) was 
used to render 4D stacks of the confocal images (40 images)  
 

 


