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Abstract 

Many antiepileptic drugs on the market, including valproic acid (VPA), have a wide range of 

therapeutic effects in addition to treating epilepsy. In recent years, the use of VPA in the treatment of 

psychiatric conditions has been on the rise. However, studies have shown that in utero exposure to VPA 

can have detrimental effects on embryonic development. Specifically, in utero exposure to VPA has been 

associated with a higher risk of congenital heart defects. In spite of this, expectant mothers are advised to 

continue taking it throughout pregnancy to prevent seizures. One proposed mechanism of VPA-initiated 

teratogenicity is the inhibition of histone deacetylase (HDAC), which is involved in the regulation of 

transcription factors associated with cardiogenesis. Myocyte enhancing factor 2C (Mef2c), a transcription 

factor involved in development of cardiac structure and cardiomyocyte differentiation, has been shown to 

increase in response to in utero VPA exposure. Furthermore, this increase in gene expression has been 

associated with contractile dysfunction and myocardial disorganization. To characterize the effects of 

VPA on murine heart development, pregnant CD-1 mice were dosed with 400 mg/kg of VPA on 

gestational day (GD) 9 and ultrasounds were performed on GD 14 to 18, prior to harvesting the fetal 

hearts on GD 19. Using high-resolution ultrasound (HRUS) technology, we examined the effects of VPA 

on cardiac contractile function, followed by histology to evaluate the effects of VPA on myocardial 

organization and ventricular lumen diameter.  Lastly, we conducted qRT-PCR to measure the relative 

Mef2c gene expression in GD 16 murine hearts. Qualitative analysis of the murine hearts at GD 19 

showed structural anomalies only in the hearts of VPA-treated mice. Additionally, our results showed a 

decrease in contractile ability of VPA-treated mice compared to the control group on GD 18 and an 

increase in both anterior and posterior myocardial wall contraction on GD 14 and GD 15. We did not find 

any effects of VPA on the gene expression of Mef2c. Together these results further characterize the 

effects of VPA on heart development and suggest that increased Mef2c gene expression, at least on GD 

16, does not mediate VPA-induced cardiotoxicity.  
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Chapter 1 

Introduction 

1.1 Valproic Acid  

1.1.1 Introduction 

Valproic acid (VPA) is a widely used anti-epileptic drug (AED) and is listed as an 

essential medicine by the World Health Organization. Its anti-epileptic properties were 

accidentally discovered in the early 1960s and it has been on the market as an AED since 1974. 

Since its discovery, it has been a first line treatment for different types of seizures including 

generalized epilepsies, for which treatment options are limited (Tomson et al, 2016). With the 

exception of focal seizures, VPA is consistently effective in treating absence seizures, generalized 

tonic-clonic seizures and myoclonic seizures (Glauser et al, 2013; Tomson et al, 2015).  It can 

also be used to treat complex partial seizures, juvenile myoclonic epilepsy, and seizures 

associated with Lennox-Gastaut syndrome. The overall efficacy of VPA has been shown to be 

60%, with greater efficacy in patients with generalized seizures, making it the first-line treatment 

for many patients suffering from seizures (Perucca, 2002).  

In addition to being the most effective treatment for tonic-clonic seizures, VPA has a 

wide therapeutic applicability. In recent years, it has been increasingly used in the treatment of 

migraines, bipolar disorder, clinical depression, schizophrenia, and more recently, cancer 

(Wlodarczyk et al, 2012). In the United States, 83% of VPA prescriptions are for conditions other 

than epilepsy, with 74% of those prescriptions for psychiatric disorders (Adedinsewo et al, 2013). 

Between 1995 and 2009, VPA prescriptions to treat bipolar disorder increased by 20% and 1 in 3 

women of childbearing age were treated with VPA (Hayes et al, 2011). Even though there is 

strong evidence to support the teratogenic potential of VPA, it continues to be prescribed in 
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women of childbearing age because it is considered a first-line treatment for bipolar disorder 

(Hayes et al, 2011).  

The therapeutic mechanisms of action for the treatment of epilepsy are not entirely 

understood but the inhibition of gamma-aminobutyric acid (GABA) transaminase, as well as 

acting as a GABA agonist, and the blockage of voltage-gated Na+ channels, have been proposed 

as potential mechanisms (Rosenberg, 2007; Tomson et al, 2016). Seizures, disturbances in brain 

activity, are the most common symptom of epilepsy and occur due to uncontrolled neuron activity 

in the brain. By increasing the concentration of GABA, an inhibitory neurotransmitter, and 

inhibiting voltage-gated Na+ channels, VPA may act to prevent the spread of electrical activity in 

the brain. However, this wide range of pharmacokinetic effects may contribute to its causation of 

various types of birth defects. 

1.1.2 Pharmacokinetics of VPA 

1.1.2.1 Pharmacokinetics in Humans 

VPA is a branched short-chain fatty acid consisting of two propyl groups attached to an 

acetic acid base, naturally produced by the plant valerian (Valeriana officinalis) (Figure 1.1). 

When used as an antiepileptic drug, it is typically administered twice daily at a cumulative dose 

of 500-2500 mg/day (Perruca & Tomson, 2011). The half-life of VPA is 9-16 hours when 

administered as a monotheraphy (Gugler & von Unruh, 1980; Chateauvieux et al, 2010). The 

half-life is reduced to 6-8 hours when administered as a polytherapy with phenytoin or 

carbamazepine due to the induction of liver enzymes by the co-administered drug(s) (Gugler & 

von Unruh, 1980). In patients where VPA alone is not sufficient, it is administered with an 

additional AED.  VPA is highly bound to plasma proteins (87-95%), resulting in a low clearance 

of approximately 6-20 ml/h/kg (Ghodke-Puranik et al, 2013). A low clearance rate means that the  
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Figure 1.1 The chemical structure of VPA. 
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drug remains in the system for a longer period of time. VPA is rapidly absorbed in the 

gastrointestinal tract and reaches peak concentration within 1-2 hours of administration (Gugler & 

von Unruh, 1980; Wlodarczyk et al, 2012). Due to its high degree of protein binding, the volume 

of distribution for VPA is relatively small at 0.1-0.4 L/kg (Gugler & von Unruh, 1980). 

VPA is metabolised by glucuronidation, β-oxidation in the mitochondria and CYP450- 

mediated oxidation (Ghodke-Puranik et al, 2013).	 The major routes of metabolism are 

glucuronidation and β-oxidation, accounting for 50% and 40% of VPA’s metabolism, 

respectively. CYP450-mediated oxidation accounts for only 10% of the metabolism. Adverse 

effects of VPA include sedation, fatigue, tremor, gastrointestinal symptoms and weight gain 

(Tomson et al, 2016). In rare cases, VPA may result in hair loss, coagulation disorders, as well as 

fatal hepatotoxic effects and acute pancreatitis. Most importantly to this thesis, VPA has been 

repeatedly associated with numerous types of birth defects in various organ systems following in 

utero exposure. VPA is transferred from mother to child by passing through the placenta (Gugler 

& von Unruh, 1980). Levels of VPA, as well as its metabolites, have been found to be 1.5 times 

higher in the cord serum when compared to maternal serum (Kondo et al, 1987). As a result of its 

metabolism, the derivatives of VPA can also exert teratogenic effects (Gotfryd et al, 2011).  

1.1.2.2 Pharmacokinetics in a Murine Model 

The pharmacokinetics of VPA in rodents, namely mice, are slightly different to humans. 

Following subcutaneous (s.c) administration, peak plasma concentration is reached within 30 

minutes (Nau & Zierer, 1982). The half-life of VPA is 1 hour and the plasma clearance is 60 

times greater in mice when compared to adult humans (Nau & Zierer, 1982; Nau, 1986). 

Similarly to humans, VPA is teratogenic in mice and results in birth defects of the same organ 

systems as humans, namely the nervous and cardiovascular systems, following in utero exposure. 

Following VPA administration in mice, Nau (1986) observed that the levels of the parent 

compound reach peak concentration in the gestational tissue within 10 minutes. Nau & Scott 
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(1987) have shown that teratogenic effects occur as a result of the accumulation of VPA in mouse 

embryos due to the alkaline environment. Furthermore, VPA is metabolized in mice by the same 

pathways as humans. The most common metabolite of VPA is 2-propyl-2 pentenoic acid (2-en) 

which is found at a concentration of 5-15% of the parent compound (Nau & Zierer, 1982). The 

plasma concentration of 2-en is comparable to those observed in humans but it does not seem to 

exert teratogenic effects. Studies have shown that it is not the metabolites, but the parent 

compound that results in the incidence of birth defects. The metabolite to parent compound drug 

ratios in the gestational tissues were very low, suggesting that VPA itself is responsible for the 

observed teratogenic effects (Nau, 1986).  

1.1.2.3 Teratogenicity of VPA 

Ideally, women of reproductive age would be advised against taking AEDs, including 

VPA, particularly if planning a pregnancy, however, this is not always the case. In the general 

population, approximately 0.5% of pregnancies occur in woman taking AEDs (Adab & 

Chadwick, 2006), however, with VPA’s expanding therapeutic profile, exposure may be much 

higher (Hill et al, 2010). Even in developed countries, major congenital malformations (MCMs) 

are the leading cause of infant mortality. A significant number (5-10%) of these MCMs are as a 

result of exposure to teratogenic compounds (Finnell et al, 2002). Therefore, there must be a 

delicate balance between treating epilepsy in pregnant women and protecting the health of the 

developing fetus. The use of VPA while pregnant poses a higher risk of MCMs in the fetus, but 

untreated seizures can also be detrimental to the health of the mother and the child. AEDs are 

prescribed to prevent accidents and physical injury due to a seizure rather than the effects of a 

seizure itself.  There is no concrete evidence to support that partial seizures, myoclonic seizures, 

and absence seizures will negatively impact fetal development. Studies have shown that the risk 

of congenital malformations in epileptic women not taking AEDs is the same as in the general 

population (Holmes et al, 2001). However, women are advised to continue taking AEDs as 
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generalized tonic-clonic seizures could lead to physical injury due to the uncoordinated muscle 

activity. Injury from vehicular accidents or falls associated with tonic-clonic seizures can be very 

harmful to the health and well-being of the fetus. Since VPA is one of the most effective AEDs 

for the treatment of tonic-clonic seizures, it is recommended that pregnant women continue taking 

it.  

1.2 Fetal Development 

In order to appreciate the range and extent of VPA’s effects on the developing fetus, it is 

important to review organogenesis, and most relevant to this thesis, cardiogenesis first before 

elaborating on the specific teratogenic effects of VPA. 

1.2.1 Organogenesis 

Animal organogenesis is fairly similar between species (Cunha et al, 2016). With the 

exception of a shortened gestation period, murine organogenesis is similar to humans in that it 

follows the same order of development. The susceptibility to various teratogens varies throughout 

gestation in all species, as it is dependent on the development timeline of each organ system 

(Figure 1.2). The major organs and extremities are first to develop during the embryonic period, 

which in humans is weeks 3-9. As a result, exposure to a teratogen during this period can result in 

major morphological abnormalities.  During the fetal period, weeks 9-38 in humans, the palate 

and external genitalia form, and therefore, exposure to teratogens can result in functional defects 

or minor morphological anomalies associated with these structures. However, there are systems, 

like the central nervous system, that continue to develop past that period. By continually exposing 

the developing fetus, in humans or an animal model, to the teratogenic effects of AEDs, the risks 

of MCMs is higher than if the exposure was for a limited time due to the fact that it spans the 

embryonic and fetal development periods (Ornoy, 2009).   
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Embryonic development (weeks) Fetal development (weeks) 

3 4 5 6 7 8 9 16 20-36 38 

  Central nervous 
system 

  Heart  

  Upper limbs  

  Lower limbs  

  Palate  

      External genitalia 

Major morphologic abnormalities Functional defects and minor 
morphologic abnormalities 

 

Figure 1.2 Periods of embryonic and fetal development depicting the susceptibility of different 
organs to the effects of teratogens in humans. Exposure to a teratogen during the embryonic 
period, weeks 3-9, may result in the incidence of major morphologic anomalies, while exposure 
during the fetal period, weeks 9-38, may result in functional defects as well as minor morphologic 
anomalies. The dark red colour indicates the period during which each organ is highly susceptible 
to teratogenic effects, the light red indicates periods where each organ is susceptible but no longer 
to the same extent (Adapted from Van de Velde, 2016). 
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The focus of this thesis is cardiogenesis and the impact VPA exposure can have on 

cardiac development. In humans, the critical period of cardiac development is weeks 3-6. 

Exposure to a teratogen such as VPA during this period increases the risk of structural heart 

defects. However, the heart continues to develop and mature until week 9 and exposure to VPA 

during this later period increases the risk of functional defects. Due to the nature of VPA 

treatment, it spans both the development and maturation stages of the heart. Therefore, VPA 

exposure increases the risk of both structural and functional cardiac defects in the developing 

fetus.  

1.2.2 Cardiogenesis 

1.2.2.1 Stages of Heart Development 

The four main stages of murine heart development are the cardiac crescent, linear heart 

tube, chamber formation, and septation (Figure 1.3). In mice, the cardiac crescent forms at 

gestational day (GD) 8, followed by development of the linear heart tube at GD 8.5. Cardiac 

looping of the linear heart tube shifts the organ to the right of the embryo where chamber 

formation begins. This involves the development of the two atria and two ventricles. Septation to 

divide the chambers and maturation of the heart are the last to take place at GD 13 (Nemer, 2008; 

Bruneau, 2013). The endocardial cushions form the walls (septum) that divide the heart into 

chambers, as well as the valves. The heart continues to mature until birth.   

1.2.2.2 Cardiac Physiology 

The heart is the first functional organ to develop in the embryo with the purpose of 

pumping blood to the rest of the body (VanMeter & Hubert, 2014). The heart consists of three 

layers: the epicardium which allows for movement within the pericardial cavity, the myocardium 

which consists of cardiac muscle cells that can contract and expand to pump blood, and the 

endocardium which forms the valves and the septum separating the heart into chambers. The 
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cardiac muscle cells are made up of myofibrils, which are stimulated to contract when an 

electrical impulse spreads throughout the electrical pathways in the heart by releasing calcium 

from the membranes of cardiac muscle cells (Severs, 2000). Each cardiac muscle cell can 

function as an autonomous contractile unit but in order for the heart to properly contract, the 

electrical activity and contractile force must be passed from one cell to the next in a carefully 

coordinated fashion. Cardiac contraction is initiated by these specialized myocardial fibers at the 

sinoatrial (SA) node in the right atrium (VanMeter & Hubert, 2014). As the impulses spread 

through the atrial conduction pathways, the two atria contract filling their respective ventricles 

with blood. Following a short delay to allow the ventricles to fill, the atrioventricular (AV) node 

conducts the impulse through the ventricular walls, thereby initiating contraction of the two 

ventricles. The cardiac cycle consists of diastole and systole, a relaxation phase and a contraction 

phase, respectively. During diastole, the atria fill with blood until the increase in pressure causes 

the valves to open and the ventricles begin to fill. The electrical impulse causes the atria to 

contract and empty all remaining blood in the ventricles. Once the ventricles fill with blood, the 

electrical impulse causes them to contract, increasing the pressure. Once the pressure has 

overcome that in the arteries, the ventricles empty, and this is known as systole. The ventricles 

then relax and the cardiac cycle begins again.    

Due to the similarity in heart development and physiology between humans and mice, the 

murine heart is an excellent model to study cardiac function.  

1.2.2.3 Transcription Factors Involved in Cardiogenesis 

Cardiogenesis is a complex process regulated by many different factors, all of which need 

to work together and interact in very specific ways. Included in this complex process is regulation 

by a number of transcription factors. The most extensively studied transcription factors in rodents 

with respect to cardiogenesis are GATA binding protein 4 (GATA-4), homeobox protein Nkx-2.5 

(Nkx-2.5), T-box transcription factor (Tbx5), and myocyte enhancing factor 2 (MEF2)  
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Figure 1.3 The four main stages of murine cardiogenesis. This is not an exhaustive list of the 
transcription factors involved at each stage of this process; however, for the purpose of this thesis, 
these are the only transcription factors that will be discussed (Adapted from Nemer, 2008). 
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(Nemer, 2008). While these transcription factors interact with numerous other proteins 

throughout cardiogenesis, this discussion will be limited to these four, in particular.  

Cardiac progenitor cells are divided into the first heart field, which develops into the left 

ventricle and part of the atria, while the second heart field contributes to the outflow tract, the 

right ventricle and the atria (Bruneau, 2013). GATA-4 is one of the earliest transcription factors 

detected and is responsible for the maturation of the cardiac crescent into the linear heart tube 

(Grepin et al, 1997). The next stage is chamber formation, at which point Nkx2.5 and Tbx5 

protein expression is detected (Nemer, 2008). Nkx2.5 plays a role in chamber organization and 

specification, while Tbx5 is involved in the formation of the atria, the septum, and the electrical 

system of the heart.    

While the previously discussed transcription factors have an important structural role, 

MEF2 is largely involved in initiating the development of cardiac function. Mef2 encodes a 

family of transcription factors that play a prominent role in cardiovascular development and 

differentiation, as well as in skeletal and smooth muscle cells, neurons, and chondrocytes. In 

vertebrates, there are four Mef2 genes, Mef2a, Mef2b, Mef2c, and Mef2d, which encode their four 

respective proteins, MEF2A, MEF2B, MEF2C, and MEF2D (Potthoff & Olson, 2007).  These 

proteins are distinct from each other; however, there are some similarities in where they are 

expressed, as well as time of expression and function (Figure 1.4) (Pon & Marra, 2016).  These 

transcription factors are involved in many different processes throughout the body such as 

transmission of extracellular signals and activation of cell differentiation, proliferation, 

morphogenesis, and apoptosis (Potthoff & Olson, 2007).  

In the heart, MEF2 proteins help to regulate cardiac structure, as well as contractile 

proteins. Additionally, this family of transcription factors interacts with other transcription factors 

such as GATA and Nkx proteins, previously described.  Mef2c is the first of the Mef2 family to 

be transcribed and detected in cardiac muscle cells (Edmondson et al., 1994). It is expressed as  
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Figure 1.4 Schematic diagram depicting the overlapping, as well as distinct functions of the four 
MEF2 proteins. MEF2C is associated with cardiac looping, cardiac muscle differentiation, and 
sarcomere organization (Adapted from Pon & Marra, 2016). 
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early as GD 8 in murine hearts and it is localized in the anterior heart field, which develops into 

the outflow tract and right ventricle (Potthoff & Olson, 2007).  In particular, Mef2c, and the 

protein it encodes, are critical in cardiac tube development of the right ventricle and expression of 

cardiac muscle genes (Lin et al., 1997). Lin and colleagues (1997) investigated Mef2c knockout 

mice and the effect this loss-of-function has on cardiac development. They discovered that mutant 

embryos, while indistinguishable from wild type at the linear heart stage, exhibited a reduced 

heart rate, weaker contractions, and myocardial disorganization (Potthoff & Olson, 2007). These 

findings suggest that Mef2c plays a prominent role in the proper development and maturation of 

the heart. 

1.3 Teratogenic Effects of VPA 

VPA is a potent teratogen and is known to cause a number of birth defects in the event of 

in utero exposure. The first reports of congenital abnormalities, particularly neural tube defects, 

date back to the 1980s (Bjerkedal et al, 1982; Tomson et al, 2016). In the years since then, the 

teratogenic risk associated with VPA use during pregnancy has been extensively studied. In a 

prospective cohort conducted by Tomson and colleagues (2018), the risk of MCMs due to VPA 

was 10.3%, the highest of all of the AEDs studied, and increased relative to the dose. VPA is one 

of the only AEDs to exhibit a dose-dependent relationship with respect to its teratogenicity 

(Campbell et al, 2014). However, even at the lowest dose (≤650 mg/day) evaluated in this study, 

in utero VPA exposure was shown to result in a significantly higher risk of congenital birth 

defects compared to non-exposed counterparts (Tomson et al, 2018).   

1.3.1 Fetal Valproate Syndrome 

Fetal valproate syndrome (FVS), is a characteristic set of physical features, as well as 

congenital malformations, that occur as a result of in utero VPA exposure. Some of the facial 

features include trigonocephaly (triangular forehead as a result of premature fusion), tall forehead 
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with bifrontal narrowing, a flat nasal bridge and broad nasal root, and small, downturned mouth 

(Clayton-Smith & Donnai, 1995). Commonly observed MCMs associated with FVS include 

neural tube defects, cardiac defects, oral clefts, genital abnormalities, and limb defects (Clayton-

Smith & Donnai, 1995; Ornoy, 2009). Spina bifida with meningomyelocele (abnormal opening in 

the backbone) or meningocele (abnormal defect in the backbone or skull) were some of the first 

neural tube defects, as well as overall congenital birth defects, observed due to in utero VPA 

exposure (Bjerkedal et al, 1982; Ornoy, 2009). In addition, when compared to other AEDs such 

as carbamazepine or lamotrigine, the risk of neural tube defects is significantly higher in response 

to VPA (Campbell et al, 2014). The same group also found that the risk of cardiac defects, oral 

clefts, genital abnormalities and skeletal defects was significantly higher with VPA (Campbell et 

al, 2014). As previously stated, limb defects have been reported in children with in utero VPA 

exposure. The most commonly observed limb defects are arachnodactyly (abnormally long 

fingers and toes) with overlapping of the finger and toes, as well as an underdeveloped lower 

limb musculature and radial ray defects (underdevelopment of the radial bone in the forearm) 

(Clayton-Smith & Donnai, 1995). 

  In addition, in utero exposure to VPA has been associated with impaired cognitive 

development (Kozma, 2001). There is evidence to support that children exposed to VPA have 

lower developmental scores, a lower intelligence quotient (IQ), and reduced verbal outcomes 

(Roullet et al, 2013). In more recent studies, a correlation between VPA exposure and autism has 

emerged following the observation of autism symptoms in children with VPA (Roullet et al, 

2013). However, as congenital heart defects (CHDs) are one of the most commonly observed 

MCMs due to VPA exposure, they are the sole focus of this study.   

1.3.2 Congenital Heart Defects due to In Utero VPA Exposure 

In humans, CHDs are 3-fold higher in VPA exposed infants when compared to non-

exposed infants (Ornoy, 2009). Even with the degree of variability in findings due to dosage, 
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dosing periods and patient population, CHDs are significantly higher with VPA when compared 

to the general population (Meador & Loring, 2016). Commonly observed CHDs following in 

utero VPA exposure are atrial and ventricular septal defects, as well as a double outlet right 

ventricle, transposition of the great arteries and Teratology of Fallot (Sonoda et al, 1993; Clayton-

Smith & Donnai, 1995; Jentink et al, 2010; Wu et al, 2010).  

Septal defects can affect either the atrial or ventricular septum, both of which can have a 

significant effect on the health of affected offspring. Teratology of Fallot is characterized by a 

ventricular septal defect, pulmonary stenosis, right ventricular hypertrophy, and an overriding 

aorta (National Heart, Lung, and Blood Institute). A failure in the closure of the septum can result 

in the mixing of oxygenated and deoxygenated blood. This can lead to increased blood flow to 

the lungs, heart failure, and cyanosis (National Heart, Lung, and Blood Institute).  A double outlet 

right ventricle is when the aorta and the pulmonary artery are connected to the right ventricle, 

while there are no arteries connected to the left ventricle. Transposition of the great arteries is 

when the aorta and pulmonary artery are reversed. These structural defects compromise cardiac 

function and efficiency.  In a case-control study by Jentink et al (2010), there was a significantly 

higher risk for atrial and ventricular septal defects in newborns exposed to VPA monotherapy in 

utero when compared to no AED exposure or other AEDS such as carbamazepine, lamotrigine 

and phenobarbital.  

The most frequently observed CHDs in humans are also observed in mice. Sonoda and 

colleagues (1993), observed almost exclusively ventricular septal defects in fetal murine hearts 

following in utero VPA exposure. A more recent study by Wu et al. (2010), also found that in 

utero VPA exposure resulted in interventricular septal defects in fetal murine hearts. In addition, 

Ahir and Pratten (2014), studied the developmental cardiotoxic effects in vitro of four commonly 

used antiepileptic drugs, including VPA. At clinically relevant concentrations, VPA decreased the 

ability to re-establish the contractile unit, as well as inhibiting contractile activity. Furthermore, in 
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differentiating embryonic stem cells, VPA also inhibited contractile activity but did not induce 

cytotoxicity (Ahir & Pratten, 2014).  

 

1.4 Mechanisms of VPA Teratogenicity 

A number of mechanisms of teratogenicity have been proposed for VPA. While there are 

many proposed mechanisms of action for VPA, studies suggest that the same targets that mediate 

its anticonvulsant activity, do not mediate its teratogenic activity (Gurvich et al, 2005). Three of 

the predominant mechanisms that have been proposed to explain the teratogenesis of VPA are 

disruption in folic acid metabolism, excessive generation of reactive oxygen species (ROS), and 

inhibition of histone deacetylase (HDAC). 

1.4.1 Folic Acid 

One of the older hypotheses to explain the mechanism of VPA teratogenesis is disruption 

in folic acid metabolism (Wegner & Nau, 1991). Evidence suggests that VPA alters expression 

levels of proteins that are involved in regulating cellular fate (Dawson et al, 2006), as well as 

interfering with intrauterine folate metabolism, which is critical for proper brain development 

(Wegner & Nau, 1992). It is believed that administration of folate during pregnancy could reduce 

the risk of congenital malformations due to VPA’s ability to interfere with folate metabolism. 

Previous studies have found that the co-administration of folic acid with VPA reduces the 

incidence of neural tube defects in mice (Dawson et al, 2006). Conversely, studies have also 

shown that folate supplementation does not decrease the risk of MCMs, mainly neural tube 

defects (Spiegelstein et al, 2003; Campbell et al, 2014). However, there is evidence to support 

that folate supplementation may prevent spontaneous abortions, and as a result, should be 

prescribed along with VPA (Pittschieler et al, 2008). Ultimately, these findings suggest that 

interferance with folate metabolism may not be the primary mechanism of teratogenicity.  
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1.4.2 Reactive Oxygen Species 

The generation of ROS has also been proposed as a potential mechanism of teratogenicity 

(Winn & Wells, 1996). During metabolism, VPA produces a number of metabolites, some of 

which are negatively charged. These metabolites can then accept electrons, transferring them to 

nicotinamide adenine dinucleotide phosphate (NADPH) and thereby interfering with the redox 

cycle (Liu et al, 2009). VPA also forms an anion in the blood, which could bind to essential 

antioxidant enzymes, thereby inhibiting their detoxification capabilities (Wells et al, 2010). 

Although the developing embryo expresses antioxidant enzymes, the expression levels are lower 

than in adults. Therefore, an accumulation of ROS could be particularly dangerous to the fetus as 

the antioxidant enzymes cannot adequately protect against ROS formation. The presence of ROS 

in the cell can damage the cellular macromolecules, which are critical during development. Our 

lab has previously shown that the administration of an antioxidant, PEGylated (PEG)-catalase, 

prevented VPA-induced malformations including neural tube defects (Tung & Winn, 2011). With 

regards to cardiac development, in vitro studies have shown that ROS formation inhibits 

cardiomyocyte differentiation; however, when administered with vitamin E, an antioxidant, these 

effects were reversed (Na et al, 2003). Therefore, ROS formation is likely one of the ways in 

which VPA exerts its teratogenic effects.   

1.4.3 Histone Deacetylase Inhibition 

In recent years, the inhibition of HDAC has emerged as a potential mechanism to explain 

VPA-induced teratogenicity (Phiel et al, 2001).   

1.4.3.1 Epigenetics 

Epigenetics is the study of modifications to gene expression that do not alter the gene 

sequence but determine how the sequence is read and transcribed. A nucleosome is the 

fundamental, structural unit of chromatin structure, which is conserved across eukaryotes (Turner, 
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2000). DNA is wrapped around histones, proteins which function to condense DNA within the 

nucleus. A nucleosome core is made up of a histone octamer, four pairs of histone proteins, and 

146 base pairs of DNA (Brooker et al, 2013). Histone proteins are basic due to the presence of the 

positively charged amino acids lysine and arginine. Heterogeneity in gene expression is due to the 

many modifications that can occur in histones, particularly to the protruding amino (N)-terminal 

tails of the histones. The tails can be modified by acetylation, phosphorylation, methylation, 

ubiquitination, and adenosine diphosphate (ADP)-ribosylation at various amino acids (Turner, 

2000). However, acetylation of these N-terminal tails at the lysine residue is the most frequently 

observed modification. Histones can be modified by various enzymes, including histone 

acetyltransferases (HATs) and HDACs, which modify chromatin structure by adding or removing 

the acetyl group on the lysine residue, respectively (Figure 1.5a) (Gurvich et al, 2005). These two 

enzymes play a critical role in gene expression and regulation because acetylation patterns of 

histones determine the accessibility of DNA, allowing it to be transcribed by large cellular 

machinery (Eberharter & Becker, 2002). HATs covalently attach an acetyl group to the N-

terminal tails of the lysine residues resulting in less compact arrangement of the DNA around the 

histones (Brooker et al, 2013). When histones are acetylated, the DNA is considered to be in an 

open or relaxed conformation, thus allowing transcription to occur in these regions. Conversely, 

HDACs remove the acetyl group resulting in a closed conformation and preventing transcription 

(Eberharter & Becker, 2002).   There are four classes of HDACs. Class I is widely expressed, 

while class II and IV are tissue specific; class I and IV are localized to the nucleus, while class II 

and III can travel from the nucleus to the cytoplasm (Menegola et al, 2006). Studies have shown 

that VPA, and its teratogenic derivatives, are HDAC inhibitors, which results in the 

hyperacetylation of histones as the enzymes responsible for the removal of the acetyl groups are 

inhibited (Figure 1.5b). This can have detrimental effects during embryogenesis resulting in 

developmental anomalies (Gottlicher et al, 2001; Gurvich et al, 2005).  
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Figure 1.5 Gene expression is modified by HAT and HDAC. HATs modify gene expression by 
attaching an acetyl group to the exposed N-terminal tails of the lysine residues on histones, 
resulting in a relaxed conformation allowing for transcription (a). HDACs remove the acetyl 
groups resulting in a closed conformation and inhibiting transcription (a). When an HDAC 
inhibitor such as VPA blocks HDAC activity, the DNA remains in a relaxed confirmation (b)  
(Adapted from Rodd et al, 2012).  
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1.4.3.2 HDAC Inhibition by VPA 

Importantly, VPA has been shown to inhibit HDAC activity at therapeutically relevant 

levels, well within the therapeutic range (Phiel et al, 2001), which is also a teratogenic dose. 

Studies have shown that HDACs play a role during embryogenesis in invertebrates and the 

inhibition of HDAC may result in similar effects as those seen in loss-of-function mutations 

(Phiel et al, 2001). The hypothesis of VPA’s teratogenesis being associated with its ability to 

inhibit HDAC is further strengthened by findings that in utero exposure to VPA can increase the 

expression of acetylated histone in somites of murine embryos (Menegola et al, 2006). Our lab 

has also shown that in utero exposure to VPA (400 mg/kg on GD 9), results in an increase in 

histone acetylation in CD-1 embryos, providing further evidence to support the HDAC inhibition 

hypothesis (Tung & Winn, 2010). 

However, while VPA significantly decreases HDAC activity, it does not seem to have an 

effect on gene expression of HDACs (Wu et al, 2010). This suggests that VPA inhibits HDAC 

activity by binding to the molecule itself and blocking its active site (Phiel et al, 2001, Wu et al, 

2010). Wu et al. (2010) also found that the gene expression of some transcription factors, CHF1, 

Tbx5 and Mef2c, involved in cardiogenesis was significantly increased in response to VPA. Of 

these, Mef2c revealed the greatest increase in gene expression (Wu et al, 2010). 

1.5 The Link Between HDAC and Mef2c 

It has been shown that Mef2 is negatively regulated by class II HDACs (Figure 1.6) 

(Zhao et al., 2005). HDACs act to repress gene transcription by removing the acetyl group, 

thereby keeping DNA tightly wrapped around the histones (Phiel et al., 2001). Tissue 

development relies on the interaction between Mef2 and HDAC, and the delicate balance between 

activation and repression of gene expression (Potthoff & Olson, 2007). However, the inhibition of 

HDAC by VPA has been associated with a loss of Mef2c regulation, resulting in an  
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Figure 1.6 Schematic diagram summarizing the downstream phenotypic effects of MEF2 and the 
potential indirect targets of VPA exposure. Class II HDAC is a negative regulator of Mef2 gene 
expression. However, in the presence of VPA, and HDAC inhibitor, the regulation of Mef2 
expression is reduced (Adapted from Potthoff & Olson, 2007). 
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overexpression of Mef2c.  In addition to structural defects such as ventricular septal defects, Wu 

et al. (2010) showed that in cardiomyocytes from C57Bl/6 mice prenatally exposed to VPA, there 

was a significant increase in Mef2c gene expression. In Mef2c transgenic mice, with cardiac-

specific overexpression of Mef2c, Xu and colleagues (2006), observed a gradual decline in 

ventricular function, as well as dilated cardiomyopathy. Contractile dysfunction and an enlarged 

left ventricle are characteristic pathologies of dilated cardiomyopathy. Furthermore, Xu et al. 

(2006) showed that Mef2c gene overexpression contributes to sarcomeric disorganization, as well 

as focal elongation in cultured neonatal myocytes. 

1.6 Rationale, Hypothesis, and Objectives 

This study aims to visualize and characterize structural and functional anomalies in the 

murine heart throughout gestation in response to VPA exposure using high-resolution ultrasound 

(HRUS) technology, followed by histology. To the best of our knowledge, the effects of VPA on 

cardiac development have not been tracked throughout gestation using HRUS prior to this study. 

Furthermore, the effects of VPA on cardiac function, using an in vivo model, have not been 

established.     

Hypothesis: We hypothesize that in utero exposure to VPA will result in contractile dysfunction, 

structural anomalies, myocardial disorganization, and an associated increase in Mef2c gene 

expression. 

1.6.1 Objectives 

The objectives of this thesis are to: 

 

1. Use HRUS technology to characterize structural and functional anomalies in gestational 

day 14 through 18 murine fetal hearts,  

2. Use histological methods to visualize cardiac structure in gestational day 19 murine fetal 

hearts, and; 
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3. Use qRT-PCR to determine the expression of Mef2c in murine fetal hearts at gestational 

day 16. 
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Chapter 2 

Methods and Materials 

 

2.1 Experimental Animals 

CD-1 male and female mice (31-37 days old) were purchased from Charles River 

Laboratories (St-Constant, Quebec, Canada). The mice were allowed to acclimate in the animal 

care facility for a minimum of 3 days prior to breeding. Once acclimated, a maximum of two 

female mice were placed in a cage with a male mouse overnight. In the event of pregnancy, the 

following morning, indicated by a vaginal plug, the day was denoted gestational day (GD) 1. The 

pregnant mice were then placed in separate cages until GD 9. The animals were handled and 

cared for in accordance with the experimental protocols approved by the Queen’s University 

Animal Care Committee, as well as the Canadian Council on Animal Care guidelines.   

2.2 Dosing 

For HRUS and histological analysis (described below), pregnant CD-1 mice were 

administered 0.9% saline (vehicle control) or 400 mg/kg VPA (Sigma Aldrich, St. Louis, 

Missouri, USA) by subcutaneous (s.c.) injection on GD 9. 400 mg/kg is a teratogenic dose of 

VPA but does not have toxic effects, such as sedation, on the dams (Nau & Zierer, 1982). This 

dose also corresponds to the higher end of the therapeutic dose in humans. In a separate set of 

experiments for qRT-PCR analysis (described below), three pregnant CD-1 dams were treated 

with 0.9% saline (vehicle control) and four dams were treated with 400 mg/kg VPA via s.c. 

injection on GD 9.  

2.3 Ultrasound Imaging 

High-resolution ultrasound imaging (HRUS) can be used to visualize structural and 

functional aspects of the murine heart throughout gestation. Furthermore, it allows for real-time 
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imaging of cardiac physiology and more recently, HRUS have been used as the standard imaging 

technique for clinical assessment of cardiac structure and function (Kim et al, 2013). Using 

HRUS, cardiac activity can be observed at GD 9; however, it is too early to obtain reliable 

measurements. By GD 14, the increase in chamber size allows for reliable cardiac measurements. 

(Srinivasan et al, 1998). However, gestational day 16 is the ideal time to conduct HRUS scans 

because the fetuses have not folded within the uterine horns, which can occur by GD 18, close to 

parturition (Spurney et al, 2004).  

HRUS images were obtained on GD 14, 15, 16, 17, and 18. GD 14 was the earliest time 

point at which a clear view of the fetal heart could be obtained. Before beginning the ultrasound 

scans, the mouse was placed in a chamber and isoflurane was administered at an induction dose 

of 4% in oxygen (at a flow rate of 1 L/min). Once the mouse had lost its righting reflex, the 

mouse was transferred to a heated stage, tear gel was applied, and the hair in the abdominal 

region was removed using Veet Hair Removal Cream (Reckitt Benckiser Inc., Mississauga, 

Ontario, Canada). Once the heart rate had slowed to 450 beats/min (+/- 50 bmp) (Kim et al, 

2003), the isoflurane was lowered to a maintenance dose of 1.5-2% in oxygen (at a flow rate of 1 

L/min). Each animal was anesthetized for no longer than 20-30 minutes in order to keep the 

isoflurane exposure to a minimum. The heart rate and respiratory rate of each animal were 

monitored using electrical leads built into the stage for the duration of the procedure. Each mouse 

was scanned for a maximum of two gestational days, as this procedure can be stressful to the 

animal and isoflurane is also a teratogen. A total of thirty dams were scanned; three control and 

three treated for each of the gestational days. Within each dam, five to seven fetuses were 

scanned. 

To conduct the ultrasound scans, the Vevo 2100 system (FUJIFILM VisualSonics Inc., 

Toronto, Ontario, Canada) was used with a MS700 (30-70MHz) transducer. To visualize the fetal  
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Figure 2.1 Motion (M)-mode scan of a fetal murine heart. The ventricular lumen diameter 
ratio was calculated by dividing the depth (distance between the anterior myocardium and 
posterior myocardium) at diastole (A) by the depth at systole (B). The anterior 
myocardial wall thickness ratio was calculated by dividing the thickness at systole (C) by 
the thickness at diastole (D). The posterior myocardial wall thickness ratio was calculated 
by dividing the thickness at systole (E) by the thickness at diastole (F). Each 
measurement was done in triplicate. 
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heart and characterize potential defects, brightness mode (B-mode) and motion mode (M-mode) 

were used. B-mode was used to obtain a cross-sectional image of the heart with real-time motion 

of the tissue. It was also used to view the chambers and septum, as well as for orientation within 

the uterus. M-mode was used to quantitatively assess the motion of the heart, as well as assess 

VPA-induced changes in heart wall motion (Pichamuthu 2009). The chosen parameters, 

described in the section below, were measured using M-mode scans. 

2.4 HRUS Data Analysis 

HRUS data were analyzed using the VisualSonics software (FUJIFILM VisualSonics, 

Inc., Toronto, Ontario, Canada) to assess contractility by measuring the ventricular lumen 

diameter, as well as myocardial wall thickness in M-mode. Contractility was assessed in two 

ways: by measuring the ratio between the depth (distance from the anterior myocardium to the 

posterior myocardium) at diastole and the depth at systole (Figure 2.1) and by measuring the 

anterior and posterior myocardial wall thickness at diastole and systole (Figure 2.1). The wall 

thickness was measured from the point where the ventricular lumen diameter measurements end 

to a set point that was constant in both diastole and systole in order to calculate the contraction 

and expansion of the ventricles. Each measurement of depth and wall thickness was done in 

triplicate and the average value was calculated. 

2.5 CD-1 Mouse Fetal Tissue Collection 

CD-1 dams were euthanized on GD 19 via cervical dislocation. Fetuses were removed 

from the uterus, dissected out of their yolk sacs, and their crown-rump lengths (CRL) and weights 

were recorded. The fetal mice with exencephaly were excluded from the CRL statistical analysis, 

as it cannot be accurately and consistently measured when the neural tube has not fully closed. 

Fetuses were then euthanized via decapitation with surgical scissors and their hearts were 

removed. For histology, the hearts were preserved in 10% formalin for 24 hours, at which point 
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they were placed in 70% ethanol. For qRT-PCR analysis, fetal hearts were flash frozen in liquid 

nitrogen, and stored at -80°C until analyzed. 

2.6 Histology 

The preserved hearts were transferred to tissue cassettes (one heart per cassette) and 

placed overnight in a tissue processor. The tissue processor dehydrates and immerses the tissues 

in xylene prior to embedding. The embedding process involves placing the tissues in molten 

paraffin and allowing it to harden. Transverse sections at a thickness of 4 µm were obtained and 

placed on positively charged, frosted slides.  The hearts from four litters were processed and 

sliced; two control litters and two VPA-treated litters. There were eleven to fourteen hearts per 

litter. In the VPA-treated litters, the hearts were separated into unaffected and affected 

(exencephalic).  These slides were stained using hematoxylin and eosin (H&E) to visualize the 

structure of the heart. Specific staining protocols can be found in Appendix A. The serial sections 

were digitized and analyzed using the LASV4.4 software (Leica Microsystems, Wetzlar, 

Germany). 

2.7 RNA Extraction, cDNA Synthesis, and qRT-PCR 

For each litter (three saline and four VPA), three GD 16 fetal hearts were pooled and 

homogenized. For VPA-treated dams, in litters that contained fetuses exhibiting exencephaly (an 

indication that the fetus’s neural tube failed to close following VPA exposure), hearts from 

unaffected and exencephalic mice were pooled separately. The RNeasy RNA Extraction Kit 

(Qiagen, Mississauga, Ontario, Canada) was used to extract total RNA according to the 

manufacturer’s instructions. The High Capacity cDNA Reverse Transcription Kit (Life 

Technologies, Burlington, Ontario, Canada) was used to synthesized cDNA.  qRT-PCR reactions 

was carried out using Qiagen’s RT2 qPCR Primer Assays (Qiagen, Mississauga, Ontario, Canada) 

to measure RNA transcript levels of myocyte enhancer factor 2C (Mef2c; PPM04548A) and the 



 

29 

 

reference gene tata binding protein (Tbp; PPM03560F). These primers were tested for efficiency 

and efficiencies were confirmed to be between 90 and 100%.  The delta delta Ct method was used 

to quantify the data.  

2.8 Statistical Analysis 

For HRUS data, statistical analysis was conducted using a standardized, computerized 

statistical program (GraphPad Prism 7.0, San Diego, California, USA). Parametric t-tests were 

conducted on the ultrasound data to assess whether cardiac contractility differed between control 

and treated groups on each gestational day separately. The minimum level of significance was 

determined at p<0.05. 

For histology, qualitative assessment of the structure of the fetal murine hearts between 

the non-exposed mice, VPA-treated but unaffected mice, and VPA-treated but affected 

(execephalic) mice was performed. 

For qRT-PCR data, a nonparametric t-test was performed to determine whether there was 

a difference in the transcript levels of Mef2c between vehicle control and VPA treated mice. 

Because only two of the four VPA-treated dams had fetuses that displayed exencephaly, 

statistical analysis could not be completed to compare unaffected and affected (exencephalic) 

VPA-exposed fetuses. In our model, the incidence rate of exencephaly is approximately 30-40%. 
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Figure 2.2 Overview of the study design. The morning of the vaginal plug is marked as 
gestational day (GD) 1. The pregnant CD-1 mice are dose with 0.9% saline (the vehicle control) 
or 400 mg/kg VPA subcutaneously. Ultrasounds were conducted on GD 14 to GD 18. At GD 16 
hearts were collected and used to measured Mef2c gene expression using qRT-PCR. The hearts 
were also collected at GD 19 and preserved in 10% formalin prior to histological analysis. 
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Chapter 3 

Results 

3.1 Ventricular Lumen Diameter 

In order to assess whether in utero VPA exposure affected the contractile ability of the 

fetal murine hearts, the ventricular lumen diameter at diastole and systole was compared. 

Contractility was measured by calculating the ratio of the depth at diastole and systole on GD 14 

through 18.  A lower ventricular lumen diameter ratio would suggest decreased contractile ability 

since the heart is not able to efficiently contract and expand. No significant differences between 

the ventricular lumen diameter ratios were observed at GD 14-17 (Figure 3.1a-d). However, there 

was a significant decrease in ventricular lumen diameter ratio for the VPA treated group at GD 18 

(p<0.05; Figure 3.1e). The same trend with a decreased ventricular lumen diameter ratio was 

observed at GD 16, but there was no significant difference (p<0.05; Figure 3.1c). These results 

suggest that VPA may have a negative impact on contractile ability, particularly later in gestation 

as we only observed this effect on the last day.  
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Figure 3.1 The contractile ability of fetal murine hearts was assessed by measuring the lumen 
diameter at diastole and systole for GD 14 (a), GD 15 (b), GD 16 (c), GD 17 (d), and GD 18 (e). 
Contractile ability was compared between the control litters, administered 0.9% saline, and the 
treated litters, administered 400 mg/kg VPA. The different colours correspond to pups from each 
of the three litters. A significant decrease in the lumen diameter was observed at GD 18 (* 
denotes a significant difference between control and VPA treated litters; p<0.05; n=3). 
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3.2 Anterior Myocardial Wall Thickness 

The anterior myocardial wall thickness at diastole and systole of the ventricles was 

assessed as an additional measure of contractile ability. The ratio of myocardial wall thickness at 

systole and diastole was calculated. Similar to the ventricular lumen diameter ratio, a lower ratio 

would suggest that the heart is not able to expand and contract as efficiently with each heartbeat. 

No significant differences between the anterior myocardial wall thickness at diastole and systole 

on GD 14, GD 16, GD 17, and GD 18 were observed (Figure 3.2a, c-e). However, on GD 15 a 

significant increase in the ratio of the VPA treated group was seen (p<0.05; Figure 3.2b). This 

finding suggests that the subset of fetal hearts scanned on GD 15 had an increased contractile 

ability when compared to the control group.  

3.3 Posterior Myocardial Wall Thickness 

The posterior myocardial wall thickness of the ventricles was also assessed in the 

corresponding scans. The same measurements used for the anterior myocardial wall thickness 

were applied to the posterior myocardium. On GD 14 and GD 15, an increase was seen in the 

posterior myocardial wall ratio (p<0.05; Figure 3.3a,b). This finding suggests that the fetal hearts 

scanned on these days had an increased contractile ability when compared to the control group. 

There were no significant differences between the control and VPA-treated groups on GD 16, GD 

17, and GD 18 (Figure 3.3c-e). 
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Figure 3.2 The contractile ability of fetal murine hearts was assessed by measuring the anterior 
myocardial wall thickness at diastole and systole for each of GD 14 (a), GD 15 (b), GD 16 (c), 
GD 17 (d), and GD 18 (e). Contractile ability was compared between the control litters, 
administered 0.9% saline, and the treated litters, administered 400 mg/kg VPA. The different 
colours correspond to pups from each of the three litters. A significant increase in the myocardial 
wall thickness ratio was observed on GD 15 (* denotes a significant difference between the 
control and VPA treated litters; p<0.05; n=3). 
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Figure 3.3 The contractile ability of fetal murine hearts was assessed by measuring the posterior 
myocardial wall thickness at diastole and systole for each of GD 14 (a), GD 15 (b), GD 16 (c), 
GD 17 (d), and GD 18 (e). Contractile ability was compared between the control litters, 
administered 0.9% saline, and the treated litters, administered 400 mg/kg VPA. The different 
colours correspond to pups from each of the three litters. A significant increase in the posterior 
myocardial wall thickness ratio was observed on GD 14 and GD 15 (* denotes a significant 
difference between the control and VPA treated litters; p<0.05; n=3). 
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3.4 Fetal Weight and CRL 

On GD 19, prior to collecting the fetal hearts, body weight and CRL of the fetal mice 

were recorded. The average weight of each litter was calculated and statistical analysis was 

conducted on the average values. A significant decrease in fetal weight on GD 19 in the VPA 

treated group when compared to the control group was seen (p<0.05; Figure 3.4).  There was no 

significant difference in the CRL between groups (Figure 3.5). The VPA exposed group could not 

be separated into affected (execephalic) and unaffected for statistical analysis as exencephaly was 

only observed in two of the litters.   

3.5 Histology 

Fetal hearts were collected on GD 19 and stained with H&E to assess the structure and 

morphology. The fetal hearts from the control mice, VPA-treated, unaffected mice, and VPA-

treated, affected (exencephalic) mice were compared. While some differences in the myocardial 

structure between the three groups were observed, we did not consistently see indications of 

structural anomalies in the hearts of the affected mice when compared to the control and 

unaffected. When comparing the hearts of the affected mice to the hearts of the non-exposed mice 

(Figure 3.6), some of the hearts from the affected mice exhibited a thinner myocardium and larger 

right ventricular lumen diameter (Figure 3.7a,b). However, the hearts of the affected mice from a 

different litter did not exhibit the same structural anomalies (Figure 3.7c,d) and looked similar to 

the control hearts (Figure 3.6). Furthermore, the same structural anomalies, the appearance of a 

thinner myocardium and larger right ventricular lumen diameter, were observed in some of the 

hearts of unaffected mice from the same litter (Figure 3.8c). To ensure consistency between the 

sections, the papillary bundles were used as a measure of depth within the heart. Histology was 

used as a qualitative assessment of VPA-induced changes in cardiac structure and statistical 

analysis was not conducted. 
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Figure 3.4 The fetal weight on GD19 was measured in both the control and VPA treated litters. A 
significant decrease in fetal weight for the VPA-treated group was observed (* denotes a 
significant difference between the control and VPA treated litters; p<0.05; control n=3, VPA 
n=4). 
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Figure 3.5 The crown-rump length (CRL) was measured on GD19. In the VPA-treated group, the 
fetal mice with exencephaly were excluded from the statistical analysis. There was no significant 
difference between the CRL of the control and treated litters (control n=3, VPA n=4). 
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Figure 3.6 GD 19 murine hearts from mice not exposed to VPA (a,b,c,d). The tissues were 
obtained from 2 different control litters and stained using H&E. These images are transverse 
sections showing the two ventricles (A: left ventricle, B: right ventricle) and interventricular 
septum (as indicated by the arrows). The papillary bundles (circle) were used as an indicator of 
depth. 
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Figure 3.7 GD 19 fetal hearts from VPA-treated mice with exencephaly (affected). The tissues 
were obtained from 2 different VPA-treated litters and stained using H&E. (a) and (b) are from 
the same litter and (c) and (d) are from the same litter. These images are transverse sections of the 
heart showing both ventricles and the interventricular septum, with the papillary bundles (circle) 
used as an indicator of depth. Some of the hearts (a,b) exhibited structural anomalies such as a 
thinner myocardium (B) and increased right ventricular lumen (A); however this was not the case 
for all of the affected mice (c,d). 
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Figure 3.8 GD 19 murine hearts from VPA-treated, unaffected (non-exencephalic) mice. The 
tissues were obtained from 2 different VPA-treated litters and stained using H&E. (a), (b), and (c) 
are from the same litter, (d) from a different litter. These images are transverse sections of the 
heart showing both ventricles and the interventricular septum, with the papillary bundles (circle) 
used as an indicator of depth. Structural anomalies such as a thinner myocardium (B) and an 
increase in right ventricular diameter (A), were also observed in this group (b). 
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3.6 qRT-PCR 

In order to determine Mef2c gene expression, we carried out qRT-PCR to measure the 

RNA transcript levels on GD 16. We did not see a statistically significant increase in the relative 

expression of Mef2c in the VPA-treated litters when compared to control (p<0.0.5; Figure 3.9a). 

In addition, the RNA transcript levels in the fetal murine hearts of the VPA-treated, unaffected 

mice and the VPA-treated, affected (exencephalic) mice were compared, however, statistical 

analysis was not conducted as only two of the four litters contained mice with exencephaly 

(Figure 3.9b).  
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Figure 3.9 Mef2c RNA transcript levels were measured using qRT-PCR on GD 16 to compare 
the relative expression in the control and VPA-treated litters. We did not see a significant 
difference in expression levels of Mef2c (p<0.05; control n=3, VPA n=4).  
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Chapter 4 

Discussion 

4.1 General Discussion 

The teratogenic profile of VPA has been well established; however, it continues to be 

prescribed to women of childbearing age. Its use in treating epilepsy has been on the decline in 

recent years but due to its wide therapeutic profile, VPA is increasingly prescribed for the 

treatment of psychiatric conditions such as bipolar disorder and schizophrenia in women of 

reproductive age (Hayes et al, 2011; Wlodarczyk et al, 2012; Meador & Loring 2015). In utero 

exposure to VPA has been associated with a 10% increase in the incidence of congenital 

malformations clinically (Tomson et al, 2018). The most commonly observed congenital 

malformations associated with in utero VPA exposure are neural tube defects and CHDs 

(Clayton-Smith & Donnai, 1995; Ornoy, 2009). While the link between VPA exposure and 

congenital defects, including heart defects, has been known for decades, the mechanisms 

contributing to these defects have yet to be fully established.  At present, the CHDs observed are 

structural anomalies such as ventricular and atrial septal defects, as well as other endocardial 

cushion defects such as a double outlet right ventricle and transposition of the great arteries 

(Sonoda et al, 1993; Clayton-Smith & Donnai, 1995; Jentink et al, 2010; Wu et al, 2010), 

however whether VPA exposure also contributes to functional cardiac deficits, such as contractile 

ability, has yet to be elucidated using an in vivo model.  

Here we describe studies using the mouse model to assess VPA-induced CHD. The 

mouse is an excellent model to study CHDs due to the physiological similarities between murine 

and human hearts. Cardiac development in mice is similar to that observed in humans, with slight 

differences in the structure of the chambers (Krishnan et al, 2014).  Similar to humans, the murine 

heart is initially a single myocardial heart tube that develops into a fully septated four-chambered 
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heart (Nemer, 2006). The four main stages of murine heart development begin with the formation 

of the cardiac crescent at GD 8, followed by development of the linear heart at GD 8.5, which 

will then progress to chamber formation almost immediately, and lastly, septation and maturation 

at GD13 (Nemer, 2006). Additionally, many CHDs observed in humans can be reproduced in 

mice. Mice are also more sensitive to the effects of VPA than other rodents, such as rats 

(Menegola et al, 1996). CD-1 mice were chosen as the animal model due to the great deal of 

research that has already been done using this model to characterize the teratogenic effects of 

VPA, as well as their increased susceptibility to VPA teratogenicity over other strains of mice.   

The current study aimed to determine the effects of VPA with respect to the functional 

aspects of murine heart function, such as contractility using HRUS technology. HRUS imaging is 

an excellent way to visualize structural and functional aspects of the murine heart throughout 

gestation. It also allows for real-time imaging of cardiac physiology and is now the standard 

imaging technique for clinical assessment of both cardiac structure and function (Kim et al, 

2013).  

In addition, we aimed to observe the presence of structural anomalies using histological 

techniques. We also evaluated whether there were alterations in mRNA expression of Mef2c, a 

transcription factor important in cardiac development, following exposure to VPA. We expected 

that the ventricular lumen diameter ratio (diastole depth:systole depth) would be lower in the 

VPA-exposed fetal mice under the assumption that their hearts cannot expand and contract as 

efficiently as the control group. We also expected to see a change in the myocardial thickness and 

ventricular lumen diameter in the GD 19 fetal hearts. Lastly, we expected to see an increase in 

Mef2c mRNA expression in the fetal murine hearts at GD 16 in response to VPA exposure.  

Contractility is the inherent ability of the cardiac muscle to contract and expand in order 

to generate force and distribute blood to the rest of the body. In the present study HRUS was used 

to assess the contractile ability of murine fetal hearts throughout gestation following exposure to 
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VPA or the vehicle control. In order to do so, we measured the ventricular lumen depth at diastole 

and systole and calculated the lumen diameter ratio between the two values. These results showed 

a decrease in contractile ability on GD 18, in line with the working hypothesis of this study. This 

is also consistent with literature findings that show that VPA interferes with fetal heart 

development and cardiomyocyte differentiation (Ahir & Pratten, 2013). 

Furthermore, the anterior and posterior myocardial wall thickness ratios at diastole and 

systole were assessed as an additional measure of contractile ability. However, it was found that 

the myocardial wall thickness ratio was increased in the VPA-exposed group on GD 15 for the 

anterior myocardium and on GD 14 and GD 15 for the posterior myocardium. These results were 

not in line with our hypothesis, however one of the phenotypic effects of Mef2c overexpression is 

the lengthening of cardiomyocytes and sarcomeric disorganisation (Xu et al, 2006). According to 

the Frank–Starling mechanism, an increase in sarcomeric length results in an increased contractile 

force (Holubarsch et al, 1998). In line with the Frank–Starling mechanism, dilated ventricles 

require more tension to overcome afterload pressure, resulting in increased contractile force 

(Holubarsch et al, 1998). Our findings may be indicative of a compensatory mechanism taking 

place, as a result of a poorly developing myocardium. However, further experiments must be 

done to assess parameters such as cardiac output and stroke volume to fully characterize this. 

 Prior to collecting the GD 19 hearts for histology, we recorded the weight and CRL of 

each mouse to confirm the known teratogenic effect on fetal growth and development caused by 

VPA. It was found that VPA-exposed mice had significantly lower body weights when compared 

to the non-exposed mice. This confirms that the dose we used was in fact teratogenic and that 

VPA did have a negative impact on overall fetal development.  

Histology methods were used to assess the structure and myocardial appearance of the 

murine fetal hearts at GD 19. H&E staining was used to compare the hearts of the control litter, 

the hearts of the VPA-treated, unaffected mice, and the hearts of the VPA-treated, affected mice 
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(exencephalic).  Hematoxylin stains the nuclei in the cells, while eosin stains the cytoplasmic 

proteins. The structural anomalies detected in the GD 19 fetal murine hearts were a thin 

myocardium as well as an increase in the lumen diameter of the right ventricle. These anomalies 

were observed in the hearts of both the VPA-treated, unaffected and affected mice. However, 

statistical analysis was not conducted, as this was only a qualitative analysis of the fetal hearts to 

examine the structural features. 

A potential mechanism by which VPA exerts its teratogenic effects is through HDAC 

inhibition. HDACs have many downstream effects, one of which is the regulation of Mef2c, a 

transcription factor involved in cardiomyocyte differentiation and cardiac structure (Zhao et al, 

2005). Mef2c is transcribed as early as GD 8 in murine hearts and plays a role in the development 

and maturation of fetal hearts (Lin et al, 1997; Potthoff & Olson, 2007). An overexpression of 

Mef2c may lead to contractile dysfunction (Xu et al, 2006). Wu et al. (2010) demonstrated that 

Mef2c gene expression in C57 Bl/6 mouse fetal hearts increased on GD 16 when 700 mg/kg VPA 

was administered on GD 7 intraperitoneally (i.p.). Hoping to confirm these findings in our model 

of VPA teratogenesis, we used qRT-PCR on GD 16 fetal heart homogenates. However, we did 

not observe an increase in Mef2c mRNA expression. Wu et al. (2010) also measured Mef2c gene 

expression on GD16; however, the use of a different mouse strain, an earlier dosing day, and a 

higher VPA dose may contribute to the different results.  

While it is still unknown whether the contractile dysfunction we observed throughout 

gestation is attributed to HDAC inhibition and its associated increase in Mef2c gene expression, 

there are a number of mechanisms by which VPA may exert its teratogenic effects. One of the 

proposed mechanisms is the formation of ROS. In a study by Na and colleagues (2003), it was 

demonstrated that when mice were exposed in utero to VPA there was a correlation between 

increased ROS levels and decreased cardiomyocyte differentiation. However, when VPA was 
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administered alongside vitamin E, a free radical scavenger, cardiomyocyte differentiation was 

restored.   

Ultimately, fetal heart development is a complex multi-step process that involves many 

different factors, all of which interact with one another and regulate a number of processes. The 

mechanisms by which VPA exerts its teratogenic effects may not be mutually exclusive, but 

rather act together at various steps during cardiogenesis to contribute to the development of 

cardiac malformations. 

4.2 Limitations 

As with any study, there are limitations to the techniques used in this study. Isoflurane, 

the anesthetic we have used in this study, is also a teratogen. Exposure to high levels of isoflurane 

has been associated with skeletal abnormalities, as well as external abnormalities such as cleft 

palate and exencephaly (Mazze et al, 1985). As a result, we used the minimum concentration of 

isoflurane for maintenance of anesthesia and limit the exposure time to the agent to less than 20-

30 minutes. When using mice as the animal model, it is also very difficult to scan all of the fetal 

mice and track them longitudinally throughout a study. The uterus is not entirely fixed in place 

and can move around in the abdominal cavity. Therefore, only a set number of mice were scanned 

per dam. The downfall of this method is that there is the potential to miss fetuses that have a 

cardiac defect. The assumption that the selected mice are representative of the litter must be 

made, which may result in a decreased frequency of observed CHDs.   

Another limitation of the current study is that we only measured Mef2c mRNA transcript 

levels at one time-point during gestation. Gene expression may have been increased on earlier 

gestational days, contributing to the contractile dysfunction we observed at GD 18. Furthermore, 

changes in mRNA are not necessarily indicative of changes in protein expression and activity. 

There may still be an increase in Mef2c gene expression, as well as protein activity that we did 
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not measure contributing to the observed results. Therefore, the effects of VPA on Mef2c cannot 

be ruled out as a potential mechanism of teratogenicity.     

The histology methods we used also pose certain limitations. We followed a previously 

tested protocol in our lab, however, the colour of the tissues was not as expected. With an H&E 

stain, the tissues should appear pink rather than purple at the end of the procedure. As a result, we 

could not assess the myocardial organization of the tissues but the Masson’s Trichrome stain will 

be used in later experiments to assess myocardial organization. As we did not conduct statistical 

analysis or measurements on the tissues, the observations are based on a qualitative analysis. In 

addition, only the VPA-treated litters with incidence of exencephaly were evaluated using 

histology, which may have introduced a bias to the study.  

4.3 Future Directions 

We have shown that in utero VPA exposure was associated with contractile dysfunction 

in mice; however, these parameters were only assessed throughout gestation. A potential future 

direction may be to assess the longitudinal contractile ability of adult mice that have been 

exposed to VPA in utero. While some CHDs resolve within the first year of life, it may prove 

beneficial to assess the contractile ability through adulthood, as well as in response to a cardiac 

stressor. Even with resolved CHDs, the ability of the heart to adapt to future cardiovascular 

stressors may be compromised (Aasa et al, 2015).  

Another future direction is to stain the GD 19 fetal hearts with Masson’s Trichrome to 

assess the myocardial organization. Our ultrasound and histology findings suggest that there may 

be myocardial disorganization in the VPA-exposed hearts.  

Additionally, we did not see an increase in Mef2c gene expression on GD 16; however, 

an increase in expression may occur transiently earlier during the gestational period. Mef2c plays 

a critical role in cardiac development during GD 8-13 and, as a result, Mef2c mRNA transcript 

levels should be measured throughout gestation.  
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The expression of Tbx5 could also be measured as it is involved in the formation of the 

electrical system in the heart (Nemer, 2008). We observed an effect on contractility following in 

utero VPA exposure and the conduction of electrical activity through the electrical pathways in 

the heart is also responsible for contractile activity. Furthermore, Wu et al. (2010) observed an 

increase in the gene expression of Tbx5.   

4.4 Conclusions 

Our study has shown that VPA has a negative effect on contractile ability in gestation. 

Qualitative analysis of fetal murine hearts at GD 19 using H&E staining demonstrates a thinner 

myocardium, as well as an increase in lumen diameter in VPA-exposed mice. However, results of 

our qRT-PCR analysis of the fetal murine hearts at GD 16 did not demonstrate an increase in 

relative Mef2c gene expression.   

 Even in light of its teratogenic profile, VPA continues to be prescribed to women of 

childbearing age. Prescriptions to treat epilepsy are on the decline, however, VPA has a broad 

therapeutic profile. In particular, VPA is increasingly prescribed to treat psychiatric conditions 

such as bipolar disorder and schizophrenia in women of childbearing age. As a result, a complete 

understanding of the mechanism of teratogenicity and its downstream effects is imperative. This 

thesis has contributed to this by studying the effects of VPA on functional aspects of cardiac 

development in an in vivo model. However, further research and analysis should be done on the 

teratogenic effects and mechanism of VPA using this method.      
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Appendix A 

H&E Staining Protocol  

1. Xylene/Citrsol………………………………………………………....5 minutes 

2. Xylene/Citrisol………………………………………….………….….2 minutes  

[dry slides] 

3. 100% EtOH…………………………………………………………....2 minutes 

4. 95% EtOH…………………..................................................................2 minutes 

5. 70% EtOH……………………………………………………………..1 minute 

6. 50% EtOH……………………………………………………………..1 minute 

7. dH2O………………………...................................................................1 minute 

8. Hematoxylin (GHS132 Sigma)……………………………………......6 minutes 

9. Running tap water………………………………………………….…20 minutes 

10. Eosin (HT110232 Sigma), 0.5mL glacial acetic acid/100mL…………2 minutes 

11. 50% EtOH…………………………………………………………..…1 minute 

12. 70% EtOH………………………………………………………..……1 minute 

13. 95% EtOH……………………………………………………….…….1 minute 

14. 100% EtOH……………………………………………………………1 minute  

[dry slide backs] 

15. Xylene/Citrisolv…………………………………………………….…2 minutes 

16. Xylene/Citrisolv…………………………………………….…………2 minutes 

Coverslip with Permount  

 


