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Abstract 

 Congenital heart defects (CHD) are the most common birth defect, occurring in approximately 1% of all 

births and continue to be a significant cause of infant morbidity and mortality. Ventricular septal defects (VSD) 

account for the majority of CHDs and result from incomplete formation of the interventricular septum. To produce a 

population of offspring with VSD in a reproducible and dose-dependent manner we administered dimethadione 

(DMO) to pregnant Sprague-Dawley rats during the sensitive window of embryonic heart development. DMO, a 

discontinued anticonvulsant drug, is a potent heart teratogen; when administered in six doses it produces 74% 

incidence of VSD with poor postnatal viability, whereas four doses produces 43% VSD with greater postnatal 

survival. We aimed to use these models to test the hypothesis that in utero exposure to DMO interferes with normal 

gene expression patterning in the developing heart, resulting in CHDs which spontaneously resolve postnatally, yet 

exhibit maladaptive responses when challenged with isoproterenol (INE), a cardiac stressor. In Chapter 2 using the 

six dose model, we show that DMO exposure decreased mRNA expression of Gata4 in left ventricle and increased 

the expression of Myl2 in the atria, prior to formation of the ventricular septum. A critical review of the uses and 

technical considerations required for the use of echocardiography in developmental toxicity studies is provided in 

Chapter 3. This method of assessment was used in Chapter 4 to characterize the structural and functional 

development of male rat hearts exposed to four doses of DMO in utero. In this study, differences from control that 

were observed early postnatally, such as stroke volume, resolved by weaning, but re-emerged in adulthood. Using 

this cohort of body weight matched rats, we used increasing, intermittent doses of INE to stress the heart, as 

described in Chapter 5, and the cardiac effects were monitored via ultrasound. We observed decreased structural 

parameters in the DMO exposed rats, including left ventricular mass and diameter, and differences in function, 

evidenced by the changes in longitudinal fractional shortening. Taken together, these findings contribute to our 

understanding of how in utero chemical exposures may lead to VSDs and the importance of long-term follow up in 

spontaneously resolved VSDs and the potential for altered adaptation to cardiac stress in later life. 
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Chapter 1 

General Introduction 

1.1 Cardiac Morphogenesis 

The heart is one of the first organs to undergo development during embryogenesis and is the first 

functioning organ in the embryo [1–3]. Heart development, or cardiogenesis, is a complex and tightly 

regulated process which is highly conserved across vertebrates [1,2,4]. Briefly, this process begins 

immediately following gastrulation and, by three weeks of gestation (WG) in humans, or gestational day 

(GD) 9.5 in rats (morning of copulatory plug = GD0), the heart tube begins to beat spontaneously [2,4,5]. 

The heart continues to form through 8WG in humans, or GD16 in rats, progressing through looping, 

convergence, and wedging stages, all integral for proper and complete septation [2,5]. As the heart starts 

development during organogenesis and continues into the fetal period, it is vulnerable to teratogenic insult 

across the majority of gestation, although there are windows of particular sensitivity [6,7].  

 

Specifically, vertebrates begin cardiogenesis following gastrulation with the commitment of 

specific cells to the cardiogenic lineage (Figure 1.1) [8]. The cardiac precursor cells move laterally to form 

the anterior lateral mesoderm, which in turn then migrate to form the cardiac crescent, known as the first or 

primary heart field [3,8]. Fusion of the cardiac crescent to the midline of the embryo forms the beating 

linear heart tube [3]. A second cell source is found adjacent and posterior to the linear heart tube, forming 

the second or secondary heart field [2,9]. The first heart field ultimately gives rise to the left ventricle (LV) 

while the second heart field forms the right ventricle (RV) and atria [9]. The linear heart tube begins 

looping to the right on GD11 in the rat, which aligns what will become the chambers and great vessels of 

the heart [3,9]. The looped heart tube then undergoes a process of ballooning, which refers to patterned 

proliferation of cardiomyocytes to form the ventricles and atria [3,10]. 
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Figure 1.1. Overview of heart development in the rat.  
 
The major steps of cardiogenesis include formation of the cardiac crescent on gestational day (GD) 8, the 
linear heart tube on GD9-10, rightward looping of the tube on GD10-11, specification and formation of 
chambers on GD12, initiation of interventricular septation on GD14 with complete septation on GD16. 
Broadly, teal indicates the first heart field giving rise to the left ventricle while purple denotes the second 
heart field giving rise to the right ventricle and outflow tract.  
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 With the cardiac chambers specified (GD12), interventricular septation begins [3]. On GD14 in 

the rat, the muscular septum arises from the cardiac apex and migrates towards the atrioventricular node 

(AVN) [3]. The upper portion of the septum is thin and membranous and fully closes by GD16 [3]. A 

patent interventricular septum (IVS), identifiable at this point and onwards, is referred to as a ventricular 

septal defect (VSD). An area of the atrial septum, termed foramen ovale, remains open connecting both 

atria to allow for shunting of blood from the high pressured right side to the low pressure left side, while 

the fetal pulmonary system develops [11]. Closure of the foramen ovale occurs following parturition when 

the lungs begin to function and the pressure shunt reverses [3,11]. If patency persists, or if there is an 

opening in a region outside of the foramen ovale, is referred to as an atrial septal defect (ASD) [3,11]. 

 

The conduction system develops concurrently, with the linear heart tube differentiating into 

working myocardium, commencing the development of the delayed atrioventricular (AV) conduction 

system [12]. By GD11.5 in the rat, the ventricular myocardium begins expressing genes required for fast 

conduction and for encoding cardiac channels required for repolarization [12]. Timely and tightly regulated 

expression of the genes required for the development of proper conduction is critical in formation of the 

functional adult heart. 

 

Typically, functional development follows structural development, which makes functional 

deficits logical if structural defects exist. However, as the structural and functional systems of the heart 

develop synchronously, it has been posited that a “function-form” approach must be considered with 

regards to cardiogenesis, where function influences structure [13]. It is with this information that an 

integrated approach to investigating congenital heart defects (CHD) is necessary. 

 

1.2 Congenital Heart Defects 

 CHDs, sometimes referred to as congenital heart diseases [14], are the leading, non-infectious 

cause of infant mortality [15]. The incidence of CHD varies from report to report due to differences in 

CHD classification, improved methods of detection, and how early and intensively the diagnoses are made 

[16–18], however, 10-12 per 1000 births or 1% is generally accepted [18,19]. The economic burden of 
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CHD related hospitalizations in Canada is rising significantly, from $99 million in 2004 to over $120 

million in 2013 [20]. CHDs were previously categorized as cyanotic or acyanotic heart disease [16], 

however, the latter term is falling out of use as defects classified as acyanotic can often present with 

cyanosis. Cyanotic heart disease occurs due to mixing of oxygenated and deoxygenated blood, typically 

due to a right-to-left shunt and includes various heart defects such as transposition of the great arteries, 

tetralogy of Fallot, and double outlet RV [16,17]. Defects previously classified as acyanotic have been 

reclassified into left-sided obstructive lesions, including hypoplastic left heart syndrome, and mitral and 

aortic stenosis, or septation defects which can affect septation of the atria, IVS, or AV septa [17]. Not 

falling within these categories are bicuspid aortic valve defects, which are the most common defect 

occurring in approximately 1% of all births, but are not typically included in CHD estimates, but rather 

they are investigated as independent lesions [16–18].  

  

 Currently, approximately 10-35% of CHDs can be attributed to known genetic causes [21,22], 

while the remaining majority are hypothesized to be due to gene-environment interactions [23]. 

 

1.2.1 Ventricular Septal Defects 

VSDs are the most common defect observed in humans [16–18] accounting for 25-40% of all 

CHDs [24–26]. Broadly, the two major forms of VSD are muscular, occurring in the septal musculature 

towards the apex of the heart, and perimembranous, located in the membranous region of the IVS, towards 

the AV junction [24,25]. In Sprague-Dawley rats, spontaneous VSDs are limited to the membranous 

portion of the IVS [27–30]. Due to the high incidence of spontaneous closure of small membranous VSDs 

in both naturally arising and chemically induced VSDs, it has been hypothesized these are simply a result 

of a developmental delay [27,28,30]. In contrast, in humans, muscular VSDs are most common and have a 

higher rate of spontaneous closure compared to perimembranous VSD [24,31]. Small, isolated VSDs are 

the majority of clinical observation and have high rates of spontaneous closure, with approximately 80% 

spontaneously resolving by one year of age [24,31,32]. 
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1.2.2 Long-Term Complications 

 CHDs have clinical implications contributing to the lifelong morbidity and mortality of the 

individual. Notably, CHDs have been associated with comorbidities related to neurodevelopmental 

disability, respiratory disease, and myocardial dysfunction, with 25% of patients with surgically corrected 

CHDs presenting with significant heart failure by 30 years of age [21,33,34]. Many adulthood 

consequences of CHD have been attributed to the associated genetic abnormalities that lead to the CHD 

initially, where several genes involved in cardiogenesis have homeostatic roles in the adult [8,35,36] For 

example, GATA4 regulates cardiomyocyte hypertrophy and cell survival in the adult, a distinct process 

from its role in the embryo (discussed in 1.3.3) [36]. The long-term complications of CHDs requiring 

surgical intervention are well characterized and are complicated by the risks of the procedures themselves, 

neither of which are discussed further in this thesis. 

 

With advances in perinatal detection and subsequent treatment, there is a growing population of 

adults with CHD. In Canada, adults accounted for 38% of CHD related hospitalizations in 2004, rising to 

45.8% by 2013 [20]. The management of adults with CHDs is unclear; pediatric cardiologists are unable to 

manage adults with CHDs and associated comorbidities in their environment, and adult cardiologists are 

untrained to handle the complexities of CHD in adults [37]. This has led to a wide variation in treatment 

guidelines over the last two decades, and although implementation strategies have not been adopted outside 

of specialized centres leaving many patients to fall through the cracks [37]. 

 

The prognosis of patients with large or complex VSDs without surgical repair largely relies on the 

presence or absence of pulmonary hypertension (PH). An uncorrected left-right shunt can reverse to a right-

left shunt, precipitated by PH, resulting in Eisenmenger’s syndrome [25]. Patients with Eisenmenger’s 

syndrome have increased risks of cardiovascular collapse, right heart failure, and paradoxical emboli, 

requiring careful monitoring with special consideration to physical exertion and pregnancy [25,33,37]. The 

prognosis of patients with small VSDs is generally determined to be positive, although studies have 

reported conflicting findings [37–40]. The limited studies examining spontaneously resolving VSDs are 

generally restricted to the period of closure where the primary outcome is closure of the IVS, rather than 
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complications that may persist or arise later in life [31,40]. The translation of the clinical scenario to 

experimental animal models is important; however, very few animal models exist that produce a high 

enough incidence, to allow for the study of the long-term postnatal consequences of spontaneously 

resolving VSD. 

 

1.3 Genes Implicated in Congenital Heart Defects 

While the regulation and expression of a myriad of genes are involved in cardiogenesis, it is 

generally accepted that the transcription factors Tbx5, Nkx2.5 and Gata4 are the master regulators of 

cardiogenesis [8,41,42]. Together, these core transcription factors coordinate proper formation of the heart 

and their numerous downstream targets largely direct functionality of the heart (Table 1). 

 

1.3.1 Tbx5 

T-box transcription factor 5 (Tbx5) is responsible for regulating proper heart and limb 

development [1]. Under normal physiological conditions, it is expressed in both atria and the LV and 

interacts with Gata4 and Nkx2.5 [1]. Notably, the T-box family of transcription factors are expressed in 

areas of low proliferation and result in the formation of endocardial cushions, defining the atrioventricular 

canal and outflow tract [10]. In humans, haploinsufficiency or missense mutations of Tbx5 leads to Holt-

Oram syndrome, characterized by limb malformation and cardiac defects such as ASDs, VSDs, and 

conduction abnormalities [1,43]. Atypical Holt-Oram syndrome is a Tbx5 gain-of-function mutation that is 

also associated with VSD and conduction abnormalities [44]. Knockout Tbx5 mouse models display 

septation defects and AV block [41,43]. 

 

Evolution has provided insights about the role of Tbx5 in the development of the IVS.  For 

example, in amphibians, specifically the African clawed frog (Xenopus laevis), homogenous expression of 

Tbx5 in both ventricles, results in formation of a three-chambered heart without an IVS [45]. More 

advanced on the evolutionary scale, mammals, in particular mice, have a four-chambered heart as a result 
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Table 1. Genes involved in cardiogenesis. 

Name Gene Chromosome Gene Description Citation 

 
 

Mouse Rat  
 

T-box transcription factor 5 Tbx5 5 12 Master transcription factor regulating heart and limb development. Expressed 
in atrial and ventricular septa and left ventricle. Interacts with Nkx2.5 and 
Gata4. 

[1,46]  
 

NK2 homeobox 5 Nkx2.5 17 10 Master transcription factor regulating early heart development. Encodes a 
homeobox gene important for expression of ventricular genes. Interacts with 
Tbx5 and Gata4. 

[1,46,47]  
 

Gata binding protein 4 Gata4 14 15 Master zinc finger transcription factor regulating early cardiac differentiation 
and late morphogenesis. Interacts with Tbx5 and Nkx2.5. 

[46]  
 

Gata binding protein 5 Gata5 2 3 Zinc finger transcription factor involved in differentiation of precardiac cells 
and heart development. 

[46,47]  
 

Gata binding protein 6 Gata6 18 18 Zinc finger transcription factor involved in differentiation of precardiac cells 
and heart development. 

[46,47]  
 

Natriuretic peptide type A Nppa 4 5 Encodes atrial natriuretic peptide responsible for differentiation and 
proliferation of working myocardium in atria and ventricles. Regulated by 
Nkx2.5, Tbx5, Gata4. 

[46,48] 

Heart and neural crest derivatives 
expressed transcript 1 

HAND1 
(eHAND) 

11 10 Transcription factor expressed highest in the left ventricle and outflow tract. 
Role in formation of the interventricular septum. Interacts with Nkx2.5 

[46,49]  
 

Heart and neural crest derivatives 
expressed transcript 2 

HAND2 
(dHAND) 

8 16 Transcription factor expressed strongest in the linear heart tube into the right 
ventricle. Responsible for development of the right ventricle. 

[46,49]  
 

Potassium voltage-gated channel, 
subfamily E regulatory subunit 1 

Kcne1 16 11 Protein expressed in the ventricles and AV node in cardiac delayed rectifier 
potassium channels for repolarization. Regulated by Nkx2.5. 

[46,50]  
 

Myosin light chain 2 Myl2 5 12 Involved in embryogenesis and regulation of smooth muscle contraction. 
Highly expressed in ventricles during cardiogenesis. Regulated by Nkx2.5 
and Tbx5 

[46,51] 
 

 
 

Myosin heavy chain 6 Myh6 14 15 Role in muscle contraction, activated by Tbx5 and Gata4 [46,47] 
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Gap junction protein, alpha 5 Gja5 3 2 Also known as connexin 40, it is expressed maximally during embryonic 
development in the cardiac conduction system. Regulated by Nkx2.5, Tbx5 
and Gata4. 

[46,52,53]  
 

 
Gap junction protein, gamma 1 

 
Gjc1 

 
11 

 
10 

 
Also known as connexin 45, it is found in the AV node during the embryonic 
period. Regulated by Tbx5, Nkx2.5 and Gata4. 

 
[12,46,48] 

   
 

Bone morphogenic protein 10 Bmp10 6 4 Secreted peptide expressed in the developing and post-natal heart. Regulates 
expression of Nkx2.5 and Mef2c. 

[46,51] 
 

 
 

Periostin, osteoblast specific factor Postn 3 2 Part of the extracellular matrix, involved in cardiac repair and proliferation of 
differentiated cardiomyocytes. 

[46,54]  
 

ATPase, Ca++ transporting, cardiac 
muscle, slow twitch 2 

ATP2a2 5 12 Codes for an intracellular pump for calcium transport and signalling in 
muscle cells. Regulated by Tbx5. 

[46,55]  
 

SWI/SNF related, matrix 
associated, actin dependent 
regulator of chromatin, subfamily 
d, member 3 

Smarcd3 5 4 Necessary for differentiation in cardiogenesis and morphogenesis. Interacts 
with Tbx5, Nkx2.5 and Gata4. 

[46,56]  
 

Myocyte enhancer factor 2C Mef2c 13 2 Transcription factor for cardiac morphogenesis and the development of the 
right ventricle and outflow tract. Regulated by Nkx2.5, Gata4, Tbx5. 

[1,46,57,58] 

Jumonji, AT rich interactive 
domain 2 

Jarid2 13 17 Encodes a protein that interacts with DNA and the Polycomb repressor 
complex 2 to repress transcription during embryogenesis. 

[46] 

Beta-glucuronidase GusB 7 12 Housekeeping gene, encodes a hydrolase for degradation of sulfates. [46,59] 
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of the appearance of an IVS. During development, these hearts only express Tbx5 in the atria and LV; Tbx5 

is excluded from the RV by a steep left-right gradient at the midline of the IVS. Lying between mammals 

and amphibians both evolutionarily, and with respect to heart structure, are the reptiles, represented by 

turtles. They present with a three-chambered heart and a small muscular ridge or rudimentary partially 

formed septum at the midpoint of the ventricle, and embryologically Tbx5 expression spills over the 

midline and into the right side with a broad left-right expression gradient [45]. In genetically modified mice 

where Tbx5 is ectopically expressed to mimic the reptilian expression pattern, IVS formation is incomplete 

resulting in a VSD [45]. Thus, we posit that gene-environment interactions that disrupt Tbx5 patterning 

resulting in ectopic RV expression may be the molecular link to VSD (Figure 1.2). 

 

1.3.2  Nkx2.5 

Nkx2.5 is a homeodomain containing transcription factor, which is the earliest marker of the 

cardiomyocyte lineage [60]. Nkx2.5 is responsible for the expression of ventricular genes and regulation of 

early heart development [1,47] and is expressed in the myocardium [8]. Complete knockout animal models 

of Nkx2.5 have defects in cardiac looping morphogenesis and embryonic death, whereas ventricular 

restricted knockout mice exhibit functional defects, such as complete heart block [61] and AV conduction 

anomalies [62]. Human mutations in Nkx2.5 result in conduction abnormalities in the AVN and bundle of 

His [61,62] and structural defects, such as LV noncompaction, double outlet RV, ASD and, less commonly, 

VSD [43,62]. 

 

1.3.3 Gata4 

Gata4 is a zinc-finger transcription factor, which, together with Tbx5, is necessary and sufficient 

for commitment of induced pluripotent stem cells to the cardiomyocyte lineage [63]. It is expressed in 

cardiomyocytes and all cardiac progenitor cells [8]. Complete knockout of Gata4 in animal models results 

in embryonic death by GD8.5-10.5 [64] while mutated Gata4 in humans has been associated with ASDs 

and VSDs and other anomalies [47]. As Gata4 physically interacts with both Tbx5 and Nkx2.5, the 

mutations that present overlap with those exhibited by mutations in these transcription factors.  
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Tbx5 gene expression domain (red) in the Xenopus corresponding to a three chambered heart, in the turtle 
with a slight muscular ridge, and in the rodent with a fully formed interventricular septum. In animal 
models disrupting the normal expression gradient of Tbx5, an incomplete septum is observed. Modified 
from Koshiba-Takeuchi et al. 2009. 
 
 
 
 
 
  

Xenopus 
Homogenous 

expression 

Turtle 
Slight expression 

gradient 

Mouse / Rat 
Sharp L-R 

expression gradient 

Animal model of 
Tbx5 misexpression 

Figure 1.2. Tbx5 expression domains 
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1.3.4 Transcription Factor Interactions and Downstream Targets  

Tbx5, Nkx2.5 and Gata4 auto- and cross-regulate one another, but also co-regulate many 

downstream targets responsible for functional regulation of the heart [1,47]. Mutant mouse models have 

shown a degree of overlapping regulation of downstream targets, such as gap junction protein, alpha 5 

(Gja5) [12,52,53], atrial natriuretic peptide A (Nppa) [48], and myosin light chain 2 (Myl2) [1,51]. Gja5 

encodes connexin 40 in the heart which promotes electrical coupling and is positively regulated by Nkx2.5 

and Tbx5 [12]. Altered Gja5 expression can cause sinus pauses and AV block [12]. All three transcription 

factors regulate the expression of Nppa, which plays a role in blood pressure regulation postnatally and in 

embryos its expression domain is a surrogate marker for disruptions in cardiac patterning [48,65,66]. 

Therefore, we anticipate the first indication that a gene-environment interaction causes VSD may be a 

change in Nppa expression patterns in the developing heart. Myl2 is a downstream target of Nkx2.5 and 

Tbx5; it is expressed in the ventricles during embryogenesis and plays a role in smooth muscle contraction 

[1]. Overexpression of Tbx5 has been associated with decreased Myl2 expression, leading to impaired 

cardiac output [67], a functional pathology seen with DMO exposure [68]. Due to the overlapping 

regulation of genes by Tbx5, Nkx2.5 and Gata4, it becomes difficult to tease out affected pathways, as it is 

hypothesized that compensation by these upstream transcription factors may occur [47,69,70]. 

 

1.4 Models to Understand Cardiogenesis 

The integration of data obtained from three major sources have informed our understanding about 

some of the causes of abnormal heart development and include: in vitro cell culture models, whole animals, 

and human patients with CHD. The relatively easy manipulation, lower costs, and increased data output 

from in vitro systems has helped to elucidate processes related to molecular and signalling pathways, cell 

differentiation, and regeneration [71]. Human patients have provided familial linkage studies in which 

single gene mutations have been identified [71]. Additionally, genetic material such as blood or cardiac 

biopsy taken from humans, has been used to create gene expression profiles allowing for the study of 

regulatory and epigenetic mechanisms that may mediate CHDs [71]. Whole organisms have proven to be 

invaluable for the study of cardiomyocytes and regulatory pathways [22,71] including more primitive 

species such as Caenorhabditis elegans (nematode worm) or Drosophila melanogaster (common fruit fly) 
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despite the fact that C. elegans lack a heart or vascular system [71]. Lower vertebrates including zebrafish, 

frog, and chicken, each with their advantages and disadvantages, notably two- and three-chambered hearts 

have also provided important insights [71]. Most pertinent and translatable to the study of human 

cardiogenesis and CHD are the mammalian models of mouse and rat. The research benefits of using these 

species include their similarity to human cardiogenesis, extensively studied anatomy and physiology, and 

the capacity for the manipulation of highly conserved of gene sequences [22]. 

 

1.4.1 CHD with Genetic Etiology 

The large majority of our knowledge of CHD comes from the use of transgenic mouse models. 

The availability of genetic tools for the mouse predating the more recent development of techniques for the 

rat, have led to the mouse being the preferred model organism in biomedical science [22,71,72]. Knock-in, 

knock-out, conditional knock-out, and inducible transgenic mice have been created and have been vital in 

the identifications of genes and gene pathways involved in the development of CHD [22]; however, over 

500 genes have been identified as causative of CHD in mice, while only 50 are known in humans [71,73]. 

 

1.4.2 Environmental Influences 

 While gene-environment interactions constitute up to 65-90% of all CHDs [21,22], there are fewer 

conclusive findings on environmental signals in the development of CHD. This is partially due to the 

complexity and variability in teratogen induced models in concert with overlapping risk factors and 

inappropriate controls [74,75]. Prevalence of exposure, relative risk of CHD, and severity of CHD are all 

considered in the overall risk assessment of a particular factor [74]. From human case studies of CHD, 

parental age, race, and lower socioeconomic status all been identified as having potential associations with 

increased CHD risk [74]. Additionally, conditions including diabetes, fever, infection, hypertension, stress, 

obesity, and folate deficiency are linked to increased risk of CHD [74]. Together, these factors complicate 

the interpretation of epidemiological studies and limit translation to laboratory studies as they represent 

CHD with multifactorial origins, where the relative contribution of each factor is difficult to discern 

[75,76].  
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How environmental agents influence genes and signalling pathways during cardiogenesis is 

unclear and has not been a major focus despite the clear importance of this research. In the limited number 

of studies reporting on animal models used to assess gene-environment interactions a number of pathways 

have been proposed that may be disrupted by environmental exposures including for example, hypoxia and 

oxidative stress [74,77]. Furthermore, epigenetic mechanisms have more recently become an area of 

interest, where environmental stimuli might have an effect on DNA methylation, histone modifications, or 

non-coding RNAs, which in turn may disrupt cardiac patterning [17,74]. 

 

Environmental exposure to carbon monoxide, heavy metals, organic solvents, and pesticides have 

been identified as possible teratogens, although studies are limited and lack conclusive findings [74]. Many 

recreational and pharmaceutical drugs have been linked to CHD, including alcohol, caffeine, tobacco, 

cocaine, marijuana, select antibiotics, anticonvulsants, antidepressants, antihypertensives, anti-

inflammatories, and sedative narcotics [74].  

 

1.5 Modelling Environmental Influences of CHD 

 Most CHDs noted clinically are not due to an identified genetic defect but rather an 

external/environmental perturbation; for this reason we wanted to develop an animal model to reflect this. 

Through the information gained from CHDs with known genetic origin and transgenic animal models, we 

aimed to investigate the disrupted cardiogenesis and postnatal consequences that occur as a result of 

externally mediated CHD. The ideal experimental model of environmentally induced CHD should fulfill 

several requirements, particularly that the teratogen induces a high percentage of a single defect, and at 

doses that are not harmful to the mother [78]. Moreover, to permit maximum knowledge translation, the 

stimulus used to induce CHD in laboratory test species should yield similar effects clinically. The majority 

of cardiac teratogens do not meet these criteria, either inducing a spectrum of defects, or requiring a 

maternally toxic dose to induce a high enough incidence of defects for study. However, the weight of 

evidence suggests that dimethadione (DMO) fulfills many of these criteria. 
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1.5.1 Trimethadione in Humans 

 Trimethadione (TMD) was introduced to the market as an anticonvulsant in the 1940s as the first 

effective treatment for petit mal seizures [79,80]. It is an oxazolodinedione which is rapidly N-

demethylated by numerous P450s, namely CYP2E1, CYP3A4, and CYP2C9, to the active pharmacological 

moiety and proximate teratogen, DMO (5,5-dimethyloxazolidine-2,4-dione) (Figure 1.3) [81]. DMO, and 

TMD to a lesser extent, exert their pharmacological effects by blocking low-threshold T-type calcium 

channels in thalamic neurons [82–84]. Prior to 2015, when a new labelling system was implemented by the 

FDA, TMD carried a Pregnancy Category D label [85,86], denotating that “there is positive evidence of 

human fetal risk based on adverse reaction data from investigational or marketing experience or studies in 

humans, but the potential benefits from the use of the drug in pregnant women may be acceptable despite 

its potential risks” [87]. It was discontinued in the 1990s but compassionate use was granted for the 

treatment of refractory petit mal seizures in a small patient population up until 2017 [80]. Case reports 

began to arise in the late 1960s, but it wasn’t until 1970 when the connection between TMD use in 

pregnancy and teratogenesis came into focus [88]. German, Kowal, and Ehlers (1970) describe two 

epileptic mothers who reported TMD use across a total of nine consecutive pregnancies which resulted in 

either spontaneous abortion or liveborn children with congenital malformations. Following termination of 

TMD use in these patients, subsequent pregnancies resulted in healthy children [88]. The findings of three 

additional families who had taken TMD during pregnancy prompted the resulting malformations to be 

termed the ‘Fetal Trimethadione Syndrome’ [89]. The common features include backward sloping ears, 

high arched or cleft palate, V-shaped eyebrows, broad nasal bridge, urogenital malformations, skeletal 

abnormalities, and a high incidence of cardiac defects [88–90]. By 1977, 53 pregnancies in which the fetus 

had been exposed to TMD were reported, with 87% resulting in fetal loss or children with congenital 

malformations [90]. For comparison, the infamous teratogen thalidomide is one of only two drugs (retinoic 

acid agents being the other) contraindicated in pregnancy as known cardioteratogens listed as Category X, 

meaning that “studies in animals or humans have demonstrated fetal abnormalities or there is positive 

evidence of fetal risk based on adverse reaction reports from investigational or marketing experience, or 

both, and the risk of use of the drug in a pregnant woman clearly outweighs any possible benefit”   
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The proteratogen trimethadione (TMD) is metabolized by maternal P450 enzymes in the liver to the 
proximate, active metabolite dimethadione (DMO). The relative contribution of these enzymes is indicated 
by their font sizes.  
 
 
  

Figure 1.3. Metabolism of trimethadione to dimethadione 
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[74,87,91]. However, despite the massive tragedy caused by thalidomide use in the early 1960s, it produced 

a lesser incidence of 50% compared to the incidence of birth defects as a result of TMD use [92]. 

 

The mechanism by which TMD exerts its teratogenic effects in experimental models is unclear, 

but has been linked to oxidative stress [93–95] and hypoxia secondary to interactions with the human ether-

a-go-go related gene (hERG) channel inhibition [96,97]. Related to its therapeutic mechanism of action, 

TMD has been shown to inhibit the rapid component of the delayed rectifier potassium channel, IKr [97]. 

This channel is essential for regulation of cardiac rhythm before the system is fully innervated or 

structurally developed [97]. Inhibition of IKr in rat embryos during a sensitive period (rat GD10-14, human 

WG5-8) by clinically relevant concentrations of TMD/DMO can produce embryonic bradycardia and long 

QT related arrhythmias which result in episodic hypoxia and reoxygenation, known to be teratogenic 

[97,98].  

 

1.5.2 DMO Animal Model of CHD 

 Experimentally, TMD and DMO have been used to model CHD as they produce high rates of 

VSD in a dose and time dependent manner at clinically relevant doses [27,30,68,99,100]. DMO, being the 

proximate teratogen and active metabolite, is used over TMD to reduce variation by metabolizing enzymes 

and for study ex vivo and in vitro. The Sprague-Dawley rat exhibits spontaneous VSDs and VSD closure 

rates that are morphologically similar to those observed in humans which makes them a good model for 

studying VSDs [28]. VSDs induced by TMD in rats are limited to the membranous portion of the septum 

with incidences of up to 90% [27], however DMO exposure has resulted in both membranous and muscular 

VSDs in the rat [30,101]. DMO teratogenicity in the rat is not limited to septal or outflow tract anomalies, 

exhibiting axio-skeletal malformations such as sternoschisis, fused ribs, supernumerary vertebrae, and 

hooked or kinked tails [30]. Dosing every 12 hours from GD8.5-11 for a total of six doses yields a mean 

74% incidence of VSD, although the postnatal survival of these offspring is greatly reduced [101]. 

Nevertheless, the high incidence of VSD makes this an attractive dosing regimen to study early gene 

expression changes associated with the future development of VSD (Chapter 2). A four dose regimen on 
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GD9-10.5 produces an approximate 43-48% incidence of VSD with high postnatal survival, and therefore 

the postnatal studies in rats (Chapters 4 and 5) used this shorter dosing period [27,30,100].  

 

Using either of the aforementioned dosing paradigms (GD8.5-11, GD9-10.5) our research group 

has interrogated a large number of structural and functional outcomes of DMO treatment both in utero and 

postnatally. A critical tool in assessing these altered cardiac parameters is high-resolution ultrasound, or 

echocardiography, which will be discussed in detail in Chapter 3. Briefly, our prior results showed that 

following DMO exposure rat fetuses exhibited decreased heart rate (HR), cardiac output (CO), ejection 

fraction (EF), the fraction of blood pumped out of the LV with each beat, suggesting decreased cardiac 

efficiency. In addition, we identified increased incidences of bradycardia and other dysrhythmias persisting 

to parturition implicating permanent changes to the cardiac conduction system because DMO is no longer 

present [68]. Pups are significantly smaller than their untreated counterparts which is hypothesized to be 

due to the transient reduction in food consumption that occurs during DMO dosing [99–101]. Postnatally, 

increased arrhythmia, blood pressure (BP), and CO are observed, even in the absence of a structural defect 

[99]. On postnatal day (PND) 4 there are marked structural and functional differences between female 

offspring exposed to DMO in utero when compared to controls. These differences are regressing by 

weaning (PND21), and by 10-12 weeks of age no significant differences were measured [100]. This 

suggested complete resolution of CHD by adulthood; however we hypothesized that a ‘second-hit’ by a 

cardiovascular stressor might unmask these differences. When burdened with a cardiovascular stressor such 

as pregnancy, female rats exposed to DMO in utero presented with altered cardiovascular function, gene 

LV expression, and mean arterial pressure compared to control counterparts [100]. Chapters 4 and 5 are the 

first to examine the longitudinal effects of resolved CHD in males rats using isoproterenol (INE) as a 

postnatal cardiovascular stressor. 

 

1.6 Cardiovascular Disease 

 Cardiovascular diseases are the leading cause of death worldwide [102], and are responsible for 

one-third of Canadian deaths [103]. CHD patients are at an increased risk with 25% of patients presenting 

with significant heart failure by 30 years of age [21]. CHD related heart failure is an area of research that 
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has not been thoroughly investigated, although is of increasing importance due to the improved survival of 

patients with CHD; in 2002, median age at death of patients with CHD was 37 years, rising to 57 years in 

2007 [104]. With increased survival, the causes of death in these patients has shifted from arrhythmias and 

congestive heart failure, to myocardial infarction and non-cardiovascular related reasons, such as age-

related afflictions including cancer and coronary artery disease [104]. 

 

1.6.1 Cardiovascular Risk Factors and Stressors 

 The ongoing Framingham Heart Study, initiated in 1948, has allowed identification of  a number 

of modifiable risk factors for cardiovascular disease including tobacco use, sedentary lifestyle, and poor 

diet, as well as non-modifiable risk factors such as age, sex, race, and family history [103,105,106]. 

Cardiovascular disease affects one third of females and one half of men [107,108] which emphasizes the 

need to investigate whether resolved CHD predisposes an individual to cardiovascular disease. 

 

 Clinically, cardiac function is assessed using either exercise or pharmacological stress testing. A 

stress test may be used if a heart-related disease is suspected, and it is anticipated that a stress on the heart 

would reveal underlying pathologies. Pregnancy is a natural cardiovascular stress test where the maternal 

system undergoes transient cardiac hypertrophy, a 30-40% increase in blood volume, and a 30-60% 

increase in CO [108–110]. Additional stressors include those which result in persistent and repeated 

sympathetic drive. 

 

1.6.2 Isoproterenol (INE) and Adrenergic Stimulation 

 Using a pharmacological stressor experimentally provides an approach in which the stimulus can 

be administered accurately and in a controlled manner, with appropriate adjustments possible both between 

and within experimental subjects [111]. One of the pharmacological agents used in clinical cardiac stress 

testing is INE. In these circumstances it provides an acute challenge that can be used in pediatric and 

geriatric patients, or those contraindicated for exercise based tests [112,113]. INE is a non-selective, β-

adrenergic receptor (AR) agonist with both positive inotropic and chronotropic effects [114]. Many studies 
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have shown, in experimental models, that INE produces cardiac hypertrophy, although the precise 

mechanism by which this occurs is still unclear [115–118]. The period of regression following short term 

daily INE administration has also been well characterized [119], although how prolonged exposure to AR 

hyperstimulation by INE, interspersed with periods of regression, impacts heart structure and function has 

not been well studied.  

 

1.7 Rationale, Hypotheses, Objectives 

CHDs are a significant cause of infant morbidity and mortality in the developed world. The 

majority of CHDs are not linked to known genetic abnormalities, but are hypothesized to be due to gene-

environment interactions. By exposing rats in utero to a known cardiac teratogen, DMO, we have 

developed an animal model in which DMO can be administered to dams in a dose and timing dependent 

way to generate offspring with an 43-74% incidence of VSD. Postnatally, the majority of these defects 

resolve, mimicking the clinical scenario. This allows us to study both cardiac morphogenesis and postnatal 

consequences of resolved CHDs. The overall hypothesis of this thesis is that in utero exposure to DMO 

interferes with normal gene expression patterning of the developing heart, producing CHDs which 

resolve by adulthood, but become unmasked when exposed to a cardiovascular stressor, leading to 

maladaptive responses. To address this hypothesis, two dosing models were used: the first being a 6-dose 

exposure to DMO from GD8.5-11 for the prenatal experiments, and the second, a 4-dose exposure from 

GD9-10.5 for the postnatal experiments.  

 

Chapter 2: Disruption of cardiac gene expression patterning in embryonic rat hearts after exposure 

to dimethadione, a potent heart teratogen. 

Hypothesis: In utero exposure to DMO disrupts normal gene patterning of the rat heart. 

Main Objectives: 

1. To assess the gene expression of the three main transcription factors involved in 

cardiogenesis, and their downstream targets in rat whole heart homogenates on GD12, 14, 15, 

and 16. 
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2. To determine regional changes in gene expression in micro-dissected rat hearts on GD12 

using qRT-PCR. 

3. To visualize DMO-induced changes in regional expression of Nppa and Myl2 in rat. 

 

Chapter 3: The application of high-resolution ultrasound for assessment of cardiac structure and 

function associated with developmental toxicity. 

Moving postnatally, initial studies on postnatal outcomes using our DMO model were conducted using 

high-resolution ultrasound (HRUS). This chapter reviews and analyzes the critical aspects of 

methodologies associated with the use of HRUS as an important tool in the assessment of cardiac structure 

and function. It is relevant both clinically and in laboratory animals, although it’s use poses special 

concerns for longitudinal assessments when neonates and immature subjects are being assessed. It is the 

primary methodology used in Chapters 4 and 5 of this thesis which is why this review has been afforded its 

own chapter. This work was published in ‘Developmental Toxicology: Methods and Protocols’ 

highlighting technical and scientific considerations important to the use and interpretation of HRUS in 

developmental toxicity [120]. 

 

Chapter 4: Longitudinal postnatal characterization of cardiac structure and function in male 

Sprague-Dawley rats in a dimethadione induced model of resolved congenital heart defects. 

Using the four-dose DMO model, we generated a population of rats with 43-48% incidence of VSD. In 

addition, we wanted to control for the transient decrease in maternal food consumption during dosing and 

smaller litter weights at birth, so both pair-fed and ad-libitum controls were used. 

Hypothesis: Exposure to DMO in utero will produce structural and functional cardiac defects in male 

offspring in early postnatal life which will resolve by adulthood to levels indistinguishable from controls. 

Main Objectives: 

1. To identify the most appropriate control group to compare to DMO-exposed rat offspring. 

2. To longitudinally characterize cardiac structure and function from the early postnatal period into 

adulthood in the male rat. 
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3. To determine if the pattern of postnatal cardiac development is disrupted following DMO-

exposure in rats. 

 

Chapter 5: Reduced cardiac response to repeated, intermittent isoproterenol exposure following 

postnatal resolution of dimethadione induced congenital heart defects in male Sprague-Dawley rats. 

Hypothesis: Pre-existing CHD predisposes the heart to respond pathophysiologically when challenged 

with chronic, low doses of the beta-adrenergic agonist, INE. 

Main Objectives:  

1. To characterize the time course of cardiac changes when exposed to a single dose of INE. 

2. To determine how DMO-exposure in utero impacts the ability to respond to increasing, 

intermittent INE challenge. 

3. To determine if the response exhibited to DMO-exposed rats differs from controls. 
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Chapter 2 

Disruption of Cardiac Gene Expression Patterning in Embryonic Rat 

Hearts After Exposure to Dimethadione, a Potent Heart Teratogen 

Rebecca D. Maciver, Michael A. Adams, Louise M. Winn, Terence R.S. Ozolinš. 

 

2.1 Abstract 

 

Introduction: Congenital heart defects (CHD) are a leading cause of infant mortality and morbidity. It is 

hypothesized that a large proportion of CHD are due to gene-environment interaction in which teratogenic 

stimuli disrupt gene expression networks in the developing heart. We tested this hypothesis using 

dimethadione (DMO), a potent heart teratogen.  

Methods: DMO was administered per os to pregnant Sprague-Dawley rats at 300 mg/kg every 12 hours 

from gestational day (GD) 8.5-11 as this produces litters with approximately a 74% incidence of CHD. 

qRT-PCR was used to determine the mRNA expression of the three main transcription factors implicated in 

cardiogenesis, Tbx5, Nkx2.5, and Gata4, as well as numerous downstream targets responsible for functional 

patterning of the developing heart. mRNA expression was assessed in both whole heart homogenates from 

GD12, 14, 15, and 16, as well as in microdissected hearts from GD12. Additionally, whole mount in situ 

hybridization was used examine DMO-induced differences in regional expression of Nppa and Myl2.  

Results: No significant differences in gene expression were seen in whole heart homogenates across all 

four gestational days assessed. In GD12 microdissected hearts, DMO exposure significantly decreased 

Gata4 in the left ventricle and Myl2 increased in the atria. In situ hybridization revealed DMO-mediated 

ectopic Nppa expression in the right ventricle and outflow tract, a result confirmed with qRT-PCR.  

Discussion: DMO induced significant changes in the expression patterns of several genes; however, 

broader disruptions were expected especially considering the high incidence of CHD with this treatment 

regimen (74%). We conclude that while DMO altered some aspects of cardiac patterning other factors also 

contribute to CHD.  
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2.2 Introduction 

Congenital heart defects (CHD) are the most common birth anomaly, occurring at a global rate of 

approximately 10-12 per 1000 live births, and are a significant cause of infant morbidity and mortality in 

the developed world [16,56,18,121]. CHD encompass both structural and functional defects that present in 

utero or at birth, including outflow tract anomalies, atrial septal defects (ASD), and conduction anomalies, 

with ventricular septal defects (VSD) being the most prevalent [16,68,121].  

 

VSD, characterized by an incomplete interventricular septum (IVS), result in mixing of 

oxygenated and deoxygenated blood between the left and right ventricles which, if left untreated, can lead 

to hypoxia and/or pulmonary arterial hypertension as a result of shunting [99]. Loss-of-function or gain-of-

function mutations contribute to 10-30% of all CHD, while the remaining 70-90% of CHD have been 

speculated to be due to gene/environment interactions. The environmental contributions are not well 

understood, but are thought to encompass maternal disease states, nutritional deficits, or chemical 

exposures [8,122]. This poses a dilemma as to what might be an appropriate model to investigate the early 

causes of VSD. A review of the literature proffered evidence that chemical exposures would produce litters 

with a high incidence of VSD. A chemical previously used to induce experimental CHD is trimethadione 

(TMD) [27,28,123,124]. TMD is an anticonvulsant no longer used as front-line therapy, primarily due to its 

potency as a human teratogen [88–90,125]. It was estimated that 80% of all fetuses exposed to TMD 

resulted in fetal loss or malformations, with CHD being a common clinical finding [90]. Although others 

have reported close to a 100% incidence of VSD in experimental animals exposed to TMD [28,123,124], 

recent attempts to replicate these findings failed to produce VSD rates above 50% [27]. We have postulated 

that the change in susceptibility to VSD was the result of genetic drift within the Sprague-Dawley rat line 

between 1997 [28] and 2004 [27]. TMD is a prodrug that is N-demethylated by several cytochrome P-450 

isoforms to its pharmacological active form dimethadione (DMO) [81]. We reasoned that polymorphisms 

in the P-450 enzymes may have decreased the conversion of TMD to DMO; the more potent 

pharmacological and teratogenic form. Indeed, using DMO in lieu of TMD, we were able to produce a 69-

74% incidence of VSD with a transient decline in maternal food consumption as the only sign of significant 

maternal toxicity [30,101].  
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A number of mechanisms have been proposed to explain why VSD occur, and include disruption 

of the vascular shear forces during early heart development, cardiac cytotoxicity as a result of oxidative 

stress and disruption of developmental programs required for cardiogenesis. Indeed, DMO or TMD have 

been implicated in the former two mechanisms [93,96]. We speculate that in utero exposure to DMO may, 

in addition, disrupt the programming required for heart development. Although functional mutations from 

clinical cases are only a minor contributor to the overall incidence of VSD, genome sequencing in affected 

patients has provided important insights into the identity of genes that are required for proper heart 

development. Their roles in cardiogenesis have been further explored using transgenic models and a very 

precise orchestration of large interrelated transcriptional networks has been revealed. A number of 

important genes are required for proper heart development, but arguably, the three main transcription 

factors involved in heart development are: T-box transcription factor 5 (Tbx5), zinc finger transcription 

factor (Gata4), and homeodomain containing transcription factor (Nkx2.5) [8,41].  

 

In mammals, Tbx5 is expressed in the atria and left ventricle (LV) with a sharp boundary in 

expression at the IVS. It has been shown evolutionarily, and in transgenic mouse models, that this 

distinction is necessary for normal formation of the septum [45]. When the left to right gradient is 

disrupted, incomplete formation of the IVS is observed, with the severity of the VSD proportional to the 

graded expression of Tbx5 into the right ventricle [45,67]. Gata4 is one of the earliest transcription factors 

expressed in differentiating cardiac cells with expression maintained throughout development [64,126]. 

Knock-out models of Gata4 result in early embryonic death and implicate it in the migration of 

procardiomyocytes to form the primitive heart tube [64]. Nkx2.5 is a homeodomain containing transcription 

factor expressed in the myocardium [8], which is the earliest marker of the cardiomyocyte lineage [60] and 

is responsible for the expression of ventricular genes and regulation of early heart development [1,47]. 

Complete knockout animal models of Nkx2.5 lead to defects in cardiac looping morphogenesis and 

embryonic death, whereas ventricular restricted knockout mice exhibit functional defects, such as complete 

heart block [61] and AV (atrioventricular) conduction anomalies [62]. Human mutations in Nkx2.5 result in 

conduction abnormalities in the AV node and bundle of His [61,62], and structural defects such as ASD 

and, less commonly, VSD [62].  
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Laboratory knock-out and gain-of-function models demonstrate the importance of these three 

genes in the structural and functional patterning of the heart, and in the regulation of multiple downstream 

targets such as atrial natriuretic peptide A (Nppa) and myosin light chain 2v (Myl2) [1,44,45,47,48,51–

53,60–65,67]. Nppa, which plays a role in blood pressure regulation, is regulated by all three transcription 

factors, sharing overlapping expression domains in the heart with Tbx5, and is a surrogate marker for 

disruptions in cardiac patterning [48,65]. Mlc2v is a downstream target of Nkx2.5 and Tbx5; it is expressed 

in the ventricles during embryogenesis and plays a role in smooth muscle contraction [1]. Overexpression 

of Tbx5 has been associated with decreased Mlc2v expression, leading to impaired cardiac output [67], a 

functional pathology seen with DMO exposure [68]. 

 

A further layer of regulation imposed upon the transcriptional networks comes from chromatin 

modelling complexes as influenced by the epigenome [56]. Thus, even with a fully functional cohort of 

transcription factors and their cognate downstream targets, changes to chromatin structure alone can result 

in CHD [127]. The full cohort of genes investigated in this study is beyond the scope of this introduction, 

but the rationale for their inclusion based on transgenic models with shared characteristics to our DMO 

phenotype, is listed in Table 2. 

 

The goal of the current study was to determine whether exposure of rat embryos to DMO, a 

teratogenic insult known to induce a very high incidence of VSD, would disrupt the gene expression 

patterns of factors known to be critical for heart development.  
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Table 2. Rationale for gene selection. 

DMO Model Phenotype Shared Mutant Mouse Model Phenotype 

Structural 

Heart and Outflow 
Tract Anomalies 
[30][18][1] 

Tbx5[41], Gata4[128], Gata5[129], Gata6[130], 
Hand1[49], Hand2[131], Nkx2.5[132], 
Jarid2[133], Gjc1[134], Smarcd3[127], 
Postn[135], Myh6[136], Myl2[137] 

Axioskeletal 
Malformations 
[30]a 

Tbx5[138], Gja5[138], Jarid2[133], Postn[139] 

Functional 
Conduction 
Anomalies [68] 

Tbx5[41], Nkx2.5[132], Gjc1[134], Kcne1[140], 
Gja5[141], Mef2c[57] 

Disrupted 
Contractility [68] 

Gata5[129], Gata6[130], Myh6[136], 
Myl2[137], Bmp10[51], Atp2a2[142], Mef2c[57]  

aabnormalities to the sternum, vertebrae, and ribs, including sternoschisis, fused ribs and/or costal cartilage, 
and supernumerary vertebrae 
 

A comprehensive listing of individual genes and their model phenotypes can be found in Appendix A.1. 
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2.3 Materials and Methods 

2.3.1 Experimental Animals 

Time-mated pregnant Sprague-Dawley rats were purchased from Charles River Laboratories 

(Montreal, Canada); the morning after copulation was designated gestational day (GD) 0. All animal work 

was conducted in accordance with the guidelines set out by the Canadian Council on Animal Care and 

protocols approved by the Queen’s University Animal Care Committee. 

 

2.3.2 Treatment 

Dimethadione (5,5-dimethyl-2,4-oxazolidinedione, DMO) was purchased from Sigma-Aldrich 

Inc. (St Louis, MO) and dissolved in distilled water to a 60 mg/ml drug solution. Dams were dosed via oral 

gavage every 12 hours from the evening of GD8 (19h00) until the morning of GD11 for a total of six 300 

mg/kg doses (5 ml/kg dose volume). Control dams received equivalent volumes of distilled water. This 

dosing regimen produces VSD at a rate of 69-74% in offspring [30,101]. 

 

2.3.3 Tissue Collection 

Dams were euthanized via carbon dioxide inhalation and cardiac puncture on GD12, 14, 15, or 16 

at which time the embryos/fetuses were removed and embryonic hearts collected. These time points 

correspond to critical periods of heart development: chamber specification, start of IVS formation, further 

development of IVS, and end of septum formation. A subset of GD12 embryonic hearts were micro-

dissected by chamber into pooled atria, LV, and right ventricle and outflow tract (RV/OFT) to identify 

early localized changes in gene expression.  

 

2.3.4 Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 

Embryonic heart tissue from each litter was pooled for RNA extraction and isolated using the 

Qiagen RNeasy Mini Kit (Toronto, Canada). cDNA was synthesized using Life Technologies reagents, 

following the Invitrogen SuperScript III Reverse Transcriptase protocol (Burlington, Canada). Primers 

were designed using Primer 3 software and NCBI GenBank sequences (Appendix A.2). PCR reagents and 
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SYBR green were purchased from VWR and the enclosed KAPA Biosystems protocol was followed. qRT-

PCR results were calculated using the DDCt method, with beta-glucuronidase (GusB) as the reference gene. 

We have shown that GusB expression is consistent across gestation and in different tissues making it an 

ideal reference gene for longitudinal analysis and comparison [143]. Differences were analyzed for 

statistical significance at p<0.05 with two-way ANOVAs followed by Tukey post-hoc tests. GraphPad 

Prism was used for statistical analysis and graphing. 

 

2.3.5 In situ Hybridization 

2.3.6 Genomic DNA Extraction and PCR Amplification of Genes 

PCR amplification of rat genomic DNA was used to generate templates for transcription of RNA 

probes. Genomic DNA from Sprague Dawley tail snips was extracted using the DNeasy Blood & Tissue 

Kit (Qiagen, Hilden, Germany). With purified genomic DNA as the template, selected genes were 

amplified by PCR using specific primers (Appendix A.3) and the KAPA LongRange HotStart PCR Kit 

(Kapa Biosystems, Wilmington, MA). Primers contained either a T3 RNA polymerase promotor or a Sp6 

RNA polymerase promotor at the 5’-end for the in vitro transcription of antisense or sense digoxigenin 

(DIG)-labelled RNA probes, respectively. The T7 RNA polymerase promotor is reported to be more 

efficient than the T3 RNA polymerase [144], but in our hands it proved ineffective and the T3 RNA 

polymerase promotor was used instead. Thirty five of the following cycles were used for amplification: (1) 

denaturation at 95°C for 30s, (2) annealing at 54°C for 30s, and (3) elongation at 68°C for one min. 

Agarose gel electrophoresis was used to verify successful amplification as evidenced by expected fragment 

length and the absence of non-specific amplification. PCR fragments were purified with QIAquick Gel 

Extraction Kit (Qiagen, Hilden, Germany). 

 

2.3.7 In vitro Transcription of DIG-labelled RNA Probes 

PCR fragments were incubated with either Sp6 (sense probe) or T3 RNA (antisense probe) 

polymerase and DIG-RNA labelling mix containing DIG-11-UTP (Roche Diagnostics, GmbH, Mannheim, 

Germany). Transcription was performed using an established protocol [145], with the following 
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modifications: (1) overnight in vitro transcription was performed instead of the 2 hour incubation time (2) 

in vitro transcription was performed as a 2x reaction to increase probe yield, and (3) the amount of RNase-

free recombinant DNase I (Roche Diagnostics GmbH, Mannheim, Germany) was increased from 2µL to 

3µL to increase degradation of PCR fragments. Successful transcription of DIG-labelled RNA probes was 

confirmed through agarose gel electrophoresis.  

 

2.3.8 Whole Mount in situ Hybridization 

The procedure was performed as originally described [146], and later modified [147]. Briefly, 

after fixation with 4% paraformaldehyde (PFA), embryos were dehydrated through a methanol/PBTX (PBS 

with 0.1% Triton X-100) series and stored at -20°C. Upon rehydration, embryos were digested with 

10µg/mL Proteinase K (Sigma-Aldrich, St. Louis, MO) for 16 minutes, followed by removal of the 

pericardial sac and puncture of both atria to allow for improved probe penetration and washing to decrease 

background in the final step. Probe concentration of 1 µg/mL was used for all experiments. Following 

overnight hybridization with the probe of interest, the embryos were washed and incubated overnight with 

anti-DIG Fab fragments conjugated to alkaline phosphatase (Roche Diagnostics GmbH, Mannheim, 

Germany). Presence of antisense probe and mRNA hybrids were visualized through the cleavage of BCIP 

(5-bromo-4-chloro-3-indolyl phosphate; Sigma-Aldrich, St. Louis, MO) by alkaline phosphatase and NBT 

(Nitro blue tetrazolium; Sigma-Aldrich, St. Louis, MO) to generate the insoluble purple dye, diformazan. 

Gene expression was visually detected and documented with a Leica M205 FA stereo microscope and 

DFC310 FX camera (Leica Microsystems, Wetzlar, Germany).  

 

2.4 Results 

Gene expression in whole heart homogenates was assessed on GD 12, 14, 15, 16. Despite the high 

incidence of VSD in our DMO model (69-74% [30,101]) it was surprising to find that there were no 

statistically significant changes in mRNA expression of the following genes: Gata5, Gata6, Mef2c, Nkx2.5, 

Smarcd3, Jarid2, Atp2a2, Postn, Myh6, Kcne1, Gja5, Gjc1, Hand1, Hand2, and Bmp10 (Appendix A.4).  
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We reasoned that the absence of a DMO effect on gene expression may have been the result of 

subtle, yet important regionalized gene expression changes that were masked by the homogenization of the 

entire heart into one sample for analysis. Therefore, two approaches were used to facilitate the 

identification of teratogen-induced region-specific changes in gene expression. First, prior to qRT-PCR 

analysis, hearts were microdissected into three specific components: combined left and right atria, LV, and 

RV/OFT. Second, whole mount in situ hybridization was performed to visualize gene expression patterns 

in the intact heart.  

 

Between GD12 and GD16 there were no apparent developmental differences in Tbx5 expression 

in whole heart homogenates compared to control. The prior administration of DMO between GD8-11 

appeared to decrease the expression of Tbx5 on GD16; this decrease was not statistically significant but 

may be of biological relevance (Figure 2.1A). DMO did not cause detectable Tbx5 expression changes in 

microdissected hearts on GD12 (Figure 2.1B).  

 

In whole heart homogenates, between GD12 and GD16 there were neither developmental nor 

DMO-specific changes in Gata4 expression (Figure 2.1C). However, on GD12 in microdissected hearts, a 

statistically significant decrease in Gata4 expression in the LV was observed (Figure 2.1D). Confirmation 

of the expression domains of Tbx5 and Gata4 is ongoing with whole mount in situ hybridization. 

 

The expression of Nppa in homogenized whole hearts revealed no significant trends (Figure 

2.2A), but in microdissected hearts, exposure to DMO caused a statistically significant increase in 

expression in the RV/OFT relative to control (Figure 2.2B). Whole mount in situ hybridization confirmed 

these observations. In control hearts, Nppa expression was restricted only to the left and right atria as well 

as the LV (Figure 2.2C). As a consequence of DMO exposure, ectopic Nppa exposure was noted in the 

RV/OFT (Figure 2.2D, E). When collected on GD12, embryos exposed to DMO have approximately three 

fewer somites than untreated cohorts [148]. At this stage of development somites grow at a rate of one 

somite pair every two hours [149] indicating DMO exposure induced an approximate six-hour   
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Figure 2.1. Effects of in utero DMO exposure on the mRNA expression of Tbx5 and Gata4 in whole 
heart homogenates on gestation day (GD) 12, 14, 15 and 16 (A,C) and GD12 microdissected hearts 
(B,D). 

Quantitative real time polymerase chain reaction (qRT-PCR) analysis of Tbx5 (A, B) and Gata4 (C, D). 
Data were normalized to GusB and analyzed using two-way ANOVA and Tukey post-hoc test (*p<0.05), 
N=3. LV= left ventricle, RV/OFT= right ventricle and outflow tract.  
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Figure 2.2. In utero DMO exposure results in ectopic expression of Nppa in the right ventricle and 
outflow tract on gestation day 12. 

Quantitative real time polymerase chain reaction (qRT-PCR) analysis of Nppa in whole heart homogenates 
(A; GD12,14,15,16) and gestational day (GD) 12 microdissected hearts (B). Whole mount in situ 
hybridizations of GD12 control (C) and DMO-exposed (D, E) hearts. qRT-PCR data were normalized to 
GusB and analyzed using two-way ANOVA and Tukey post-hoc test (*p<0.05, N=3). LV=left ventricle, 
RV/OFT=right ventricle and outflow tract. 
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developmental delay. To account for this and to ensure any changes in gene expression were due to DMO 

exposure and not delay in developmental programming, DMO-treated embryos were collected six hours 

after controls. 

 

Whole heart homogenates revealed no significant mRNA expression trends for Myl2 (Figure 

2.3A). On GD12, DMO exposure induced a statistically significant increase in Myl2 expression in the atria 

relative to control (Figure 2.3B). Whole mount in situ hybridization revealed detectable Myl2 expression 

only in the LV and RV/OFT in control hearts, not the atria (Figure 2.3C). DMO exposure did not alter the 

regional expression of Myl2 and there were no discernible differences in expression between the LV and 

RV/OFT (Figure 2.3D).  

 

Microdissection did not result in significant differences between DMO-exposed and control hearts 

in the remaining genes: Gata5, Gata6, Mef2c, Nkx2.5, Smarcd3, Jarid2, Atp2a2, Postn, Myh6, Kcne1, 

Gja5, Gjc1, Hand1, Hand2, and Bmp10 (Figure 2.4). 

 

2.5 Discussion 

There were two primary findings of this study. The first was that exposure to DMO, a potent heart 

teratogen, induced significant region-specific changes in the expression of several genes, namely Gata4, 

Myl2, and Nppa. Second, despite the extraordinarily high incidence of VSD in this model, statistically 

significant global changes in mRNA expression as measured in whole heart homogenates were not detected 

at any of the time points examined.  

 

It is known that the transcription factors Tbx5, Nkx2.5, and Gata4 interact with one other for the 

structural patterning of the heart, and co-regulate many downstream targets responsible for cardiac function 

[1,47]. In the current study, DMO exposure only changed the expression of Tbx5 and Gata4, but not 

Nkx2.5. The decreased expression of Tbx5 in GD16 whole heart homogenates was not statistically  



 

34 

 

 
 
 
 

 
 

Figure 2.3. Effects of in utero DMO exposure on the mRNA expression of Myl2. 

Quantitative real time polymerase chain reaction (qRT-PCR) analysis of Myl2 in whole heart homogenates 
(A) and gestational day (GD) 12 microdissected hearts (B; atria, left ventricle (LV), right ventricle and 
outflow tract (RV/OFT)). Whole mount in situ hybridizations of GD12 control (C) and DMO-exposed (D) 
hearts. qRT-PCR data were normalized to GusB and analyzed using two-way ANOVA and Tukey post-hoc 
test (*p<0.05, N=3). 
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Figure 2.4. Effects of in utero DMO exposure on mRNA expression in GD12 microdissected hearts as 
quantified by quantitative real time polymerase chain reaction (qRT-PCR).  

Data were normalized to GusB and analyzed using two-way ANOVA and Tukey post-hoc test (*p<0.05, 
N=3). LV= left ventricle, RV/OFT= right ventricle and outflow tract. 
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significant, but we speculate it may be of biological relevance because any of the considerable overlap in 

heart phenotypes when comparing DMO exposure and mutations of Tbx5. For example, haploinsufficiency 

of Tbx5 leads to Holt-Oram syndrome, characterized by limb malformation and cardiac defects such as 

ASDs, VSDs and conduction abnormalities [1], whereas atypical Holt-Oram syndrome is a Tbx5 gain-of-

function mutation that is also associated with VSD and conduction abnormalities [44]. Gata4 is a zinc-

finger transcription factor, which, together with Tbx5, is necessary and sufficient for commitment of 

induced pluripotent stem cells to the cardiomyocyte lineage [63]. It is expressed in cardiomyocytes and all 

cardiac progenitor cells [8]. Complete knockout animal models of Gata4 result in embryonic death by 

GD8.5-10.5 [64]. Mutated Gata4 in humans leads to ASDs and VSDs [47]. Consistent with these 

observations, our DMO model also presents with VSD [30,68] and conduction anomalies [68]. It must be 

noted, however, that during a narrow window of rodent embryogenesis DMO blocks the potassium 

repolarizing current IKr by hERG channel inhibition [96,97], indicating the in utero conduction effects such 

as dysrhythmia and decreased cardiac output [68,99] may be a result of direct inhibition of this channel 

rather than changes in gene expression. 

 

Another interesting observation was the increased expression of Myl2 in the pooled right and left 

atria when assessed using qRT-PCR, although its ectopic expression in the atria was not detected with 

whole mount in situ hybridization; further studies are ongoing to confirm these observations. Myl2, a 

downstream target of Nkx2.5 and Tbx5, is expressed in the ventricles during embryogenesis and plays a role 

in smooth muscle contraction [1]. Overexpression of Tbx5 has been associated with decreased Myl2 

expression, leading to impaired cardiac output [67], although the opposite trends are observed in the current 

studies. The replacement of normal atrial myosin light chain (Myl2a) with Myl2 compromises cardiac 

contractility and it has also been posited that this switch may occur as a compensatory mechanism to 

maintain atrial function in pathological conditions [150], although it is unclear here whether the increase in 

Myl2 is tied to a decrease in Myl2a. As well, recalling from above, the increase of Myl2 expression in DMO 

exposed embryonic hearts may be a result of the direct effects of DMO on heart channels. 
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The most striking and consistent changes in mRNA expression were noted with Nppa. DMO 

exposure produced a two-fold increase in Nppa expression in the RV/OFT which was consistent with the 

ectopic Nppa expression pattern in the RV/OFT as revealed with whole mount in situ hybridization. The 

expression of Nppa in regions where it is usually absent is a molecular marker of disrupted embryo/fetal 

patterning as well as a pathophysiological response to cardiac distress [48,65]. We suggest the ectopic Nppa 

expression is the result of a pathological response to the DMO-induced dysrhythmia and decreased cardiac 

output [68,99]. The transcription factors Tbx5 and Gata4 are both upstream of Nppa, but their expression 

patterns in the current study are not consistent with involvement in Nppa expression changes.  

 

We were unable to detect statistically significant changes in the mRNA expression of many of the 

transcriptional regulators we examined (for example, Nkx2.5, Gata5, Gata6, Smarcd3, Jarid2); however, 

transcription factors are generally post-translationally modified to change their transcriptional activity. 

Thus, mRNA expression may not always correlate with transcriptional activity suggesting methodologies 

that assess transcriptional activity will be needed to determine if DMO changes the activity of these critical 

transcription factors. 

 

From an evolutionary perspective, regionalized expression patterns of Tbx5 determine the 

presence, absence and size of the IVS [13]. For example, homogenous expression of Tbx5 in both 

ventricles, as seen in the Xenopus, results in a three-chambered heart [45]. Turtles, which exhibit a three-

chambered heart with a small muscular ridge as partial IVS, reminiscent of a VSD, have a slight expression 

gradient between the left and right ventricles with a region of restricted expression in the RV [45]. In 

rodents and humans, there is a steep L-R gradient of Tbx5 expression resulting in a four-chambered heart 

with a complete IVS [45]. The differences in Tbx5 expression patterns that result in a partial or complete 

IVS are subtle and may therefore only be detectable with whole mount in situ hybridization or protein 

activity assays. Whole mount hybridizations are planned and may determine whether DMO exposure 

disrupts specific developmental programs known to control IVS phenotype.  
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In summary, these studies demonstrate that the expression of some genes, critical for proper heart 

development are disrupted by in utero exposure to DMO, a potent heart teratogen. What remains to be 

elucidated is whether DMO specifically disrupts these pathways or whether these expression changes are 

secondary to DMO-mediated cytotoxicity or dysrhythmias. 
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Chapter 3 

The Application of High-Resolution Ultrasound for Assessment of 

Cardiac Structure and Function Associated with Developmental 

Toxicity 

Maciver, RD. & Ozolinš, TRS. (2019). Developmental Toxicology: Methods and Protocols. 

 

3.1 Abstract 

Congenital heart defects (CHD) are the most prevalent anomaly both clinically and in laboratory 

animal species. Historically, it was difficult to assess the longitudinal progression or repair of such 

anomalies because assessment methodologies were too invasive (gross exams and/or histology). Recently, 

technological advances in the field of diagnostic imaging have led to the manufacture of high-resolution 

ultrasound (HRUS), capable of characterizing both embryonic and maternal cardiovascular structure and 

function in small animals (rat and mouse). HRUS is relatively non-invasive, facilitating the longitudinal 

assessment of heart development throughout gestation and postnatally, providing a comprehensive 

evaluation of changes in cardiovascular performance following toxicant exposure.  

 

Described herein is a brief overview of important theoretical and practical considerations when 

applying HRUS to understand the impact of perturbations on the fetal heart. Examples are given from our 

own work to help the reader interpret their own HRUS images and more readily identify anomalies in 

utero. In addition to embryonic assessment, maternal pathologies may adversely affect the cardiovascular 

performance of the conceptus indirectly. Umbilical blood flow is particularly vulnerable to such effects and 

procedures to assess this endpoint are described. Neonatal rats, born with CHD may respond pathologically 

to cardiovascular challenges as they mature and we outline the use of HRUS to evaluate cardiac 

performance over the lifetime of the animal. Some of the caveats related to HRUS are discussed, 

particularly with the emphasis on how this may impact experimental design.  

 



 

40 

 

Key words: high-resolution ultrasound, echocardiography, congenital heart defects, congenital heart 

disease, cardiovascular disease, CVD, CHD 

 

3.2 Introduction 

Congenital heart defects (CHD) are the most commonly encountered birth defect both clinically 

and in laboratory species [16]. Despite the prevalence of CHD, very little is known about how teratogens 

alter cardiac structure or how these changes may affect heart function during gestation or beyond. As the 

most common birth defect, CHD are an important health concern that have deleterious effects on infant 

health and mortality. Laboratory animal studies are critical to improve our understanding of the 

mechanisms and consequences of CHD and to allow for the testing of intervention strategies prior to 

translation into the clinic.  

 

The non-invasive assessment of cardiac structure and function during gestation has been a 

challenge in small animals, but recent technical advances in the development of high-resolution ultrasound 

(HRUS) have allowed for unprecedented resolution sufficiently robust for the evaluation of embryos of 

either mouse or rat. To put into context, conventional ultrasound systems used in clinical applications 

operate in the 3–15 MHz frequency range, providing spatial resolution down to 300 µm, and penetration to 

a depth of 8 cm. These specifications are sufficient to image human organs. Conversely, when imaging 

small animals such rodents, much higher resolution is necessary to provide useful images, but a shallower 

depth of penetration is required. Trading off depth penetration for higher resolution, HRUS enables 

imaging down to 30 µm for depths of 3 cm. 

 

The goal of this chapter is to provide an outline of some basic echocardiographic approaches that 

may be applied to the interrogation of cardiac structure and function in the field of developmental 

toxicology. The chapter is organized in the following way: First, technical and theoretical aspects of 

ultrasound are discussed. This is followed by examples of some of the endpoints we examine routinely in 

our laboratory in order to provide the reader with an appreciation for the repertoire of questions that HRUS 
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or echocardiography can address. Thereafter, materials and methods are described. Finally, although HRUS 

has many attributes, there are associated caveats that are discussed in the “Notes” section. These latter 

aspects are critical when considering experimental design. 

 

Cardiac HRUS, provides real-time imaging of the heart without the use of radiation and at a lower 

cost than alternative imaging techniques. Ultrasound uses high frequency sound waves to produce images 

based on reflected sound waves between fluid and soft tissue, or soft tissue and bone, using the time that it 

takes for the sound waves to reach the tissue and return to the transducer to depict the boundaries of the 

organ. The use of extremely high-frequency sound waves has resulted in what has been termed HRUS 

although at a cost of maximal depth of focus. Both structure and function can be investigated using 

ultrasound allowing for a comprehensive analysis of cardiogenesis or cardiac function. This is done 

primarily through the use of two modalities: B-mode (brightness) imaging which displays the acoustic 

impedance of a two-dimensional cross section of tissue, while M-mode (motion) imaging shows the 

movement of the epi- and endocardium across cardiac cycles.  

 

Another method of detecting cardiac disruption is through cardiac strain, which refers to the global 

and regional deformation of the heart across a cardiac cycle. This can be a sensitive measure of cardiac 

dysfunction; differences from control are often apparent before more traditional markers such as cardiac 

output and ejection fraction. Additional cardiac measures are also possible using ultrasound, although not 

discussed further in this chapter; these include atrial and mitral valve imaging.  

 

Longitudinal analysis is possible with the use of echocardiography, which can provide two- and 

three-dimensional imaging, and pulse-wave Doppler imaging to construct a comprehensive analysis of the 

heart in a single subject over a lifetime.  Structural parameters that can be obtained using ultrasound 

include, but are not limited to, estimated left ventricular mass, wall thickness, and ventricular diameter in 

systole and diastole, while functional parameters include cardiac output, stroke volume, ejection fraction, 

and fractional shortening. Pulse-wave Doppler allows for the analysis of right ventricular function through 
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the measure of pulmonary artery velocity and regurgitation, as well as uterine artery flow as measures of 

fetal diastolic function. 

 

HRUS may be important in the study of developmental cardiac outcomes in three potential ways: 

3.2.1 Embryo/Fetal Heart in Response to a Perturbation 

Chemical teratogens may affect embryonic cardiac structure or function and HRUS may be used 

to assess the impact and progression of such perturbations longitudinally throughout gestation (see Notes 

for special considerations for longitudinal studies). For example, a combination of B-mode and M-mode 

may be used to assess and confirm the patency of the ventricular septum in response to chemical exposures. 

Due to the relative speed of HRUS compared with histologic examinations, both B-mode and M-mode can 

be a time-efficient approach to identify unusual findings not readily deleted by other methods (bifurcated 

septa and vacuoles). Importantly, rare and unusual findings should be confirmed with histology at study 

termination (Figure 3.1). Due to the movement of the uterus within the abdominal cavity during gestation, 

only a cohort of ever changing conceptuses is amenable to HRUS examination at any given time and some 

anomalies may therefore be overlooked. To that end, at the time of necropsy when the uterus has been 

exteriorized, HRUS may be used at each implantation site to identify subjects to be used in future 

histologic examination. It is important to keep in mind the stage of cardiogenesis while scanning, and to be 

thorough in determining a defect or anomaly. For example, the interventricular septum in the rat does not 

close until GD 16, and thus a ventricular septal defect (VSD) cannot be confirmed until after this point. It is 

also important to note that the entire length of the septum must be scanned, from apex to the 

atrioventricular junction to determine patency (Figure 3.2).  

 

With respect to in utero embryo/fetal cardiac function, HRUS has a wide array of applications. For 

example, M-mode can identify reduced range of motion of the heart walls, which results in decreased 

ejection velocity (pulse-wave Doppler) (Figure 3.3). Using algorithms within the HRUS analysis software, 

the cine loops obtained with B-mode, M-mode, and pulse-wave Doppler can also be used to calculate 

stroke volume (mL), ejection fraction (%), fractional shortening (%), and cardiac output (mL/min).  
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Figure 3.1. HRUS can identify various anomalies.  

The presence of the bifurcated septum (arrowhead and arrow) in a gestational day (GD 17) rat heart was 
first identified using B-mode (panel A; lv, left ventricle; rv, right ventricle). The bifurcated septum was 
confirmed using M-mode (Panel B; arrowhead and arrow) and histological sections (Panel C; arrowhead 
and arrow). Common trunk was also identified in a GD 17 rat heart in B-mode (Panel D, arrow) and 
confirmed with histological sections (Panel E). A heart (GD 17) with a pericardial effusion (Panel F, 
arrowheads) was also identified in a DMO-treated rat fetus. The RMV-712 scanhead was used to obtain the 
ultrasound images in this figure. Reproduced from Purssell et al., 2012 [68] with permission from John 
Wiley and Sons. 
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Figure 3.2. HRUS can be used to identify the patency between the left and right ventricles. 

Panel A depicts a B-mode image of a gestational day (GD 17) rat heart. The arrow identifies the continuity 
between the left and right ventricle (lv and rv, respectively), indicating that the septum (sep) has not fused 
with the atrioventricular junction (avj). The partially formed ventricular septum (sep) hole between the left 
and right ventricles (arrow) was confirmed using histological sections (Panel B). VSDs can also be 
confirmed using HRUS exclusively. Panels C and E are B-mode images of a GD 15 rat heart in slightly 
different orientations (dashed line outlines the ventricles). The solid line marks the axes within Panels C 
and E from which M-mode images were obtained (respectively, Panels D and F). The right and left 
ventricular walls (rvw and lvw, respectively) and septa are identified (sep). A septum is present in Panel D 
but absent in Panel F, indicating it is only partially formed on GD 15. To further confirm the breach 
between the left and right ventricle, pulse-wave Doppler in Panel G demonstrates the bidirectional rather 
than unidirectional flow (arrow heads; white shadow below 0 on the y-axis). The RMV-712 transducer was 
used to obtain these images. Reproduced from Purssell et al., 2012 [68] with permission from John Wiley 
and Sons. 
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Figure 3.3. HRUS to determine structural defects. 

Structural defects including VSDs are associated with impaired cardiac function. A histological section of a 
normal gestational day (GD) 21 heart (Panel A) is compared to a heart with a VSD (Panel E; arrowhead). 
Pulse-wave Doppler demonstrates reduced heart rate (number of peaks over unit time; x-axis) and ejection 
velocity (peak height; y-axis) in the abnormal heart (Panel G) when compared to the control heart (Panel 
C). M-mode imaging in a plane crossing the septum (sep) illustrates reduced contractility (arrow length) of 
the left and right ventricular walls (lvw and rvw, respectively) in the affected heart (Panel H) when 
compared to control (Panel D). Tracings in (D, H) outline the ventricular walls in diastole (dia; solid arrow) 
and systole (sys; dashed arrow). The RMV-712 scanhead was used. Reproduced from Purssell et al., 2012 
[68] with permission from John Wiley and Sons.  
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3.2.2 Indirect Effects of Maternal Pathology on the Conceptus 

Maternal maladaptive responses to pregnancy, such as diabetes or preeclampsia, have profound 

effects on progeny outcome. HRUS may be used to understand how such pathologies undermine the 

cardiovascular performance in the conceptus. (Figure 3.4). 

3.2.3 Postnatal Cardiac Structure and Function  

It may also be of interest to assess long-term postnatal cardiac function after exposure to a heart 

teratogen. In a high-incidence rat model of VSD, HRUS was used to demonstrate that pups born with CHD 

had persistent functional deficits. Here, for example, M-mode identified abnormal motion (flutter) of the 

heart walls, which appeared to be due to electrical disturbance as evidenced by the electrical tracing 

superimposed on below (Figure 3.5). In a low-incidence model of VSD, HRUS revealed the spontaneous 

resolution of CHD as pups matured [27,28]. In this instance, after being born with a VSD, cardiac structure 

and function normalized to the point that they were indistinguishable from control as measured by HRUS; 

however, when challenged with the cardiovascular burden of pregnancy, the functional deficits of the heart 

re-emerged [100]. Thus, HRUS allows for a comprehensive evaluation of heart function over the lifetime of 

the animal. We will not describe the evaluation of heart function in the adult rat explicitly as the techniques 

are very similar to that of the younger animals which will be described here, and other resources are readily 

available (in particular the manufacturer’s manuals). Unlike the fetus which presents in a number of 

orientations relative to the transducer, the postnatal rat is consistently placed in a supine position on the 

stage. As a result of this consistent orientation, the number of parameters that may be assessed postnatally 

are more extensive than can be obtained in utero (unless the study animal is terminated after HRUS). For 

example, using the embedded software calculations, the following may also be obtained: 

LV Mass (mg); LVAW;s (mm); LVAW;d (mm); HR (bpm); CO (ml/min); SV (µl); EF (%); FS (%); PA 

regurg. (mm/s) 
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Figure 3.4. Using US to determine effects of maternal treatment on the conceptus. 

Intervention strategies can restore uterine and umbilical artery flow on gestational day (GD) 14 in 
dNONcNZO spontaneously diabetic mice. A representative B-mode image of the right uterine (UA) artery 
proximal to the conceptus being assessed at GD 14.5 (A). Pulse-wave Doppler depicting differences in the 
umbilical artery peak flow velocity and waveform without treatment (B) with metformin (C) or tacrolimus 
intervention (D). This data is best depicted with group scatterplots of peak umbilical artery flows in 
response to metformin or tacrolimus (E). Modified from Albaghdadi et al., 2017 [151] with permission 
from Creative Commons Attribution 4.0.  
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Figure 3.5. Cardiac motion analysis.  

Representative M-mode cine loops from echocardiographic (ECG) scans showing left ventricular wall 
motion and corresponding ECG pattern (A, B). Normal left ventricular wall motion and ECG seen in 
control (CTL) rats (A), whereas abnormal ECG pattern is accompanied by disrupted wall motion in a 
teratogen-exposed rat (B), both at one year of age. Modified from Aasa et al., 2014 [99] with permission 
from Oxford University Press.  
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3.3 Materials 

3.3.1 Ultrasound Equipment 

The technologies available for HRUS have changed significantly in the past years, although older units 

are still capable of generating robust data sets. A primary difference between newer and older units is the 

transducer design and flexibility. As alluded to earlier, transducer selection remains a compromise between 

resolution and tissue penetration and the optimal balance between these parameters changes over gestation 

and the endpoint of interest. Generally, the selection of the transducer is empirical although we have 

published guidelines based upon our experiences with rats (Figure 3.6), bearing in mind that transducers 

were designed primarily with the characteristics of mice in mind [68]. Newer hardware and software have 

increased the flexibility of use by allowing two focal lengths to be selected for the transducers. The 

authors’ examples and instructions are based upon the use of HRUS apparatus manufactured, by 

VisualSonics (Vevo660, Vevo770 and Vevo2100; Fujifilm VisualSonics Ltd., Toronto, Canada). If a 

different manufacturer is used the supplier can advise the researcher on the selection of the most 

appropriate model based upon species and time points of interest.  

1. Ultrasound machine and computer. 

2. Rail system. 

3. 3D motor. 

4. Transducers. 

5. Gel warmer. 

6. Heated stage. 

7. ECG lead and respiration monitor. 
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Figure 3.6. Trade-off between focal length and frequency.  

Four transducers of varying frequency and focal length (arrowhead) were used to obtain images of a 
gestational day (GD 17) fetal rat heart to ascertain which provided optimal B-mode imaging. The 
transducers used were the RMV-704 (A), the RMV-712 (B), the RMV-707B (C), and the RMV-710 (D). 
The respective frequency and focal length is indicated for each transducer. Also shown is a comparison of 
B-mode heart images collected from a GD 15 rat embryo in utero (E) and externalized (F). Reproduced 
from Purssell et al., 2012 [68] with permission from John Wiley and Sons. 
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3.3.2 Induction Equipment 

1. Sealed induction chamber. 

2. Isoflurane. 

3. Isoflurane absorbent. 

4. Carrier gas (oxygen). 

 

3.3.3 Animal Preparation Materials 

1. Female pregnant Sprague-Dawley rat. 

2. Sprague-Dawley rats, male and female offspring. 

3. Conduction gel. 

4. Tear gel. 

5. Surgical tape. 

6. Depilatory cream. 

7. Ultrasound gel. 

8. Gauze. 

9. Cotton tipped applicator. 

 

3.4 Methods 

3.4.1 Set-up 

1. See Figure 3.7. 
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Figure 3.7. Ultrasound set-up.  

(1) ultrasound machine and computer (offscreen); (2) rail system; (3) 3D motor; (4) transducer; (5) gel 
warmer; (6) heated stage; (7) ECG lead and respiration monitor; (8) induction chamber; (9) isoflurane; (10) 
isoflurane absorbent; (11) oxygen tank. 
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3.4.2 Induction and Preparation (see Notes 1, 2) 

1. Prior to anaesthetizing the rat, confirm that the operator is trained in the safe use of the 

anaesthetic. Open the stopcock to the induction chamber, closed to the nose cone, and 

ensure that the carrier gas (oxygen) is being supplied to the system. Place the rat in the 

chamber and close the lid ensuring that there is a good seal. Turn the isoflurane to 5% in 

oxygen (induction dose). 

2. Once the rat has lost its righting reflex, transfer the animal to the heated stage (37°C), 

putting the nose and mouth into the nose cone, and apply tear gel to the eyes. Switch the 

stopcocks to stop flow to the chamber and introduce flow to the nose cone. 

3. With the rat in a supine position, place a piece of tape over the end of the nose cone/snout 

in order to prevent the animal from slipping out of the nose cone, minimize gas loss, and 

prevent mouth breathing. Apply a small amount of conduction gel to each of the ECG 

leads and tape each paw down to the corresponding electrode. 

4. Reduce the isoflurane to 1.5-2% in oxygen as a maintenance dose for scanning. Monitor 

and record heart rate (HR) and respiratory rate (RR) to indicate depth of anaesthesia, 

aiming for the lightest effective dose (see Note 3). 

5. Apply a layer of depilatory cream to the chest of the rat using a cotton tipped applicator, 

covering a square area from the clavicle to lower ribs, mid-sagittal right chest to left 

elbow. Circulate the cream using the applicator until the hair appears to be removed. 

Wipe clean with a dampened piece of gauze, careful to remove all cream from the 

borders to prevent chemical burning or irritation of the skin (see Note 4). 

 

3.4.3 Scanning 

1. Apply a liberal amount of warmed ultrasound gel to the chest, removing any bubbles 

from the gel with the bare end of the cotton tipped applicator (see Note 5). 
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2. Using the rail system, position the transducer at a 30° angle to the mid-sagittal plane, 30° 

at the transverse plane at the level of the sternum with the notch facing towards the head 

of the animal. Lower the transducer until it makes contact with the gel. 

3. Begin scanning and monitor the depth as you bring the heart into view (see Note 6). 

 

3.4.4 Parasternal Long Axis (PSLAX) 

1. Orient the heart such that the aorta is horizontal with the apex of the heart. The left 

ventricle should be at its widest and the apex pointed, with the posterior papillary muscle 

appearing from the posterior wall of the heart. The entirety of the heart should be visible 

for accurate analysis, from the base of the aorta to the apex, the anterior and posterior 

endocardium and epicardium, in both diastole and systole (Figure 3.8). Collect a B-mode 

(brightness) cine loop (Figure 3.9A). 

2. With the heart in the above orientation, collect an M-mode (motion) cine loop by lining 

the overlay across the widest portion of the left ventricle. The posterior papillary muscle 

should appear in the M-mode as a shadow above the posterior endocardium for 

standardization between scans. The four walls (anterior epicardium, anterior 

endocardium, posterior endocardium, posterior epicardium) should be visible on the M-

mode throughout systole and diastole (Figure 3.9B) (see Note 7). 
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Figure 3.8. Transducer Positioning for LV Imaging. 

Schematic displaying the importance of using landmarks (aorta, Ao; posterior papillary muscle, PPM; 
apex) to ensure accurate positioning of the transducer for left ventricular (LV) imaging. A) Three planes 
entering the LV through the aorta. Plane 1 would show a clear Ao and rounded apex in B-mode, and no 
PPM in M-mode. Plane 2 shows proper transducer to LV positioning, with a clear Ao, pointed apex, and 
PPM crossing into the M-mode plane in systole. Plane 3 intersects the Ao and PPM, but with a rounded 
apex. The PPM would appear in both systole and diastole in the M-mode cine loop. B) Three planes with 
proper positioning of the apex of the LV. Plane 1 would lack PPM shadowing in M-mode and does not 
enter through the Ao, Plane 2 showing proper positioning, and Plane 3 lacking a clear Ao and PPM that 
would likely appear strong in both systole and diastole in M-mode. 

 
Figure 3.9. Parasternal Long Axis (PSLAX). 

PSLAX image capture of a post-natal day (PND) 56 rat heart on the Vevo2100 system with MS-250 
transducer A) B-mode; B) M-mode with ECG and respiration recordings below. (Ao, aorta; PPM, posterior 
papillary muscle; AW, anterior wall; PW, posterior wall). 
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3.4.5 Short Axis (SAX) 

1. From PSLAX, rotate the transducer 90° clockwise to obtain a SAX view of the heart.  

2. Use the microdials on the rail system to find the widest view of the left ventricle, with the 

distinct papillary bundles appearing on the wall opposite the right ventricle. Collect a B-

mode cine loop with all walls in view (Figure 3.10A). 

3. Align the overlay through the widest part of the left ventricle with the posterior papillary 

crossing in systole. Collect an M-mode cine loop as described in PSLAX (Figure 3.10B). 

 

3.4.6 Pulmonary Artery Regurgitation 

1. From a PSLAX view, move the transducer towards the head to view the pulmonary 

artery. The pulmonary artery will appear perpendicular and superior to the aorta. View 

the area in colour and position the pulse-wave Doppler angle overlay in the direction and 

location of maximum velocity of blood flow. When selected, the image should appear 

with a large negative velocity followed by a smaller pulse of regurgitation through the 

vessel (Figure 3.11). 

 

3.4.7 ECG-gated Kilohertz Visualization (EKV)  

EKV is a valuable tool in acquiring a clear video of a single cardiac cycle for presentation use. The 

EKV consists of an average of multiple cardiac cycles allowing for more visually apparent cardiac 

landmarks and slower speed to better visualize valvular and local abnormalities for audiences unfamiliar 

with cardiac ultrasound. 

1. To record an EKV, position the transducer on the rail system in the desired orientation. 

Select EKV and allow the system to record a series of cine loops. Be sure to prevent 

disruption during this period, as minor movements will affect the smoothness of the final 

video.  

2. Save cine loop in desired specifications for presentation use. 
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Figure 3.10. Short Axis (SAX). 

SAX image capture of a PND 56 rat heart on the Vevo2100 system with MS-250 transducer A) B-mode; B) 
M-mode with ECG and respiration recordings below. (PPM, posterior papillary muscle; AW, anterior wall; 
PW, posterior wall). 

 
Figure 3.11. Pulmonary Artery Peak Velocity. 

Pulse-wave Doppler image capture of the peak velocity of blood through the pulmonary artery of a post-
natal day (PND) 21 rat with ECG on the Vevo2100 system with MS-550S transducer (green) and 
respiration (yellow) recordings. 
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3.4.8 In utero Scanning (see Notes 8, 9)  

1. Follow the above instructions (steps 1-4) in 3.4.2 for induction and preparation. Remove 

hair from the entire abdomen of the dam. 

2. Hand scan across the lower abdomen to locate the embryos. Depending on position, 

location, and depth within the uterus, different transducers may need to be used.  

3. Once the embryo has been located, an M-mode cine loop can be captured by placing the 

overlay perpendicularly across the ventricles. This will allow for visualization of the 

walls and interventricular septum development (Figure 3.2D, F). Be sure to scan the 

entire length of the septum in order to determine patency. 

4. Uterine arterial hemodynamics can also be measured using pulse-wave Doppler. Position 

the transducer in B-mode with the colour overlay at either the fetal or placental end of the 

cord (as the blood flow velocity is greater than at the placental end of the cord), 

maintaining consistency across all ultrasounds. Position the pulse-wave Doppler overlay 

in the direction of greatest flow velocity and transfer to Doppler view. The calculated 

data includes time averaged mean, and pulsatility and resistance indices based on 

collected data including uterine artery blood flow velocities at peak systole and end 

diastole (cm/s) (Figure 3.4). 

 

3.4.9 Data Output/Analysis (see Notes 10-12) 

1. B-mode measures 

a. Endocardial length in systole (ENDOmajr;s) and diastole (ENDOmajr;d). 

b. Epicardial length in systole (EPImajr;s) and diastole (EPImajr;d). 

c. Endocardial fractional shortening (Endo FS). 

2. M-mode measures 

a. Left ventricular lumen diameter in systole (LVd;s) and diastole (LVd;d). 
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b. Left ventricular volume in systole (LV Vol;s) and diastole (LV Vol;d). 

c. Ejection fraction (EF). 

d. Fractional shortening (FS). 

e. Left ventricular mass (LV Mass). 

f. Stroke volume (SV). 

g. Cardiac output (CO). 

3. Pulse-wave Doppler 

a. Pulmonary regurgitation peak velocity (PR Peak Vel). 

b. Pulmonary valve peak velocity (PV Peak Vel). 

c. Pulmonary valve peak pressure (PV Peak Pressure). 

d. Umbilical and uterine peak velocities (Ut Art Peak Vel). 

4. Strain analysis 

a. PSLAX 

i. Longitudinal. 

ii. Radial. 

b. SAX 

i. Radial. 

ii. Circumferential. 

 

3.5 Notes 

1. To prevent a decline in cardiovascular function due to isoflurane exposure, scan length 

should be kept to a maximum of 30 minutes, although shorter is better. 

2. Many cardiac endpoints (volumes, weights and thicknesses) must be normalized for 

differences in body size to allow for comparisons to be made across time and between 

animals. Therefore, body weights and body lengths should be taken and recorded at the 
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time of each ultrasound. For HRUS collected just prior to termination of the experiment, 

tibia length is frequently used to normalize for differences in body mass [152]. Tibias can 

be digested in 0.2M NaOH, rotating at 60°C overnight and measured using digital 

calipers. 

3. HR is highly dependent on the depth of anaesthesia and is also an important determinant 

of cardiac output; therefore, consistency of HR between animals is an important 

consideration necessary as a standardized measure in which to analyze and interpret 

results. Suggested HR are 250-450 bpm for rat and 325-780 bpm for mouse. Monitor HR 

and RR and adjust isoflurane accordingly. 

4. Older animals will have longer and coarser fur than their younger counterparts and may 

require a cursory shave using a small battery powered razor prior to depilatory cream 

application. 

5. A rolled piece of gauze on the left side of the animal’s body can help to keep the 

ultrasound gel from sliding off of the chest during scanning. 

6. Scanning using the rail system allows for very minor movements and stable cine loops as 

well as acquisition of EKV. As animals get larger, or as a clear cardiac view becomes 

more difficult to obtain, hand scanning can be especially beneficial. Wrapping the cord of 

the transducer around the back of your neck and stabilizing your elbow can help to steady 

movement for cine loop capture. 

7. When working with larger and/or older animals (adult male rats, pregnant female rats, 

etc.) you may encounter difficulty obtaining a clear image due to shadowing of the 

sternum and/or ribs. A modified scan in which the animal is placed on its left side will 

drop the heart below the sternum and may allow for a clearer image. In this position, 

ECG readings are not possible as the right legs must be removed from the leads, and 
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hand-scanning must be performed. Transducer angles will need to be adjusted 90° to 

account for the change in body position. 

8. Isoflurane itself is a teratogen, which must be kept in mind during experimental design. 

While longitudinal assessment of embryonic development is theoretically possible, the 

repeated exposure to the anaesthetic is detrimental to the animal as well as confounding 

to a study. It is our experience that postnatally, control animals suffer no ill effects from 

isoflurane exposure in utero, while teratogen-exposed animals have a high rate of early 

postnatal death. As such, it is recommended that no more than 2-3 ultrasounds are 

performed over gestation, with a recovery period between each scan. 

9. In utero longitudinal assessment is difficult due to the movement of embryos and the 

uterus within the abdomen making tracking of individual embryos difficult. The 

exception is to assess the embryos proximal to the cervix as these are more firmly 

anchored and easier to isolate, although this limits longitudinal observation to 2-4 

embryos. 

10. Breathing results in movement of the thoracic cavity, causing significant disruption of the 

measurement of the heart by ultrasound. For this reason, data collected across breaths 

should not be included in analysis.  

11. Accurate analysis can be obtained by averaging three consecutive cardiac cycles, three 

times across a cine loop. In order to do this, respiration must be monitored such that a 

minimum of three cardiac cycles occur between each breath. 

12. A shift in the literature has moved to use SAX over PSLAX measures. Be certain to 

obtain the required images for the type of analysis desired. For example, longitudinal 

strain can only be calculated in PSLAX, and circumferential strain in SAX.  
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Chapter 4 

Longitudinal Postnatal Characterization of Cardiac Structure and 

Function in Male Sprague-Dawley Rats in a Dimethadione Induced 

Model of Resolved Congenital Heart Defects 

Rebecca D. Maciver, Louise M. Winn, Michael A. Adams, Terence R.S. Ozolinš. 

 

4.1 Abstract 

Aims: Congenital heart defects affect approximately 1% of all births and remain a serious cause of 

morbidity and mortality. While the majority of these defects resolve without surgical intervention, it is 

unknown how the disruption of in utero cardiac development affects the individual long term. We 

hypothesize that latent differences in cardiac structure and function may lead to maladaptive responses to 

cardiovascular stressors later in life. We aimed to conduct a careful longitudinal analysis of cardiac 

structure and function, using a model was used in which rats were exposed in utero to the cardiac teratogen 

dimethadione (DMO), whereby 80% of the resulting heart defects resolve spontaneously, reflecting the 

clinical scenario. 

Methods and Results: Time-mated pregnant Sprague-Dawley rats were treated with either water or DMO, 

to induce congenital heart defects at an approximate incidence of 50% per litter. Male offspring underwent 

echocardiography on postnatal days 4, 21, 56, and 100 to assess structural and functional cardiac 

development. Left ventricular mass and stroke volume showed differences between the groups on day 4, 

but resolved by weaning. Stroke volume and left ventricular volume in diastole revealed significant 

decreases in the DMO-exposed group by day 100. Pulmonary artery peak velocity, an indirect measure of 

right ventricular function, was significantly increased in exposed animals by days 56 and 100. An overall 

treatment effect was observed for left ventricular mass and pulmonary artery peak velocity. Functional 

measures of left ventricular function, including ejection fraction and fractional shortening, were not 

different between experimental groups. 
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Conclusions: This data suggests that differences in cardiac structure that occur at birth become masked by 

weaning, but may re-emerge with increasing age. Although functional changes in the left ventricle were not 

found, the changes found in right ventricular function suggest that some maladaptive processes have 

occurred and may be further provoked following subsequent cardiovascular stress. This study provides 

robust, detailed longitudinal data regarding changes in cardiac function in male rats exposed to a confirmed 

cardiac teratogen, but with apparent resolution of some of the initial defects. This data establishes a critical 

baseline to compare and contrast the effects of responses to additional circulatory and cardiac challenges. 

 

4.2 Introduction 

Congenital heart defects (CHD) are the most common birth defects observed in humans, occurring 

in approximately 10-12 per 1000 live births, and represent a significant cause of infant mortality [16,18]. 

Ventricular septal defects (VSDs) are the most prevalent CHD and are detectable in 5% of neonates via 

ultrasound [18]. VSDs are characterized by an incomplete interventricular septum which results in the 

mixing of oxygenated and deoxygenated blood between the ventricles. Individuals with persistent VSD 

have poor health outcomes later in life, with the defect leading to pulmonary arterial hypertension, hypoxia, 

carditis, and other cardiovascular conditions [25,153]. Depending on the size and location of the VSD, 

approximately 20% of patients will require surgical repair; the majority (80%) of VSDs, however, resolve 

spontaneously by one year of age [1]. This cohort of patients is largely lost to follow-up, and thus, long-

term consequences of resolved CHD are not well characterized. Follow-up studies in patients with resolved 

VSD tend to be short in duration, suggesting that there are no pertinent health implications; however, the 

long term studies indicate that this might not be the case [40,100]. We propose a “dual-hit” hypothesis in 

which individuals with spontaneously resolved CHD are more likely to develop cardiovascular disease 

when challenged with a cardiovascular stressor. Prior to investigating the possible consequences in later 

life, and the potential factors which might precipitate these, it is paramount to examine the period of life in 

which one is largely healthy to determine if there are any subtleties in the longitudinal profile of cardiac 

development which would set up an individual for a pathophysiological response to cardiovascular 

stressors in adulthood.  
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To study the consequences of resolved VSD and to test the efficacy of intervention strategies, an 

experimental model was developed in which we induce CHD in a rat model using dimethadione (DMO) in 

a cardioselective treatment regimen. DMO is the active pharmacological moiety and proximate teratogen of 

the anticonvulsant, trimethadione (TMD), which was removed from the market as it was shown to induce 

CHD clinically at an incidence of 87% (combined fetal loss and congenital malformations) [89,90]. 

Following in utero exposure in rats, we are able to produce offspring with a 50% incidence of CHD, the 

majority consisting of VSDs, with clinically relevant blood concentrations of DMO [27,30,100,101]. As 

seen clinically, approximately 80% of the offspring in our model have resolved CHD by weaning/early 

adulthood. This model is reproducible and well-characterized [30,68,99–101] allowing us to evaluate a 

multitude of cardiac parameters critical in understanding the scope of adaptive responses that the heart 

undergoes during and following the resolution of a CHD. We have previously shown in this model that in 

utero DMO-exposed female offspring exhibit profound changes in cardiac structure and function at 

parturition. These changes remain statistically significant yet diminish by weaning, but by adulthood are 

grossly indistinguishable from controls. Furthermore, when these animals were challenged with the 

cardiovascular burden of pregnancy, they exhibited altered cardiac function and hemodynamics despite 

resolution of VSD, suggesting that latent changes exist that predispose the dam to pathophysiological 

responses [100]. Therefore, the objective of this study was to use high-resolution ultrasound (HRUS) to 

perform a careful longitudinal analysis of postnatal development of cardiac structure and function in male 

rats to determine if differences exist between DMO-exposed (resolved CHD) and control rats that may be 

harbingers of maladaptation to postnatal stressors. 

 

Clinically, echocardiography has been used in neonatal and pediatric care to assess cardiac 

structure and function in real-time [154]. This technique can provide information on septal development, 

pressure gradients, and direction of blood flow, among others [154]. Diagnostic accuracy of fetal 

echocardiography in the detection of CHD has high (>90%) sensitivity, specificity, and positive and 

negative predictive values, with values increasing with the progression of pregnancy, and decreasing values 

for fetuses from multiple pregnancies [26,155,156]. 
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Functional readouts, such as those obtained by use of in vivo ultrasound technology, allow for the 

observation of functional cardiac changes across development and to correlate that with structural data as 

detected by ultrasound, changes in body weight, histology, and molecular expression. This technique 

provides data in which one can determine a pattern of change from postnatal day (PND) 4 to 100, critical to 

understanding the basis of resolution of CHDs moving forward. A longitudinal assessment of cardiac 

function in a model producing 50% incidence of CHD, and subsequent resolution, has not been previously 

conducted and is critical to understanding the basic physiology of postnatal cardiac development. 

 

It is widely accepted that the in utero environment can have significant impact on the health 

outcome of an individual, as proposed in the fetal origins hypothesis [157]. As such, malformations in the 

heart, including even those which spontaneously resolve without surgical intervention, are hypothesized to 

predispose individuals to be more vulnerable to cardiovascular stressors in adult life. Male rats were used in 

this study because the incidence of CHD in the DMO model has not differed between male and female 

offspring, and because longitudinal analysis on resolved CHD in males has not been performed. 

Additionally, it is generally accepted that catch up growth may be deleterious, and previous findings have 

found that male rats in our model experience larger catch up growth than females and thus, may be more 

sensitive to future cardiovascular stressors. Therefore, in this study we characterized the longitudinal 

development of cardiac structure and function following resolution of the CHD in male Sprague-Dawley 

rats. 

 

4.3 Materials and Methods 

 

4.3.1 Experimental Animals 

4.3.2 Pregnancy 

Pregnant (time-mated) Sprague-Dawley [Crl:CD(SD)] rats were obtained from Charles River 

Laboratories (St-Constant, Québec) with the morning following copulation designated gestational day (GD) 

0. Dams were assigned to ad-libitum control, pair-fed control, or DMO-treated groups (n=3-4 per group) to 



 

66 

 

achieve similar mean body weights (BW) between groups. As DMO has been found to decrease food 

consumption during the dosing period, a pair-fed control group was used to provide a BW matched cohort 

of control animals. The pair-fed control group lagged two days behind the DMO-treated group and received 

matched food intake. Maternal body weights and overall health were monitored throughout pregnancy. All 

animal work was conducted in accordance with the guidelines set out by the Canadian Council on Animal 

Care and protocols were approved by the Queen’s University Animal Care Committee. 

 

4.3.3 Treatment 

CHDs were induced using DMO (5,5-dimethyloxazolidine-2,4-dione), a known cardiovascular 

teratogen. Dams were dosed four times with 300 mg/kg DMO (Sigma-Aldrich Inc., St Louis, MO) 

dissolved in distilled water for a drug solution of 60 mg/mL every 12 hours via oral gavage, beginning on 

the morning of GD9. Control groups received equivalent volumes of distilled water at a dose volume of 5 

mL/kg. This dosing regimen has been shown to produce an approximate 50% incidence of CHD with 

relatively high (85%) postnatal survival [30,100]. 

 

4.3.4 Offspring 

Dams underwent natural parturition (GD22) and offspring were monitored for the first three days 

without handling to determine postnatal survival. On PND4, female pups were removed from the study and 

hearts collected for histology to confirm the incidence of CHD as previous studies have not shown a sex 

difference in susceptibility to DMO-induced CHD. Male rats from this cohort were subsequently used in 

further experiments. BWs of the male offspring were recorded from PND2 until weaning and were 

provided food and water ad-libitum. Once weaned, offspring were multi-housed, then pair-housed when 

possible under a standard 12 hour light/dark cycle. 

 

4.3.5 Echocardiology 

HRUS was performed on PND4, 21, 56, and 100 to determine longitudinal changes in heart 

structure and function as we have previously described [120]. Briefly, anaesthesia was induced with 5% 
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isoflurane in oxygen and maintained at 1.5-2%, and adjusted to maintain a consistent heart rate (HR) of 

300-400 beats per minute (bpm). Echocardiography was conducted using the Vevo2100 ultrasound system 

(Fujifilm VisualSonics, Ltd., Toronto, Canada) and the following transducers: MS700 (PND4), MS550S 

(PND21), MS250 (PND56, 100). Pulse-wave Doppler was used to image the peak flow velocity through 

the pulmonary artery as a surrogate measurement of right ventricular (RV) function. B-mode and M-mode 

were used to collect structural and functional readouts in parasternal long axis view (PSLAX) at mid-

papillary level (Figure 4.1). Cine loops and images were collected and analysis conducted post-acquisition 

using manufacturer software. 

 

4.3.6 Data Analysis 

Recalling from above, a pair-fed group was included to create a control group comparable to 

DMO-exposed offspring in terms of BW. As the BW ranges of pair-fed and ad-libitum groups overlapped 

with either the upper or lower limit of the BW range of the DMO-exposed offspring, they were collapsed 

into a single control (CTL) group. A comparison of the ultrasound derived cardiovascular parameters 

between a BW-matched range of pair-fed and ad-libitum groups can be seen in Table 3. 

 

Due to the extended range of BW between the CTL and treated groups, and the inherent impact of 

BW on cardiovascular parameters such as estimated left ventricular (LV) mass (as seen in Table 3), a BW 

matched range of control animals were compared to DMO-exposed animals, based on PND100 BW data. 

PND4 offspring were unable to be appropriately identified for longitudinal analysis and therefore all animal 

data were used; thus, measurements on PND4 may not be reflective of the same cohort of animals used for 

measurements on PND21, 56, and 100.  

 

All data were measured in triplicate and analyzed for statistical significance at p<0.05 using a two-

way ANOVA and Sidak’s post-hoc test. Data are presented on log-log axes to better illustrate the 

proportional changes in parameters across time. Statistical analysis was performed on log values. 
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Figure 4.1. Use of echocardiography provides non-invasive, real-time information on the structural 
and functional parameters of cardiac function. 

Echocardiographic images of control (A) and dimethadione (DMO) exposed (B) rats with B-mode images 
showing the cross-section of the left ventricle in diastole (left), and corresponding M-mode without (center) 
and with analysis parameters (right). All images were taken from postnatal day (PND) 56 rats. 
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Table 3. Comparing cardiac structure and function in a body weight matched cohort of ad-libitum and pair-
fed control groups. 

 
BW=body weight, PA PV=pulmonary artery peak velocity, EF=ejection fraction, FS=fractional shortening, 
Endo FS=endocardial fractional shortening, LV V;s=left ventricular volume in systole, LV V;d=left 
ventricular volume in diastole, SV=stroke volume, LV D;s=left ventricular lumen diameter in systole, LV 
D;d=left ventricular lumen diameter in diastole, CO=cardiac output, HR=heart rate. Italic values represent 
statistically significant differences. Data are presented as mean ± SD. 
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4.4 Results 

4.4.1 Postnatal Survival 

Three of the DMO exposed litters could not be included due to complete maternal cannibalism of 

these litters, resulting in an overall survival rate of 48% for DMO-exposed rats. A survival rate of 73% 

(N=3) was recorded for the three remaining DMO exposed litters, 91% (N=4) for the pair-fed control 

group, and 96% (N=4) in the ad-libitum control group (data not shown). Compared to previous data in 

which there was an observed viability of 85% [100], the present study had decreased postnatal survival of 

DMO-exposed offspring that were treated using the same dosing paradigm.  

 

4.4.2 LV Cardiac Structure 

ANOVA revealed a significant overall treatment effect on LV mass (p=0.029). Comparison of 

CTL versus DMO showed decreased ultrasound estimated LV mass (p=0.014, n=42 vs. 17) and stroke 

volume (SV) (p=0.039, n=42 vs. 17) in DMO-exposed male rats at PND4, but differences were no longer 

detectable by weaning (Figure 4.2). A significant decrease in SV (p=0.015, n=28 vs. 8) and diastolic LV 

volume (p=0.011, n=28 vs. 8) emerged by PND100. There were no differences in systolic LV volume 

(Figure 4.2) at this later time point. Cardiac output was not reported in this study as it is a calculated value 

based on the product of SV and HR; HR being controlled during ultrasound by the level of anaesthetic. SV 

and LV volume, during diastole and systole were all significantly correlated with changes in LV mass, 

(respective r² values of 0.98, 0.97, and 0.84) and LV mass index (LVMI, LV mass/BW) (respective r² 

values of 0.91, 0.89, and 0.63), indicating a prominent structural component to the change (Figure 4.3). 
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Figure 4.2. Differences in left ventricular (LV) cardiac structure between control (CTL) and 
dimethadione (DMO) exposed offspring are revealed over time. 

LV mass (A), stroke volume (B), and LV volume in diastole (C) and systole (D) were assessed using 
echocardiography, from postnatal day (PND) 4 to 100. Data were calculated using M-mode cine loops, 
normalized to body weight (BW) at the time of ultrasound. Two-way ANOVA results show: (A) treatment 
effect F(1, 158)=7.847, p=0.0057 and time effect F(3, 158)=212.5, p<0.0001, with Sidak’s post hoc test 
identifying significance between CTL and DMO on PND4 (p=0.014), (B) treatment effect F(1, 158)=7.596, 
p=0.0065 and time effect F(3, 158)=343.9, p<0.0001, with significant differences on PND4 (p=0.039) and 
PND100 (p=0.015), (C) treatment effect F(1, 158)=6.622, p=0.011 and time effect F(3, 158)=286.9, 
p<0.0001, and interaction on PND100 (p=0.011), (D) time effect F(3, 158)=75.33, p<0.0001.*p<0.05, n=8-
42 (DMO-CTL) per time point. 
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Figure 4.3. Stroke volume and left ventricular (LV) volume are strongly correlated with changes in 
LV mass. 

XY plots shown are of raw data presented on log-log axes to LV mass, and each parameter normalized to 
body weight (BW) at time of ultrasound compared to LV mass index (LVMI, mass/BW). Analysis of data 
was performed on log values (A, r2 0.98; B, r2 0.91; C, r2 0.97; D, r2 0.89; E, r2 0.84; F, r2 0.63). A singular 
line of regression is shown when differences in distribution of dimethadione (DMO) and control (CTL) 
variables were insignificant (p>0.05). Linear regression was significantly non-zero for each parameter. 
n=41-125 (DMO-CTL). 
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4.4.3 LV Cardiac Function 

Clinically relevant measures of LV cardiac function derived from ultrasound, ejection fraction 

(EF), fractional shortening (FS), and endocardial FS, were not found to be significantly different between 

control and treated from PND4 to 100 (Figure 4.4). These parameters were not strongly associated with 

changes in LV mass (r² values of 0.001, 0.04, and 0.03, respectively) or LVMI (r² values of 0.008, 0.06, 

and 0.04, respectively), indicating that these functional measures cannot be strictly attributed to structural 

changes (Figure 4.5). 

 

4.4.4 PA PV as a measure of RV Function 

PA PV as a measure of RV Function 

An overall treatment effect on PA PV, a surrogate measure of RV function, was found (F(1, 

99)=22.1, p<0.0001) and was found to be significantly elevated in DMO-exposed offspring on PND56 

(p=0.0003, n=27 vs. 8; CTL vs. DMO) and 100 (p=0.046, n=26 vs. 8; CTL vs. DMO) (Figure 4.6).  

 

4.5 Discussion 

A major finding of this study was that differences in structural parameters of the LV following 

exposure to DMO were detected by ultrasound at postnatal day four (PND4), were not evident at the time 

of weaning (PND21), but became detectable again in adulthood (PND100). PA PV, an indirect indicator of 

RV function, was elevated in DMO exposed rats by early adulthood (PND56, 100). Measures of LV 

function did not reveal differences between experimental groups at any time point. This study provides a 

comprehensive longitudinal characterization of cardiac structure and function in a CHD model, in which 

the initial defect is resolved, findings that become the essential platform upon which further studies 

assessing the maladaptation to a subsequent circulatory challenge are applied. 
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Figure 4.4. Dimethadione (DMO) exposed offspring do not show differences in clinical measures of 
left ventricular (LV) cardiac function longitudinally. 

Ejection fraction (EF, A), fractional shortening (FS, B) and endocardial FS (C) assessed using 
echocardiography, from postnatal day (PND) 4 to 100. Data were obtained using standard M-mode LV 
trace measurements in parasternal long axis (PSLAX) view at mid-papillary level. n=8-42 (DMO-CTL). 
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Figure 4.5. Clinical measures of cardiac function are not strongly correlated with changes in left 
ventricular (LV) mass. 

XY plots of ejection fraction (EF), fractional shortening (FS) and endocardial FS are presented on log-log 
axes to LV mass, and LV mass index (LVMI, mass/body weight (BW)). Analysis of data was performed on 
log values (A, r2 0.001; B, r2 0.008; C, r2 0.04; D, r2 0.06; E, r2 0.03; F, r2 0.04). A singular line of regression 
is shown when differences in distribution of dimethadione (DMO) and control (CTL) variables were 
insignificant (p>0.05). Linear regression was significantly non-zero in C-F. n=41-125 (DMO-CTL).  
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Figure 4.6. Dimethadione (DMO) exposed rats exhibit increased pulmonary artery (PA) peak 
velocity on postnatal day (PND) 56 and 100. 

PA peak velocity measured by pulse-wave colour doppler from PND21 to 100. Included are representative 
(median) images of control (B) and DMO-exposed (C) rats displaying the difference in peak blood flow 
velocity through the PA obtained from PND56 rats. Two-way ANOVA show a time effect (F(2, 99)=72.91, 
p<0.0001), a treatment effect (F(1, 99)=26.93, p<0.0001), and an overall interaction effect (F(2, 99)=3.313, 
p=0.04). Sidak’s post hoc test showed a significant difference between groups on PND21 (p<0.0001) and 
PND100 (0.014). *p<0.05, ***p<0.001, ****p<0.0001, n=8-28. 
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Early postnatal ultrasounds (PND4) revealed decreases in LV mass and SV in DMO exposed 

offspring, consistent with previous findings [100]. While we did not investigate the existence of any 

specific CHD, this data shows differences between groups as expected in our model. While it could be 

argued that SV is a functional measure, the correlation with LV mass and LVMI as shown here, implies 

that, in this case, it be considered a structural parameter. By PND100, SV and LV volume in diastole were 

significantly decreased from control. This, in combination with other findings including preserved EF and 

LV volume in systole, suggests that the heart may have undergone concentric LV remodeling [158,159]. 

LV remodeling in CHD, while a relatively new avenue of research, has been clearly described [160,161]. In 

such cases, the remodeling of the myocardium occurs in tandem and after morphogenesis as this is when 

the CHD is developing [160]. Assessment of CHD incidence using female PND4 hearts is ongoing, 

although previous data from our laboratory using this model has shown consistent data of approximately 

50% [30,100] with no measurable sex differences [30]. 

 

As the objectives of this study focused on the development of the LV, limited measures of RV 

structure and function were assessed, in part due to the time constraint of minimizing the time under which 

the animals were kept anaesthetized during ultrasound. Additionally, the sensitivity of the PND4 offspring 

prevented us from performing pulmonary Doppler on this cohort. PA PV was found to be elevated in DMO 

exposed animals compared to controls at PND56 and 100. Our previous characterization of female 

offspring showed a significant increase in PA peak regurgitation, although this resolved beyond weaning 

[100]. There are significant limitations in using these data to draw conclusions on the fate of the RV as it is 

merely a primary indicator of RV function; pressure measurements and time to peak velocity would better 

describe the overall impact on the RV. However, our data showing a significant overall treatment effect 

provides compelling evidence that the RV may be impacted by DMO exposure or cardiac remodeling 

following CHD and should be examined further. 

 

This study differs in two notable ways from previous data investigating the postnatal development 

of resolved CHD. First, we have shown previously that DMO exposed dams exhibit a transient decrease in 

food consumption during the dosing period, which results in a small, but statistically significant, decrease 
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in body weight [30]. As such, a pair-fed group was used in this study to account for potential effects on the 

fetus due to a restriction in maternal food consumption. Previous studies have not shown an increase in the 

incidence of VSD following severe maternal feed restriction [162]; however, it is known that males are 

more sensitive to in utero food restriction and exhibit greater catch-up growth [157]. While this was not 

likely to have an effect in our previous study using female offspring, it was pertinent to include in this 

study. The pair-fed group was predicted to provide a more accurate comparator for our model, nonetheless, 

was determined to not differ significantly from the ad-libitum group. Second, this study performed a more 

thorough analysis of the postnatal cardiac development of the rat, using numerous parameters for 

normalization and standardization between variables. This provides a more accurate depiction of the 

differences that exist between control and resolved CHD offspring in our in utero DMO-exposed model. 

 

We have described here a longitudinal characterization of cardiac development in the male 

Sprague-Dawley rat in an in utero DMO-exposed model of resolved CHD. Differences in early postnatal 

cardiac structure were shown to resolve by weaning, yet became unmasked by adulthood. As patients with 

spontaneously resolved CHD are often lost to follow-up, in conjunction with the conflicting, and limited, 

studies on postnatal outcomes [24,39], our data is concerning due to the findings in this study and 

previously [100], suggesting cardiac remodeling and latent dysfunction. This prompts the investigation into 

cardiovascular stressors which may exacerbate these issues, which may lead to maladaptive responses. 
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Chapter 5 

Reduced Cardiac Response to Repeated, Intermittent Isoproterenol 

Exposure Following Postnatal Resolution of Dimethadione Induced 

Congenital Heart Defects in Male Sprague-Dawley Rats 

Rebecca D. Maciver, Louise M. Winn, Michael A. Adams, Terence R.S. Ozolinš 

 

5.1 Abstract 

Aims: Congenital heart defects (CHD) are the most common anomaly at birth and are a leading cause of 

infant morbidity and mortality. With improved detection and perinatal care, there is a growing population 

of adults with what are termed ‘resolved’ CHD. The long-term consequences of these ‘resolved’ CHD are 

not well characterized, in particular the potential maladaptation to repeated cardiovascular stressors later in 

life. The goal of this study was to generate a population of rats with a high incidence of resolved CHD, and 

as adults assess the cardiac response to intermittent cycles of cardiovascular stress of increasing duration.  

Methods and Results: Pregnant Sprague-Dawley rats were given four doses of a known cardiac teratogen, 

dimethadione (DMO), every 12 hours beginning in the morning of gestational day 9 to produce a 

population of offspring with a 43-48% incidence of VSD. Control (CTL) rats were given an equivalent 

volume of distilled water. Prior to the initiation of heart stress, subjects were allocated to respective groups 

using weight pairing with the remaining subjects removed from study. Beginning on postnatal day 100, 

both adult DMO-exposed and CTL rats were subjected to cycles of pharmacologically-induced 

cardiovascular stress followed by 9 days recovery. Each cycle had one more day of consecutive dosing with 

0.01 mg/kg/day of the non-selective beta-adrenergic agonist isoproterenol (INE), than the previous one; this 

continued for seven cycles. Heart structure and function were assessed using ultrasound one and seven days 

after INE dosing, corresponding to peak adrenergic hypertrophy and the point of maximum recovery, 

respectively. Compared to CTL, DMO-exposed rats showed decreased left ventricular mass, diameter, 

volume, stroke volume, and longitudinal fractional shortening. 
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Conclusions: This longitudinal study which incorporated a developmental origin of a potential long-term 

negative outcome followed by a subsequent cardiac stressor challenge as the second hit revealed that there 

was an attenuated response to the beta-adrenergic following postnatal resolution of CHD. The findings also 

emphasized the necessity of appropriately normalizing ultrasound findings to assess for differences or lack 

thereof between the experimental groups. 

 

5.2 Introduction 

Congenital heart defects (CHD) are the most common class of birth defect affecting approximately 

10-12 infants per 1000 live births [16,18]. Ventricular septation defects (VSDs) are the most common CHD 

accounting for an estimated 30% of all CHDs [24,163] and they are detected in 5% of neonatal ultrasounds 

[18]. A small percentage of VSDs, typically those that are large or complex, may require surgical repair, 

while upwards of 85-90% close spontaneously by one year of age [16,24]. Persistent VSD is associated 

with poor health outcomes later in life, including pulmonary hypertension, other cardiovascular 

complications, as well as secondary or concomitant problems with other organ systems and 

neurodevelopmental problems [18,164]. There is a relative dearth of information concerning the long-term 

consequences of spontaneously-resolved VSD, in part, because patients tend to be lost to clinical follow-up 

and the unvalidated perception that these individuals are unlikely to experience greater morbidity than the 

general population [39,165]. The few studies that have followed the postnatal outcomes of resolved VSD 

paint a confusing picture. Although some investigators show normal cardiovascular outcomes in patients 

with resolved VSD, the studies following patients for longer duration have, in fact, identified a higher 

incidence of cardiac pathologies in older patients [39,40,100]. Together, these data suggest that the initial 

insult leading to resolved VSD may be more sensitive to age- and/or cardiovascular stressor-induced 

maladaptive pathologies. 

 

To study developmental aspects of resolved CHD in a controlled laboratory setting, we sought to 

create a cohort of animals born with a high incidence of VSD. Our approach involved the exposure of 

pregnant rats during a critical window of gestation to dimethadione (DMO), a potent heart teratogen 

[27,30]. This treatment regimen has resulted in approximately 43-48% incidence of CHD at birth, with an 
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80% spontaneous resolution rate [27,30,100]. Using this model and examining numerous structural and 

functional endpoints only in female offspring, Aasa and colleagues (2015) identified significant differences 

between control and teratogen-exposed offspring when young, but over time the differences diminished to 

the point that as adults the groups’ cardiac structure and performance were indistinguishable. Using the 

cardiovascular burden of pregnancy as a stressor, it was apparent that dams with resolved VSD had an 

altered response to pregnancy compared with controls. All considered, these findings are consistent with 

the previously described clinical scenario wherein VSD is the initial in utero challenge, which despite 

postnatal resolution, may predispose an individual to maladaptive outcomes when challenged with a second 

cardiovascular stressor in adulthood. 

 

Our goal was to ascertain whether adult male rats are similarly affected by resolved VSD in terms 

of their susceptibility to a maladaptive response to a second challenge. As a first step, we performed a 

comprehensive, longitudinal postnatal comparison of cardiac structure and function between offspring born 

healthy and those with resolved VSD. Briefly, compared to CTL, rats exposed to DMO in utero exhibited 

structural differences at birth, which became masked by weaning but re-emerged in adulthood, with more 

details described in Chapter 4. The aforementioned animals are used in the current chapter. 

 

In searching for an appropriate cardiovascular stressor for male rats several options were 

considered. For example, while moderate cardiovascular exercise reduces cardiovascular pathologies [166], 

extreme conditioning as occurs with elite endurance athletes, produces a pathophysiological response in the 

form of significantly increased risk of atrial fibrillation, presumably the result of exercise-induced fibrosis 

[167]. Our previous work examining the effects of exercise on pregnancy showed that only about 50% of 

female rats could be trained to use the treadmill [168]. We determined that 50% compliance was untenable 

for a two-generation disease model. As an alternative, we considered what is colloquially termed “stress,” 

because a number of studies have demonstrated a clear link between a variety of life stressors and an 

increased incidence of heart-related pathologies although the reason for why only some are vulnerable 

remains to be elucidated. For example, first responders are known to be at an increased risk for 

cardiovascular disease due to occupation-related stressors [169,170]. In particular, the risk of post-
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traumatic stress disorder in this population is 2 to 4-fold more prevalent than the general public [171], and 

has been strongly associated with the development of cardiovascular disease [170,172,173]. It has been 

proposed that this vulnerability may be due to repeated stress-induced adrenergic receptor stimulation and 

associated hypertension [173], though this has not been formally tested. Additionally, being that this 

population is generally considered healthy and not all individuals are affected, it suggests that this 

correlation may be linked to an underlying pre-disposing condition. Therefore, we decided to take a 

pharmacological approach to modelling repeated and reproducible episodes of sympathetic drive by 

administering isoproterenol (INE), a potent beta-adrenergic agonist with recognized hypotensive and 

cardiac hypertrophic effects [115,119]. Consecutive dosing with INE has previously been shown to produce 

cardiotropic responses ranging from 33 to 40% with persistence of the growth response being as much as 

13% with the more severe models [115,118,119]. In addition, males are more sensitive to INE exposure 

following in utero stress [174]. Given that a ‘two-hit’ challenge was to be assessed, a conservative INE 

dosing strategy was selected [175] to determine whether the latent or resolved CHD modifies the sensitivity 

of the adult heart to adrenergic stimulation. Specifically, long-term, increasing duration of intermittent 

exposure to low-dose INE, combined with a period of potential regression, was used to determine the 

susceptibility of the heart to further maladaptive changes. 

 

5.3 Methods 

5.3.1 Maternal Animals 

All animal work was conducted in accordance with the guidelines set out by the Canadian Council 

on Animal Care and protocols were approved by the Queen’s University Animal Care Committee. 

 

A detailed description of the animals, procedures and reagents used to generate a population of 

offspring with ~43-48% incidence of VSD are described in detail in the prior chapter. Briefly, a potent 

cardiac teratogen, DMO (300 mg/kg) was administered to Sprague-Dawley dams (Charles River Ltd, St-

Constant, QC) via oral gavage every 12h from the morning of GD9 to the evening of GD10 for a total of 

four doses. DMO was dissolved in distilled water for a final concentration of 60mg/mL. CTL dams were 
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administered equivalent doses of distilled water at a dose volume of 5mL/kg. In addition to the ad-libitum 

CTL group, a pair-fed group was included to account for the transient DMO-induced decrease in maternal 

food consumption. The goal was to generate a cohort of offspring with similar body weights (BW) because 

fetal body weight at the time of parturition is an important determinant of long-term health outcomes [176].  

 

5.3.2 Progeny 

A comprehensive description of the treatment of the progeny up to postnatal day (PND) 100, prior 

to their use in the present study can be found in Chapter 4. Female pups were removed from the study on 

PND4, hearts collected for histological analysis, and because we have previously reported the postnatal 

response of females to cardiovascular stress [100]. The assessment on PND100 was used as the “baseline” 

against which the responses to the application of pharmacological cardiac stressor in this study were 

compared.  

 

5.3.3 Intermittent, Increasing Duration Isoproterenol Treatment 

INE, a non-selective beta-adrenergic agonist, was used as pharmacologically to induce a 

cardiovascular stress response by increased heart rate and force of contraction, a drop in blood pressure and 

a cardiotrophic response. Previous reports using Wistar rats indicated a dose of 0.3mg/kg/day induced 

maximal cardiac hypertrophy one day post-dosing, an approximate 50% return to baseline by four days, 

and maximal regression by eight days [115,119], therefore this dose was initially chosen for the current 

study. This cycle was repeated seven times with each higher numbered cycle rats received one additional 

day of INE dosing than the previous cycle (Figure 5.1). This intermittent low-dose exposure, rather than the 

conventional acute high dose exposure, allows us to examine a scenario more reflective of a chronic stress 

lifestyle. In a pilot study, this dosing strategy of 0.3mg/kg INE (Sigma-Aldrich, St. Louis, MO) caused 

50% mortality in the Sprague-Dawley rat (data not shown). This was found to be in agreement with the 

concept that Sprague-Dawley rats may be more sensitive to INE, in part due to increased sympathetic 

activity and cardiac adrenergic tone compared to Wistar rats [175,177]. Therefore, given the repeated dose   
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Figure 5.1. The study design used to produce repeated cardiovascular burden of increasing duration 
on test subjects. 
The x-axis represents the study day with Day 0 corresponding to animals aged 100 ± 10 days. Grey bars 
represent isoproterenol (INE) administration (0.01 mg/kg) for each cycle (C). The cycle number indicates 
the consecutive days of administration of a single dose of INE. The short vertical lines mark the timing of 
ultrasound assessments. Study termination occurred on day 86. 
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design over a prolonged period, subsequent dosing was reduced to 0.01mg/kg using subcutaneous injection 

with corn oil vehicle (2mL/kg). 

 

5.3.4 Echocardiography 

Echocardiography was conducted with a Vevo2100 ultrasound system (Fujifilm VisualSonics, 

Ltd., Toronto, Canada) using the MS250 transducer, as described previously [120]. Anaesthesia was 

induced with 5% isoflurane in oxygen, and maintained at 1.5-2%, adjusted to maintain a heart rate of 300-

400 beats per minute. 

 

BW was recorded at the time of ultrasound for each animal and was used to normalize ultrasound 

parameters longitudinally. All animals underwent ultrasound evaluation of heart structure and function the 

week before the study period, at 100 days of age, to establish baseline characteristics. CTL rats were 

scanned at one of four specific time points for the duration of the study: 2 days prior to each dosing cycle 

(baseline); 1 day (24h), 4 days, or 7 days following the last dose of INE to correspond with critical 

timepoints in the cardiac INE response (described above; Figure 5.1). As a result of a smaller initial sample 

size, DMO exposed rats were scanned at either 1 day or 7 days following the last dose of INE. Cardiac 

ultrasounds were performed on cycles 1, 3, 5, and 7 to limit the exposure to isoflurane and stress of the 

procedure in combination with INE dosing. A key conclusion from Chapter 4 was that changes in BW are a 

critical determinant of many of the cardiac parameters being assessed. Therefore, to reduce this 

experimental confounder, CTL and DMO offspring were stratified to particular assessment days during 

which scans were performed, in a manner that minimised differences between BWs for each group at each 

time point.  

 

5.3.5 Study Termination 

At the conclusion of the study, animals were euthanized via carbon dioxide inhalation and 

exsanguination via cardiac puncture. Blood and tissues were collected for subsequent analysis. The left 

tibia was collected and extraneous tissues digested in a heated, strong alkali solution (0.2M NaOH, 60°C) 
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for 12 hours. The tibial length was measured with and without the articulating surfaces using digital 

calipers. The left and right adrenal glands were weighed and frozen. Hearts were collected and the 

chambers separated and weighed. 

 

5.3.6 Data Analysis 

Chapter 4 demonstrated that cardiac structure and function of offspring from ad libitum and pair-

fed dams were indistinguishable from one another across all endpoints assessed. As a result of this finding 

these two control groups were collapsed into a single group, thereby facilitating a single comparison 

between DMO and controls across time. Relevant ultrasound data were normalized to the BW of each 

animal at that time point where indicated. Data were analyzed by two-way ANOVA with Sidak’s post-hoc 

tests. Repeated measures ANOVA was not used because different animals underwent ultrasound at 

different time points across cycles, as described in methods. Data from cycle 3 was excluded from analysis 

since only two points for the CTL group were collected. A difference was deemed significant at p<0.05. 

 

5.4 Results 

5.4.1 Survival and Growth during INE Treatment 

No statistically significant difference was observed in the survival between groups (Mantel-Cox 

test, p=0.23), although it is noted that 4 of 12 DMO-exposed animals died over the course of the study 

compared to 6 of 39 CTL rats (Figure 5.2). This suggests even in the absence of a statistically significant 

difference, resolved VSD may predispose some individuals to a maladaptation due to hyperadrenergic 

stimulation. Prior to the initiation of this study, CTL rats with BWs that were outside of the range of BWs 

of DMO exposed rats were excluded due to the inherent impact on cardiovascular parameters (Chapter 4). 

Here, we show that raw BW and BW gain across INE treatment were not different between DMO and CTL 

rats (Figure 5.3A, B). Tibia length is also a common biometric measurement assessed at study termination 

to normalise for differences in body size. Here, left tibia length revealed no significant differences in the 

raw values (p=0.58) or values normalized to BW (p=0.98) between CTL and DMO animals (Appendix 

B.1). Together, we interpret the similarities in BW gain and tibia length to infer that any differences in  
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Figure 5.2. The survival curves of offspring from control (CTL) and dimethadione (DMO) exposed 
dams during the study. 
 
Grey bars of increasing width represent the isoproterenol (INE) administration cycles of increasing 
duration. The number of animals starting the study were 39 and 12 in CTL and DMO groups, respectively. 
The Mantel-Cox test showed no significant difference between groups (p=0.23). 
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Figure 5.3. Decreased left ventricular (LV) mass in dimethadione (DMO) group persisted for the 
duration of the study despite controlling for body weight (BW). 
 
Ultrasound data and BW were obtained on the first and seventh day after the last dose of INE on cycles 1, 
3, 5, and 7 (C1, C3, C5, C7) for control (CTL; open circles) and DMO-exposed offspring (grey circles). 
BW and percent BW gain are represented in panels A and B, respectively. Ultrasound estimated LV mass, 
raw (C), normalized to BW at time of ultrasound (D), as a percent change from baseline (E) and normalized 
to BW as a percent change from baseline (F). Two way ANOVA results show a significant treatment effect 
on (C) F(1, 65)=6.064, p=0.0165 and (D) F(1, 65)=11.99, p=0.001. *p<0.05, ***p<0.005, n=2-8. 
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cardiac endpoints that we observe between experimental groups is likely to be the result of resolved VSD 

and not secondary effects of altered postnatal growth.  

 

5.4.2 Adrenal Gland and Cardiac Wet Weights at Necropsy 

Changes to the weights of adrenal glands have been used as a surrogate marker of stress to the 

hypothalamic-pituitary-adrenal axis [178–180]. Total adrenal weight was decreased in DMO rats (p=0.02) 

and neared significance when normalized to BW (p=0.06). This difference appeared to be driven by a 

decrease in the raw weight of the right adrenal (p=0.0059) and when normalized to BW (p=0.0029) 

(Appendix B.2). This suggests INE treatment may have affected this endocrine axis differently in CTL and 

DMO-exposed animals. No significant differences were observed between the raw weights of the left 

ventricle (LV), right ventricle (RV), or total ventricular weights, or when normalized to BW (Appendix 

B.3). 

 

5.4.3 Cardiac Structure 

Repeated exposure to INE was expected to mediate a hypertrophic cardiac response in susceptible 

rats within the groups. Ultrasound assessment of myocardial structure was used to determine if resolved 

VSD altered this susceptibility. Raw LV mass and LV mass/BW were significantly decreased in DMO rats 

(Figure 5.3C, D), but there were no significant differences when measured as a change from the baseline at 

100 days of age (Figure 5.3C, D). Recalling that LV mass calculations during the study are software-

generated estimates derived from parasternal long axis M-mode, the validity of these estimates was 

investigated by comparing LV mass from the final cycle (C7) with LV wet weight at study termination 

(Figure 5.4). Despite three outliers, as determined with the ROUT test (Q=1%), these findings suggest 

excellent correlation between ultrasound weight estimates and wet weights and underscore the relative 

accuracy of LV weights at the low end of the range, however ultrasound appears to underestimate LV mass 

at the higher end, as presented in Figure 5.4. 
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Figure 5.4. Ultrasound estimates of left ventricular (LV) weight correlates with LV wet weight. 
  
Built-in software was used to estimate LV mass in parasternal long axis M-mode using the final ultrasound 
of each animal for cycle 7. No more than one week after the end of the study, hearts were collected, LV 
removed and weighed. The line of unity is indicated by the dotted line. Triangles indicate statistical outliers 
(ROUT, Q=1%). 
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To determine whether INE was inducing eccentric or concentric hypertrophy differently between 

groups, LV diameter in diastole and systole were determined. These values, both raw and normalized to 

BW, were significantly decreased in DMO rats, but not when presented as a change from baseline (Figure 

5.5). The same pattern was observed for LV volume in diastole and systole (Figure 5.6) and stroke volume 

(SV) (Figure 5.7). Percent change from baseline, independent of BW, can be found in Appendix B.4. 

 

5.4.4 Cardiac Function 

RV function was assessed with pulmonary artery peak velocity (PA Peak Vel) as a surrogate 

measurement, by pulse-wave doppler imaging. A significant difference was observed between PA Peak Vel 

(p=0.035) on cycle 7 measured 7 days following the last dose of INE (Figure 5.8A). No difference was 

observed when measured as a percent change from baseline values (Figure 5.8B). 

 

Fractional shortening (FS) and endocardial FS measure the relative change in heart dimension 

between systole and diastole. FS is measured across the short axis of the heart and endocardial FS along the 

long-axis. We reasoned that a pathophysiological fibrotic response to repetitive INE exposure may 

differentially effect the aforementioned parameters. By simultaneously comparing these functional 

endpoints, we hoped to gain a more comprehensive evaluation of the changes in the movement of the heart 

walls. As seen in Figure 5.9A, FS/EndoFS was increased in DMO rats (p=0.0078). Graphed as an XY plot, 

the distribution of DMO animals (represented by the percentages in each quadrant) compared to CTL 

depicts a difference in representation. Furthermore, the slopes did not differ (p=0.877) but the intercepts 

were significantly different (p=0.0069, Figure 5.9B). By breaking this down, it can be determined that 

endocardial FS is the driving factor of this difference (Figure 5.9C, Figure 5.10). Isolated analysis shows 

endocardial FS was significantly decreased in the DMO-exposed group while FS and EF, both measured 

along the short axis of the heart, were not significantly different between groups (Figure 5.10).  

 

Strain is a dimensionless parameter representing deformation of the heart, known to be a sensitive 

method of detecting early changes in myocardial function [181]. Strain analysis did not reveal any notable  
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Figure 5.5. Left ventricular diameter in diastole (D;d) and systole (D;s) are decreased in 
dimethadione (DMO) exposed animals. 

Ultrasound tracings in parasternal long axis M-mode were collected on the first and seventh day after the 
last dose of INE on cycles 1, 3, 5, and 7 (C1, C3, C5, C7) and resident software used to calculate estimates 
of D;d (left hand panels) and D:s (right hand panels) in control (CTL; open circles) and DMO-exposed 
offspring (grey circles). Raw values are shown in A and D; relative to body weight (BW) in B and E; 
relative to BW as a change from baseline in C and F. Two way ANOVA results show: (A) treatment effect 
F(1, 65)=21.13, p<0.0001, (B) treatment F(1, 65)=10.93, p=0.0015 and time effect F(7, 65)=3.978, 
p=0.0011, (C) treatment F(1, 65)=18.22, p<0.0001 and time effect F(7, 65)=7.314, p<0.0001 with Sidak’s 
post hoc test revealing an interaction between CTL and DMO on C1, Day 1 (p=0.034), (D) treatment effect 
F(1, 65)=10.49, p=0.0019. *p<0.05, **p<0.01, ****p<0.0001, ¥p<0.05 difference from CTL at indicated 
time point, n=2-8. 
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Figure 5.6. Left ventricular volume in diastole (V;d) and systole (V;s) are decreased in dimethadione 
(DMO) exposed animals. 
 
Ultrasound tracings in parasternal long axis M-mode were collected on the first and seventh day after the 
last dose of INE on cycles 1, 3, 5, and 7 (C1, C3, C5, C7) for control (CTL; open circles) and DMO-
exposed offspring (grey circles). Software resident to the ultrasound device was used to generate estimates 
for V;d (left hand panels) and V;s (right hand panels). Raw values are shown in A and D; relative to body 
weight (BW) in B and E; relative to BW as a change from baseline in C and F. Two-way ANOVA results 
show (A) treatment effect F(1, 65)=19.89, p<0.0001, (B) treatment F(1, 65)=11.62, p=0.0011 and time 
effect F(7, 65)=3.816, p=0.0016, (C) treatment F(1, 65)=28.14, p<0.0001 and time effect F(7, 65)=2.343, 
p=0.034, with Sidak’s post hoc interaction between CTL and DMO on C1, Day 1 (p=0.0051), (D) 
treatment effect F(1, 65)=12.56, p=0.0007. **p<0.01, ***p<0.001, ****p<0.0001, ¥p<0.05 difference from 
CTL at indicated time point, n=2-8. 
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Figure 5.7. Stroke volume (SV) is decreased in dimethadione (DMO) exposed animals. 

Ultrasound tracings in parasternal long axis M-mode were collected on the first and seventh day after the 
last dose of INE on cycles 1, 3, 5, and 7 (C1, C3, C5, C7) for control (CTL; open circles) and DMO-
exposed offspring (grey circles). Software resident to the ultrasound device was used to generate estimated 
SV. Data are presented as raw values (A), normalized to body weight (BW) at the time of ultrasound (B), 
and normalized to BW as a percent change from baseline (C). Two-way ANOVA results show a (A) 
treatment effect F(1, 65)=14.90, p=0.0003, (B) treatment F(1, 65)=21.92, p<0.0001 and time effect F(7, 
65)=4.151, p=0.0008 and Sidak’s post hoc interaction between CTL and DMO on C1, Day 1 (p=0.02). 
***p<0.005, ****p<0.001, ¥p<0.05 difference from CTL at indicated time point, n=2-8. 
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Figure 5.8. Pulmonary artery peak velocity (PA Peak Vel) is not significantly different between 
treatment groups or with isoproterenol (INE) treatment. 

PA Peak Vel was measured by pulse-wave colour doppler. Data presented as raw values (A) and as percent 
change from baseline (B). Two-way ANOVA results show a (A) time effect F(7, 53)=2.655, p=0.0197 and 
interaction F(7, 53)=3.339, p=0.0051 and Sidak’s post hoc difference between CTL and DMO on C7, Day 
7 (p=0.0346), (B) time effect F(7, 53)=6.382, p<0.0001. ¥p<0.05 difference from control (DMO) at 
indicated time point, n=2-8. 
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Figure 5.9. Differences in cardiac function driven by changes in long axis shortening. 

To obtain a comprehensive evaluation of cardiac function, fractional shortening (FS), obtained through M-
mode at mid-papillary level, was divided by endocardial FS, calculated along the long axis of the heart (A; 
two-way ANOVA F(1, 64)=7.552, p=0.0078, **p<0.01, n=2-8). The XY plot in (B) shows the difference 
in distribution between control (CTL, dashed line) and dimethadione (DMO) exposed offspring (solid line). 
The percentage of DMO animals in each quadrant are represented in the corners, with lines at the median 
values. (C) demonstrates that endocardial FS is the driving force of the difference observed in (A). 
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Figure 5.10. Dimethadione (DMO) exposed animals did not differ in measures of cardiac function 
with isoproterenol (INE) treatment. 

Endocardial fractional shortening (FS), FS, and ejection fraction as raw values (A, B, C respectively) and 
as percent change from baseline (D, E, F). Two-way ANOVA results show a (A) treatment effect F(1, 
64)=6.036, p=0.0167 with Sidak’s post hoc interaction between control (CTL) and DMO on C7, Day 7 
(p=0.0495). *p<0.05, ¥p<0.05 difference from CTL at indicated time point, n=2-8. 
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differences due to large variability within groups and low number of animals per time point (Appendix 

B.5). 

 
 

5.5 Discussion 

Our goal was to test a hypothesis related to developmental origins of susceptibility wherein an in 

utero insult may render the subject more vulnerable to a second “hit” later in life. To test this hypothesis 

DMO was administered to rats during pregnancy to generate a population of offspring with a high 

incidence of VSD that would spontaneously resolve postnatally. The second “hit” was intermittent, 

repeated exposure to an INE treatment that had previously been shown to generate cardiac changes 

[115,119], but also with periods of recovery. Interrogation of cardiac structure and function with 

echocardiography revealed decreased LV mass, LV diameter and volume, SV, and endocardial FS in adult 

male rats exposed to DMO in utero. These findings suggest that following spontaneous resolution of CHDs 

perinatally, male rats may have an attenuated capacity to respond to an adrenergic challenge in adulthood. 

 

FS is a commonly used parameter in determining global systolic function of the LV that can be 

obtained through calculations derived from M-mode [182]. Long-axis shortening, or endocardial FS, 

represents the fraction of longitudinal dimension lost in systole, obtained from B-mode in parasternal long 

axis view. As most publications obtain their data from M-mode, and current clinical guidelines do not 

include longitudinal LV function, this is not a commonly reported parameter in studies of LV dysfunction. 

However, when combined with previous studies, the present findings show that long-axis LV function is 

also a useful measure of systolic function and may identify different or more subtle changes in cardiac 

function [182,183]. Decreased endocardial FS, as seen in this study, has been associated with coronary 

artery disease and diabetes mellitus [183]. 

 

The reduced response to INE in DMO exposed rats, compared to CTL, may point to abnormalities 

within the myocardium resulting from improper cardiac development due to DMO exposure, or 

mechanisms involved in resolution of CHD. For instance, while both longitudinal and circumferential 

fibres exist in the endo- and epicardial layers, studies have shown that significant fibrosis as a result of 
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aging occurs only in the longitudinal fibres of the LV wall [184]. A distinction should be made between 

physiological and pathological hypertrophy of the heart, where the heart retains the ability to respond to 

physiological demands [185]. These can be distinguished from each other due to distinct morphological and 

molecular patterns of change [185]. Additional tissue analysis would be necessary to determine if the 

decreased response of DMO exposed male rats to INE in our study is due to myocardial disruption or 

differences in molecular expression of hypertrophic genes.  

 

Previously, as well as in this study, the data reveal that BW differences can clearly impact 

ultrasound values, thereby complicating the interpretation of findings (presented in Chapter 4). Careful 

stratification was performed to generate the two experimental cohorts matched for BW by using different 

feeding regimens to account for the alterations that occurred in the DMO rats. This enabled better 

comparisons of the primary outcomes to occur between groups rather than solely having to emphasize 

differences from baseline. While looking at the change from baseline would give insight to an individual 

animals response to INE, a time series analysis of developmental origins would require a larger number of 

animals to increase power as each variable introduces additional variance. Performing a crude simulation of 

a study with increased power, by doubling the DMO animals, revealed that significant differences from 

baseline would have been found (data not shown). 

 

The primary outcome of this study was not to determine what the effects of INE administration 

were, but rather to investigate whether male rats with resolved VSDs have altered adaptation to this form of 

chronic, intermittent exposure to a hyperadrenergic challenge. However, due to limited animals, we were 

unable to determine if there were differences in the maximum resolution of INE induced hypertrophy 

within each cycle, but only the overall changes with repeated, intermittent INE administration. Contrary to 

our hypothesis, our results indicate a reduced response to stress as well as the adrenergic challenge 

following resolution of VSDs based on decreased adrenal weights and ultrasound based measures of 

cardiac structure and function, respectively. The significance of this study may be relevant to the etiology 

of adult conditions as well as to the choice of therapeutic strategies used to mitigate risk. 
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Chapter 6 

Discussion 

6.1 Summary 

The overall hypothesis of this thesis was that in utero exposure to a stimulus known to produce a 

high incidence of ventricular septal defects (VSD) would disrupt critical gene pathways involved in 

ventricular septum formation. Furthermore, it was posited that even with the spontaneous postnatal 

resolution of the VSDs affected animals would be more susceptible to maladaptive pathologies when 

presented with cardiac challenges as an adult. In Chapter 2, gene expression changes were examined in 

embryonic heart 12h following in utero dimethadione (DMO) administration, which was four days prior to 

formation of the interventricular septum (IVS). With a 74% incidence of VSDs following DMO treatment, 

we expected that differences in gene expression would be profound, yet no differences were detected in 

whole heart homogenates; however, when hearts were microdissected into discrete regions, mRNA 

expression of Gata4 was decreased in the left ventricle (LV) and increased expression of Myl2 was noted in 

the atria. Together, this was interpreted to mean that subtle spatiotemporal gene expression changes may be 

sufficient to produce significant structural anomalies. 

 

Echocardiography, as described in Chapter 3, was used for the longitudinal assessment of cardiac 

structure and function during postnatal maturation and also during the period of recurring episodes of 

cardiac challenge with isoproterenol (INE). Chapter 4 identified differences in structure and function 

between control (CTL) and DMO-exposed rats on postnatal day (PND) 4 which appeared to resolve by 

weaning (PND21), yet were unmasked by PND100. This contrasts with our previous studies in female rats 

using the same in utero treatment regimen in which there appeared to be complete resolution of DMO-

induced congenital heart defects (CHD) by adulthood. The basis of this sexual dimorphism will need to be 

studied in the future as it may impact the diagnostic and treatment approaches used in males and females at 

different ages. 
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We also introduced a pair-fed group in addition to the ad-libitum CTL used in all previous studies 

to account for the transient decrease in maternal food consumption during dosing and the smaller birth 

weights in DMO offspring. Pair-fed and ad-libitum groups did not present with significant differences in 

cardiac assessments, therefore these groups were collapsed into a single CTL cohort. An important 

outcome of this was a significantly improved study design in which body weights (BW) were matched 

between experimental groups. The importance of similar BWs stems from the non-linear relationship 

between some cardiac parameters and BW over longitudinal studies. Notably, detecting cardiac 

hypertrophy in growing animals is complicated by the natural growth of the heart; normalizing to BW does 

not resolve this as the BW to heart weight ratio decreases with increasing size [186]. This cohort was used 

in Chapter 5 where hearts were challenged with INE in an increasing, intermittent fashion, separated by 

periods of recovery. We hypothesized that DMO-exposed offspring would be more susceptible to, and have 

a decreased ability to regress, from the hypertrophic effects of INE. We observed decreased LV mass, 

diameter, volume, stroke volume, and longitudinal fractional shortening (FS) in DMO rats compared to 

CTL, however no discernable differences were detected between groups when presented as a change from 

baseline. 

 

6.2 Molecular Mechanisms of VSD 

Chapter 2 investigated the changes in expression of genes following in utero exposure to DMO. 

We attempted to characterize the longitudinal changes in gene expression from gestational day (GD) 12-16 

prior to complete ventricular septation. While we were unable to detect differences between CTL and DMO 

treated whole heart homogenates, when microdissected into LV, right ventricle (RV), and atria, we 

observed differences in mRNA expression of two cardiac genes. Previous work using whole mount in situ 

hybridization (WMISH) had shown a significant increase in Nppa expression in the RV, but that was not 

observed in these studies using qRT-PCR. We have attempted to further investigate this result using 

WMISH during my studies but have encountered technical issues that have prevented us thus far. Future 

experiments should continue to optimize the primers and protocol to determine if this is a reproducible 

finding which could then be compared to Tbx5 expression, as Tbx5 is a positive regulator of Nppa and 
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plays a known role in septum formation [45]. The increase in Myl2 in the atria was confirmed by WMISH, 

with Gata4 to be performed in the future. 

 

We have hypothesized that there may be common disruptions of gene expression by many heart 

teratogens. Using the high incidence of VSD induced by DMO, we can investigate early gene expression 

changes across a litter before knowing whether that animal will develop a VSD or not, with minimal 

dilution by “unaffected” fetuses. To test this theory of a common disturbance, other exposures resulting in 

CHD should be tested. Another anticonvulsant, valproic acid (VPA) is known to cause CHDs, but at a 

much lower incidence than DMO [187–189]. Other exposures relevant to risk of prenatal exposure known 

to cause CHDs that could be tested include medications such as fluoxetine [190,191], recreational drugs 

such as ethanol [192,193], pesticides such as nitrofen [194], and industrial solvents such as ethylene glycol 

monomethyl ether [195–198]. 

 

6.3 Developmental Origins 

 Developmental origins of health and disease (DOHaD) is an expanding area of study investigating 

how the early life environment impacts health and disease in adulthood [199,200]. This field grew from the 

epidemiological findings presented in 1968 by Barker and Osmond where malnutrition during pregnancy 

was correlated with increased risk of cardiovascular disease in adulthood [201,202]. Since then animal 

studies have been used to assess the risk of a multitude of factors such as maternal obesity, hypoxia, 

hyperoxia, infection, smoking, and drug use on the health of the offspring [203,204]. A thorough review by 

Dickinson et al. (2016) outlines the fundamental requirements of DOHaD animal research with 

recommendations on animal models, intergenerational studies, tissue collection, and stress in long term 

studies [203]. Of particular interest with regards to the research presented in this thesis is the determination 

of a biological unit in DOHaD studies. Based on the idea that all offspring of a single litter will have 

experienced the same in utero environment, it can be argued that each pup can be considered an 

independent unit, however, this review counters that since rats are multi-conceptus animals there is 

competition for resources leading to variability within the litter, so the dam should be the statistical unit 

[203]. As such, their overall recommendation is that in studies with maternal treatment, only one male and 
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one female representative of the litter be used, or if more pups are used, that their values be averaged to 

represent that litter, noting that this may exclude the high and low extremes of the phenotype [203]. In our 

DMO model, offspring exhibit wide intra-litter variability with respect to incidence of VSDs, and we have 

shown that functional defects occur in the absence of structural anomalies [30,68,99,101]. Together, this 

limits out ability to select ‘representatives’ from each litter, and therefore, each offspring was treated as 

independent and was not grouped by litter. 

 

A limitation of the studies presented in Chapters 4 and 5 was that we did not identify offspring 

who developed a VSD with DMO treatment. This decision was made based on our previous work 

determining the incidence of VSD on GD21, and the increased risks associated with anaesthesia and 

handling pups on GD1. Without having positive identification, we were unable to stratify offspring into 

those with a VSD and those who appeared unaffected by treatment. As such, the information obtained here 

is more accurately describing the long-term effects of exposure to an in utero teratogen, rather than the 

long-term effects of resolved VSDs. 

 

6.4 Echocardiography and Its Use in Future Studies 

This body of research has revealed a number of considerations that future studies requiring the use 

of small animal echocardiography should incorporate. Ultrasound assessments were conducted in a 

parasternal long axis (PSLAX) view rather than short axis (SAX), initially to limit the time that PND4 rats 

were exposed to isoflurane, and as the rats aged beyond three months and gained significant weight, the 

shadowing by the ribs and sternum produced artifact that compromised integrity of the images even with 

modified positioning of the animal. SAX allows for measurement of radial motion of the myocardium 

while PSLAX captures longitudinal motion. In humans, it has been proposed that longitudinal motion is 

more predictive of heart failure than radial motion [205,206]. This type of review and recommendation has 

not been performed for studies using rats. Our findings suggest that more comprehensive assessments 

should be performed as this would more likely reveal the subtleties of maladaptation in cardiac structure 

and function. 
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The major limitation of 2D echocardiography are the assumptions that must be made in estimating 

LV structure and function. Classical parameters for estimation of LV cardiac function including ejection 

fraction (EF) and FS are calculated using the Teichholz method which assumes a 3D ellipsoid of the LV 

[207,208]. This method is no longer recommended for clinical use, however is still used in animal studies 

[182]. Under normal physiological conditions, EF and FS are predictably related, however cardiac 

abnormalities that disrupt the shape of the LV, including CHD and regional wall motion anomalies, can 

result in fallacious conclusions [208,209]. It is known that in our DMO model of CHD, gross abnormalities 

may arise altering the shape of the LV, such as the appearance of double apexes, whereby analysis may not 

have captured the full extent of cardiac structure and function [30,101]. The bi-plane modified Simpson’s 

method provides a much more accurate measure of EF, comparative to the gold standard MRI, though is 

more time consuming during both the ultrasound procedure and post-acquisition analysis than B-mode or 

B-mode guided M-mode [210]. This method uses three orthogonal SAX sections at the apical, 

midventricular, and basal levels combined with the PSLAX ventricular length to construct a more accurate 

reconstruction of the LV [210].  

 

Analysis of ultrasounds in M-mode is based on a one-dimensional cross section of a B-mode cine 

loop. Post-acquisition analysis allows for LV trace in M-mode as well as B-mode, where output data is 

based on two dimensions rather than one. It has been shown in both the mouse and rat that M-mode 

determination of cardiac output (CO) is overestimated when compared to 2D echocardiography and flow 

probe-derived CO [211,212]. It is proposed that this may be due to the assumption made in M-mode that 

the LV long axis is twice length by width. In the mouse this has been shown to be valid in diastole, but due 

to the difference in long- vs short-axis contraction during systole, the ratio is much greater [212]. As we 

showed a significant difference in FS measured in B-mode vs M-mode, using M-mode to assess other 

cardiac parameters may have missed other important changes in cardiac structure and function. As B-mode 

cine loops were collected during ultrasounds from the longitudinal study in this thesis, a direct comparison 

of B-mode LV trace output data should be compared with the M-mode data presented in Chapters 4 and 5. 

In support of this, Lang et al. (2015) state that “comparison studies have not been performed in the current 

era, when tremendous gains in 2D echocardiographic image quality have been made” [182].  
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6.5 Conclusions 

 The findings of the research presented in this thesis contribute to our understanding of the 

molecular changes involved in environmentally induced CHDs, the long term cardiac outcomes of resolved 

VSD when exposed to a second cardiac stressor in adulthood, and how echocardiography can be properly 

used in longitudinal studies such as these. To reiterate, the first hypothesis was that in utero DMO exposure 

would lead to molecular changes associated with VSDs. Tbx5, anticipated to be ectopically expressed in the 

RV was not shown, however differences in the pattern of expression of the transcription factor Gata4 and 

its downstream gene Myl2 were observed. The second hypothesis was that in utero DMO exposure would 

result in significant differences from CTL in cardiac structure and function just after birth (PND4) but 

would resolve to be indistinguishable from CTL by adulthood (PND100) in male rats, based on previous 

findings in female offspring. Using a more thorough method of analysis than previously used, this pattern 

was only partially confirmed. At birth, DMO offspring exhibited several cardiac structural and functional 

differences from CTL, most of which resolved by weaning (PND21) and early adulthood (PND56), yet re-

emerged by PND100. Lastly, we hypothesized that a cardiac stressor secondary to the initial in utero insult 

would result in maladaptive responses. Specifically, we used the beta-adrenergic agonist INE in an 

increasing, intermittent fashion separated by periods of recovery. We anticipated that the DMO exposed 

offspring would not recover from the INE induced hypertrophy to the same extent of CTL, however this 

was not the case. We observed a similar response in both groups, with the DMO exposed group retaining 

many of the differences observed at the start of the study. The use of ultrasound throughout this work 

revealed limitations in its application in longitudinal studies, most notably with regards to normalization. 

Normalizing to tibia length required using an endpoint measure which was nearly three months later than 

the earliest time point. BW complicated longitudinal interpretation of the results as heart weight to BW 

ratio is inversely correlated with size [186]. Therefore, care was taken in determining an appropriate CTL 

group for which DMO offspring could be compared. 
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Appendix A.1. Mutant Mouse Model Phenotypes 
 

Gene Model Relevant Phenotype Characteristics 

Tbx5 

Tbx5del/+[41] 
 

Tbx5+/�[138] 

VSD, broad P-wave, prolonged P-Q intervals, 
first and second degree AV block, sinus pauses 
Abnormally shaped thoracic rib cage, shortened 
sternum, incomplete fusion of sternum 

Gata4 Gata4�ex2/WT[128] VSD, endocardial cushion defects 

Gata5 
Gata4+/-5-/-[129] Hypoplastic compact myocardium with abnormal 

trabecular structure, hypoplasia of endocardial 
cushions, VSD, common AV canal 

Gata6 
Gata4+/-6+/-[130] Single cardiac outflow tract, hypoplastic 

transcending aortic arch, myocardial thinning, 
VSD 

Hand1 aMHC::Cre; 
Hand1loxP/lacZ[49] 

VSD, overriding aorta, double outlet RV 

Hand2 
Hand2-/-[131] 

Mef2cCre:Hand2loxp/-

[131] 

Hypoplasia of the RV, shortened outflow tract 
Hypoplasia of the RV, thin myocardium, VSD 

Nkx2.5 K51R-Tg/Nkx2.5+/-

[132] 

Compound ASD/VSD, decreased EF and FS 

Jarid2* 
Jmj-/-[133] Double outlet RV, VSD, poor compaction of 

ventricular walls, incomplete fusion of the 
sternum (“cleft sternum”, or sternoschisis) 

Gjc1* Cx45-/-[134] Conduction block, endocardial cushion defects 
Smarcd3 siSmarcd3[127] Outflow tract defects, hypoplastic RV 

Postn Postn-/-[135] 
Postn-/-[139] 

Abnormal differentiation of endocardial cushions 
Decreased bone mass 

Myh6* a-MyHC-/-[136] 
a-MyHC+/-[136] 

Gross heart defects 
Reduced contractility, prolonged relaxation 

Myl2* Mlc2v-/-[137] Wall thinning, reduced LV EF 

Gja5* 
Cx40-/-[138] 

Cx40-/-[141] 
Rib malformations, incomplete fusion of sternum 
First degree AV block, bundle branch block, slow 
AV conduction and prolonged PR interval 

Kcne1* minK-/-[140] Reduced IKr and slowed deactivation 

Mef2c Mef2c-/-[57] Weak atrial contractions, no independent 
ventricular contractions, decreased HR 

Bmp10 
Bmp10-/-[51] Hypoplastic ventricular walls, no ventricular 

trabeculae, abnormal endocardial cushion 
development in the OFT and AV canal 

Atp2a2* Serca2a+/-[142] Reduced systolic pressure and rate of contraction 

Nppa  Marker of disrupted patterning in the developing 
heart [65,66] 

*differences between gene name and model are a result of changes to accepted nomenclature 
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Appendix A.2. Primer Sequences for qRT-PCR 
 
Gene Sequence 

5’ à 3’ 
Tbx5 FWD: CCCTACCAGCACTTCTCTGC 

REV: GACTGAAGGCCAGTCTGAGG 
Nkx2.5 FWD: ACTTGAACACGGTGCAGAG 

REV: GTCATCGCCCTTCTCCTAAAG 
Gata4 FWD: TCTCACTATGGGCACAGCAG 

REV: CGAGCAGGAATTTGAAGAGG 
Gata5 FWD:  AGCCTCTTCTCCCACTCTCC 

REV: GTAGGACCCCACTGAGACCA 
Gata6 FWD: GTAAGATGAACGGCCTCAGC 

REV: CATATAAAGCCCGCAAGCAT 
Hand1 FWD: CTTCAAGAAGTCCGCAGGTC 

REV: TGAGTGGTGATGGTGGTGAT 
Hand2 FWD: CCAGCTACATCGCCTACCTC 

REV: TGGTTTTCTTGTCGTTGCTG 
Jarid2 FWD: ACTGGAGAAGGAGGTGCTGA 

REV: GAAGCCATTCCTGGGTGTAA 
Myh6 FWD: AGACAATCTACAGCGGGTGAAGCA 

REV: TTTGCCTTGGCCTTGATGATCTGC 
Myl2 FWD: TAACCACGCAAGCAGAGAGGTTCT 

REV: TCCGTGGGTGATGATGTGAACCAA 
Nppa FWD: TGAGCCGAGACAGCAAACATCAGA 

REV: ATCTGTGTTGGACACCGCACTGTA 
Atp2a2 FWD: CGATGACAATGGCACTTTCTG 

REV: AAGTGAAGGGACATGGACAAG 
Smarcd3 FWD: AGGGGAAGCTCTTGGATGAT 

REV: CCATCTGTCTCCTGGGTTGT 
Bmp10 FWD: AATTATCCAGGCCTTGGTCCACCT 

REV: TTCAGACACGGCCATTCCTTCGTA 
Kcne1 FWD: GCAAGGCCCTCTTCCAGGCC 

REV: GCAGGTTGTTCTACGGCCGCC 
Gja5 FWD: TCCCTTCTGCATATGCCTTCCACT 

REV: CCCAAGGAAACACAGGAGCATCT 
Gjc1 FWD: GGCAAACCAATTCCACCACCATGA 

REV: AGACAATCAGCACAGTGAGCCAGA 
Postn FWD: AACAGCAAACCACTTTCACGGACC 

REV: GAACGCATTGTTCACAGGCGCTA 
Mef2c FWD: GCCCTGAGTCTGAGGACAAG 

REV: AGTGAGCTGACAGGGTTGCT 
GusB FWD: GGTCGTGATGTGGTCTGTG 

REV: TGTCTGCGTCATATCTGGTATTG 
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Appendix A.3. Primer Sequences for PCR Amplification for in situ Hybridization 
 

Gene Sequence 
5’ à 3’ 

Fragment 
Length (bp) 

Tbx5 FWD: AATTAACCCTCACTAAAGGG 
GCACCCCTATAAGAAGCCGT 368 REV: ATTTAGGTGACACTATAGGA 
TGGGTCACTGAGGTCTGG 

Nppa FWD: ATTTAGGTGACACTATAGTA 
GACCACCTGGAGGAGAAGAT 300 REV: AATTAACCCTCACTAAAGGG 
GTCCGCTCTGGGCTCCAAT 

Myl2 FWD: AATTAACCCTCACTAAAGGG 
AGACTTCCTGTTTATTTGCCACAG 203 REV: ATTTAGGTGACACTATAGAT 
GTCGCAGCTTTTCCCCCT 
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Appendix A.4. Gene Expression in Whole Heart Homogenates 
  

Control DMO  Control DMO  
Mean ± SD Mean ± SD  Mean ± SD Mean ± SD 

Gata5 
  

Gata6   
GD12 1.07 ± 0.5 0.98 ± 0.14 GD12 1.08 ± 0.56 0.96 ± 0.44 
GD14 1.62 ± 1.35 1.83 ± 1.19 GD14 2.96 ± 3.18 1.54 ± 1.41 
GD15 1.51 ± 1.25 1.48 ± 1.19 GD15 2.75 ± 2.61 2.25 ± 1.92 
GD16 1.27 ± 1.11 0.24 ± 0.19 GD16 1.01 ± 0.16 0.39 ± 0.34 
Mef2c 

  
Nkx2.5   

GD12 1.02 ± 0.26 1.15 ± 0.21 GD12 1.05 ± 0.41 1.18 ± 0.22 
GD14 1.16 ± 0.8 1.77 ± 1.73 GD14 1.97 ± 1.61 2.44 ± 1.74 
GD15 1.11 ± 0.65 0.83 ± 0.17 GD15 1.64 ± 1.33 1.86 ± 1.48 
GD16 1.05 ± 0.37 0.71 ± 0.44 GD16 1.07 ± 0.51 0.48 ± 0.38 
Smarcd3 

  
Jarid2   

GD12 1.23 ± 0.94 1.08 ± 0.43 GD12 1.93 ± 1.66 2.81 ± 2.44 
GD14 1.88 ± 1.69 2.11 ± 1.78 GD14 1.99 ± 1.97 3.53 ± 3.29 
GD15 1.60 ± 1.34 1.77 ± 1.58 GD15 2.03 ± 1.72 1.60 ± 1.79 
GD16 1.10 ± 0.57 0.50 ± 0.38 GD16 5.93 ± 9.05 0.45 ± 0.47 
Atp2a2   Postn   
GD12 1.84 ± 1.53 1.83 ± 1.54 GD12 1.03 ± 0.29 0.81 ± 0.41 
GD14 1.58 ± 1.4 1.53 ± 1.19 GD14 1.52 ± 1.69 0.94 ± 0.99 
GD15 1.64 ± 1.54 1.14 ± 1.04 GD15 1.25 ± 1.05 1.11 ± 0.59 
GD16 1.76 ± 1.56 1.30 ± 1.1 GD16 1.78 ± 2.25 0.64 ± 0.59 
Myh6   Kcne1   
GD12 1.05 ± 0.38 1.51 ± 0.81 GD12 1.18 ± 0.71 0.99 ± 0.44 
GD14 1.13 ± 0.72 0.95 ± 0.55 GD14 1.12 ± 0.6 1.60 ± 1.44 
GD15 1.16 ± 0.81 0.88 ± 0.37 GD15 1.23 ± 0.79 1.17 ± 1.13 
GD16 1.14 ± 0.76 0.72 ± 0.43 GD16 25.33 ± 43.66 0.27 ± 0.16 
Gja5 

  
Gjc1   

GD12 1.03 ± 0.28 1.06 ± 0.29 GD12 1.00 ± 0.1 0.97 ± 0.36 
GD14 1.00 ± 0.09 1.06 ± 0.18 GD14 1.17 ± 0.84 1.27 ± 1.39 
GD15 1.03 ± 0.31 1.19 ± 0.06 GD15 1.21 ± 0.95 0.78 ± 0.24 
GD16 1.26 ± 1.07 0.79 ± 0.1 GD16 10.32 ± 17.56 0.27 ± 0.18 
Hand1   Hand2   
GD12 1.21 ± 0.8 1.90 ± 1.23 GD12 1.01 ± 0.15 0.79 ± 0.19 
GD14 4.11 ± 5.42 1.90 ± 2.31 GD14 4.48 ± 4.05 5.10 ± 4.54 
GD15 2.81 ± 3.9 1.43 ± 1.5 GD15 4.70 ± 4.45 4.18 ± 3.86 
GD16 2.45 ± 3.51 0.51 ± 0.63 GD16 4.58 ± 4.05 4.32 ± 3.98 
Bmp10   
GD12 1.03 ± 0.31 1.21 ± 0.45 
GD14 1.39 ± 1.38 1.39 ± 1.62 
GD15 1.26 ± 1.06 1.66 ± 1.1 
GD16 3.38 ± 5.29 0.43 ± 0.49 
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Appendix B.1 Tibia length was similar in control (CTL) and dimethadione (DMO) exposed offspring.  
 
At the termination of study left tibias were collected and processed as described. The raw tibia length (mm) 
is expressed with articular surface (A), and without articular surface (B). The tibia length (mm) to body 
weight (g) ratio with articular surface shown in (C), and without articular surface in (D). n=8-28. 
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Appendix B.2 Adrenal gland weights differ between control (CTL) and dimethadione (DMO) 
exposed offspring.  
 
At necropsy the adrenal glands were removed and the left (L) and right (R) adrenal glands were weighed 
separately. Open circles represent CTL samples and grey circles DMO. Adrenal gland wet weights 
presented as combined weight (A), left (B), right (C), and ratio of L:R (D) and normalized to body weight 
(BW): combined (E), left (F), right (G), ratio L:R (H). *p<0.05, **p<0.01, n=8-28. 
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Appendix B.3 Ventricular wet weights similar in control (CTL) and dimethadione (DMO) exposed 
offspring.  
 
At necropsy the hearts were removed and dissection by chamber. The raw left ventricular (LV), right 
ventricular (RV), and total ventricular wet weights are presented along the top panel (A-C), and each 
normalized to body weight (BW) along the bottom (D-F). n=8-28. 
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Appendix B.4 Ultrasound parameters as a percent change from baseline. 
 
Ultrasound tracings in parasternal long axis M-mode were collected on the first and seventh day after the 
last dose of INE on cycles 1, 3, 5, and 7 (C1, C3, C5, C7) and resident software used to determine left 
ventricular (LV) mass (A), stroke volume (B), LV diameter in diastole (C) and systole (D), and LV volume 
in diastole (E) and systole (F) in control (CTL; open circles) and DMO-exposed offspring (grey circles) 
presented as a change from baseline. *p<0.05, n=2-8. 
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Appendix B.5 Strain analysis did not reveal differences between control (CTL) and dimethadione 
(DMO) exposed rats. 
 
Radial and longitudinal strain (A, C), strain rate (E, G), and maximum opposite wall delay (MOWD; B, D, 
F, H) from the first and seventh day after the last dose of INE on cycles 1, 3, 5, and 7 (C1, C3, C5, C7) in 
control (CTL; open circles) and DMO-exposed offspring (grey circles) obtained from parasternal long axis 
B-mode cine loops. *p<0.05, difference from CTL at indicated time point, n=2-8. 
 

 


