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Abstract 

 Exposure to the anticonvulsant valproic acid (VPA) is associated with a 7.5% rate of 

major malformations and a 1-2% incidence of neural tube defects (NTDs).  Although the 

teratogenic outcomes resulting from VPA use during pregnancy were first identified in the 1980s, 

the mechanisms by which VPA induces birth defects are not fully elucidated.  Based on evidence 

in the literature, the studies in this thesis examined the role of in utero VPA exposure on 

oxidative stress and epigenetic alterations in the developing embryo to provide further 

mechanistic insight into VPA‟s teratogenic pathway.  The first study investigated the role of 

oxidative stress in VPA-induced teratogenesis.  Using CD-1 mice, catalase was shown to protect 

against VPA-induced effects on developmental and morphological parameters in both whole 

embryo culture and in vivo models.  Studies in whole embryo culture demonstrated that markers 

of oxidative damage were not altered by VPA; however, VPA increased apoptosis in the 

neuroepithelium, which was attenuated by the addition of catalase.  The second objective 

addressed epigenetic modifications induced by VPA in an in vivo mouse model.  Maternal 

administration of VPA resulted in increased acetylation of histones H3 and H4, increased 

methylation of histone H3K4, and decreased methylation of histone H3K9.  Furthermore, these 

changes were localized to VPA target tissues including the neuroepithelium, heart, and somites.  

Global DNA methylation in the embryo was not altered by VPA.  The final objective was to 

determine VPA‟s effect on a marker of DNA damage, markers of cell cycle proteins, and a 

marker of apotosis in vivo.  Maternal administration of VPA resulted in a rapid increase of 

γH2A.X, a marker of DNA double strand breaks (DSBs).  Increased expression of p27
KIP1

, a 

cyclin-dependent kinase inhibitor, and activated caspase-3, a marker of apoptosis, were observed 

and these changes were localized to the neuroepithelium of developing embryos.  In conclusion, 
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this thesis supports the hypothesis that VPA-induced increases in ROS production and HDAC 

inhibition may lead to altered gene expression patterns and consequently teratogenic effects, 

namely NTDs. 
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1.1 Xenobiotic-Mediated Teratogenesis 

1.1.1 Organogenesis: A Critical Period of Development 

 Embryonic development is a tightly regulated process during which exposure to 

exogenous agents may result in structural malformations that can be described broadly by the 

term teratogenesis.  Teratogenesis results from disruptions in normal development during 

particular stages of tissue and organ formation called critical periods or windows (Klassen, 2001; 

Wells et al., 2010; Altshuler et al., 2003; Selevan et al., 2000).  During embryonic development, 

the formation and establishment of particular structures and organ systems require rapid and 

precise proliferation and differentiation of cells, and hence in general, the tissue or organ‟s 

sensitivity to damage by xenobiotics or environmental agents is increased (Altshuler et al.,  

2003).  Susceptibility to teratogens varies throughout pregnancy as depicted in Figure 1.1.  Risk 

of teratogenesis during the first two weeks following fertilization is low as cellular differentiation 

has not begun.  Organogenesis, which occurs between weeks 3-8 in humans, is the most sensitive 

period for structural insults, with the type of defect depending on several factors including the 

timing of exposure, as well as the physical and chemical properties of the agent, dose, and route 

of exposure (Wells et al., 2010; Rutledge, 1997).  A classic example is the teratogen thalidomide, 

where exposure to the drug between the 27th and 40th day of gestation may result in limb 

reduction and other limb defects (phocomelia) (Vargesson, 2009).  Exposure to teratogenic agents 

during the fetal period typically results in functional birth defects (Wells et al., 2009).  There are 

exceptions to these critical windows of susceptibility, as some xenobiotics accumulate in the 

embryo and fetus, and others may cause irreversible damage that persists through development. 

 Many coordinated processes must occur in order for organogenesis to be completed 
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Figure 1.1   Sensitive or critical windows of human development. 

The prenatal period is typically not susceptible to teratogens, though environmental exposures during this period may result in fetal death 

rather than abnormalities.  Major organ systems begin to form during the third week of gestation, with most of the organ or structure 

established by week 16.  During embryogenesis, exposure to xenobiotics is most likely to cause major congenital anomalies.  During the 

fetal and later stages of gestation, disruptions in development can result in decreased growth, physiological defects, and functional deficits.  

The red bars represent development of the organ system, and the blue bars represent growth (Modified from Altshuler et al., 2003). 
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normally.  Cells are rapidly proliferating, differentiating, and undergoing apoptosis throughout 

this time period to generate functional organ systems (Jaklevic and Su, 2003).    Cellular 

proliferation is under the regulation of the cell cycle.  Rapid cell division is a requirement for 

development, although the length of the cell cycle varies depending on the cell type and 

environmental cues (Levine, 2004).  Apoptosis or programmed cell death occurs during 

organogenesis for the elimination of specific cell types that may be succeeded by others, or to 

remove cells for the shaping of a particular organ system (Jacobson et al., 1997).  The 

development of the central nervous system involves all of these cellular events, with rapidly 

dividing neuroepithelial cells undergoing apoptosis in discrete regions before the terminal cell 

type is established.  The following sections will focus on the formation of the neural tube, the 

embryonic precursor to the central nervous system. 

1.1.2 Formation of the Neural Tube 

 The brain and the spinal cord develop from the neural tube, a structure that is formed 

through the process of neurulation during organogenesis.  The neural tube is derived from the 

neural plate which first appears at the end of the 2
nd

 week of human embryonic development.  

During the 3
rd

 week post-fertilization, the embryo develops from a bilamminar disc to a 

trilamminar disc consisting of three germ layers: the ectoderm, mesoderm, and endoderm (Sadler, 

2005).  The ectoderm gives rise to the neural plate or neuroepithelium which then forms a 

continuous neural tube via a two stage process.  Primary neurulation describes the process by 

which the neural plate lengthens, thickens, then folds up and adheres at the midline (Copp et al., 

2003).  Closure is initiated at the boundary between the hindbrain and cervical spinal cord and 

then proceeds both cranially and caudally to form the neural tube.  Other closure sites exist in the 

cranial region, although the exact nature of their presence and location are highly debated and 
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may depend on genetic background and species (Copp, 2005).  Secondary neurulation describes 

the formation of the neural tube in the sacral and coccygeal regions from mesenchymal cells of 

the tail bud (Copp et al., 2003).   

 Much of our understanding of neural tube closure is based on studies performed in chick 

and mouse embryo models, although some differences are apparent when compared to human 

neurulation (Figure 1.2).  First, the location of the initial closure site at the hindbrain/cervical 

boundary is more rostral in humans compared to the mouse model (Copp, 2005).  Although 

closure is a discontinuous process in that it initiates from multiple sites, the existence of a second 

closure site at the boundary between the forebrain and midbrain is debated in humans.  Some 

evidence suggest that the second closure site is absent in humans, and others suggest that it is 

present in a more caudal position compared to the mouse model.  Neural tube closure is complete 

by the 4
th
 week of gestation in humans, with the cranial and caudal neuropores closing on days 25 

and 28, respectively (Sadler, 2005).  Mouse cranial and caudal neural tube closure is complete on 

gestational days 10 and 10.5, respectively (Greene and Copp, 2009). 

1.1.3 Neural Tube Defects 

 Failure of the neural tube close results in neural tube defects (NTDs).  The overall 

prevalence of NTDs in Canada has declined since folic acid fortification became mandatory in 

1997 and currently occurs at a rate of 0.86 per 1000 births (De Wals et al., 2007).  Open NTDs 

arise when the neural folds fail to rise, bend, appose, and fuse during primary neurulation (Greene 

and Copp, 2009).  NTDs located on the cranial end are incompatible with life and may result 

from failure of closure to progress cranially from closure site 1, or initiate closure at sites 2 or 3 

(Greene and Copp, 2009) (Figure 2).  Exencephaly describes the condition in which the neural
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Figure 1.2  Representation of neural tube closure in mouse (A) and human (B) embryos. 

Neural tube closure initiates at closure sites 1,2,3 and proceeds unidirectionally or bidirectionally 

(indicated by blue arrows).  Failure of the initiation or progression of closure may result in a 

NTD, as indicated by the red arrows.  Secondary neurulation proceeds from the level of the 

closed posterior neuropore, as a result of canalization within the tail bud (indicated in green).  

Reprinted with permission (Copp and Greene, 2010).   
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folds in the cranial end remain open, exposing the developing neuroepithelium to the amniotic 

environment which results in degradation of neural tissues, consequently leading to a defect 

called anencephaly at birth (Greene and Copp, 2009).  Failure of closure to initiate at closure site 

1 results in a severe defect called craniorachischisis, where the entire neural tube remains open 

from the midbrain to the lower lumbar levels (Copp et al., 2003).  Spinal NTDs refer to failure of 

neural tube closure at the caudal end and generally leads to meningocele or myelomeningocele, 

defects where the meninges and/or neural tissue protrude through an opening in the vertebral arch 

(Greene and Copp, 2009).  Spinal NTDs or spina bifida is compatible with life; however, 

individuals with this condition typically suffer from motor and sensory deficits in the legs, 

urinary and fecal incontinence, vertebral curvature, and pain originating from the location of the 

defect (McComb, 1997). 

 The etiology of NTDs appears to be multifactorial, although a definitive mechanism has 

yet to be elucidated.  Evidence suggests that genetic, nutritional, and environmental factors, or a 

combination thereof are involved in the induction of a NTD (Kondo et al., 2009; Padmanabhan, 

2006; Cabrera et al., 2004; Zhu et al., 2009).  Familial patterns in NTDs have been observed with 

a risk of recurrence in siblings of 2-5% (Sebold et al., 2005).  In addition, gender may play a role 

in NTD susceptibility; the ratio of affected males to females ranges from 0.33 to 0.66 in cases of 

anencephaly (Brook et al., 1994).  Animal studies indicate that chromosomal and genetic 

disorders may contribute to the induction of a NTD.  Over 200 genetic mutant or knockout mouse 

models of NTDs have been generated, linking genes involved in the function of cytoskeletal, cell 

cycle, cell viability, and cell surface proteins to neural tube closure (Copp et al., 2003; Copp and 

Greene, 2010).  In humans, polymorphisms in the 5,10-methylenetetrahydrofolate reductase 

(MTHFR) gene have been identified as a risk factor for NTDs, supporting a role for both genetic 



 

8 

 

and nutritional factors (Kondo et al., 2009).  MTHFR is involved in the metabolism of folic acid 

into 5-methyltetrathydrofolate, which is critical for the conversion of homocysteine to 

methionine, which in turn supplies one carbon units for DNA methylation (Main et al., 2010).  

Partial enzyme deficiency is observed with the MTHFR 677C>T variant and the risk of NTDs is 

increased in these individuals; however, folic acid supplementation can partially restore MTHFR 

activity (Kondo et al., 2009; Cabrera et al., 2004).  Folic acid supplementation is also 

recommended in the general population for the prevention of NTDs in addition to the fortification 

of cereal products with folic acid which became mandatory in Canada in 1997 (De Wals et al., 

2007).  Following the fortification program, a 46% reduction in the prevalence of NTDs was 

recorded.  Also, other nutrients including vitamin B12 and zinc have demonstrated a role in 

neurulation (Padmanabhan, 2006; Thompson et al., 2009).  Environmental risk factors for NTDs 

include maternal diabetes and obesity, hyperthermia, and drug exposure (Cabrera et al., 2004; 

Carmichael et al., 2010; Kini et al., 2007).  Several xenobiotics increase the risk of NTDs 

including anti-microbials, anti-cancer agents, vitamin A, and antiepileptic drugs (AEDs) (Kondo 

et al., 2009).  Most notable of the AEDs is valproic acid (VPA).  VPA monotherapy is associated 

with an overall rate of 7.5% in malformations including NTDs, with the prevalence increasing 

when used in polytherapies with other AEDs (Jentink et al., 2010b). 

1.2 Valproic Acid-Induced Teratogenesis 

1.2.1 Valproic Acid – A General Overview 

 VPA (2-n-propylpentanoic acid) is a short chained fatty acid that has been used in the 

treatment of several neurological disorders including migraines, bipolar disorders, and epilepsy 

for over 40 years (Bowden, 2009; Evers, 2008).  VPA is one of the most frequently prescribed 
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AEDs as it is efficacious in the management of long-term epilepsy, as well as controlling a 

variety of seizure disorders including tonic-clonic seizures, idiopathic generalized seizures, 

juvenile myoclonic epilepsy, and childhood absence seizures (Bourgeois, 2003).  Despite its 

popularity as an anticonvulsant, the mechanisms by which VPA exerts its antiepileptic properties 

are poorly understood.  VPA has been shown to inhibit voltage-gated sodium channels; 

additionally, VPA causes an accumulation of γ-aminobutyric acid (GABA) in neuronal tissues by 

inhibiting enzymes responsible for GABA catabolism (Lӧscher, 2002).  However, the definitive 

mechanism by which VPA inhibits seizures has not been established. 

As VPA is a frequently prescribed AED and known teratogenic agent, special 

considerations must be taken into account for epileptic women of childbearing age.  VPA is 

classified as a type D medication for pregnant women, indicating that human fetal risk has been 

documented but the use of the drug may still be warranted (Chamber et al., 2008).  Currently, it is 

recommended that VPA should be discontinued during pregnancy and a switch to another AED 

such as carbamazepine or lamotrigine should be made if possible (Perucca, 2005).  Unfortunately, 

these two AEDs are also teratogenic, though to a lesser extent than VPA, and may not 

demonstrate the same effectiveness in seizure control, in which case VPA therapy is to be 

continued.  If other AEDs are being prescribed with VPA, it is recommended that monotherapy 

with VPA be the choice of seizure control (Genton et al., 2006).  In addition, as VPA-induced 

teratogenicity is dose-dependent, the lowest possible dose for effective control of epilepsy should 

be used.  Over the years, a declining trend in VPA prescription to adolescent females has been 

observed.  However, when a less teratogenic substitute is not effective for the treatment of 

epilepsy, a clinical dilemma arises (Ackers et al., 2009; Meador et al., 2009b): as the dangers 

associated with an uncontrolled seizure, such as placental and fetal death due to hypoxia, are 
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considered more detrimental than the potential teratogenic effects, VPA therapy is recommended 

(Hallak et al., 2000). 

1.2.2 Teratogenic Profile of VPA 

 VPA‟s teratogenicity can be organized into 3 major categories: major and minor 

congenital malformations, fetal valproate syndrome, and neurodevelopmental deficits (Ornoy, 

2009).  Case reports initially documenting an increased occurrence of major birth defects when 

VPA was taken during the first trimester of pregnancy appeared in the early 1980s (Clayton-

Smith and Donnai, 1995).  Recently, a meta-analysis of previously published cohort studies found 

that VPA monotherapy was associated with an increased risk of 6 specific major congenital 

malformations: spina bifida, atrial septal defects, cleft palate, hypospadias, polydactyly, and 

craniosynostosis (Jentink et al., 2010b).  Other malformations that have been reported in 

pregnancies during which VPA was used include abdominal wall defects, tracheomalacia, radial 

ray defects, and arachnodactyly (Clayton-Smith and Donnai, 1995).  The most common major 

malformations associated with VPA therapy are NTDs, primarily spina bifida in humans.  VPA 

use is associated with a 1-2% incidence of NTDs in exposed infants, which is 10-20 times the rate 

observed in the general population (Ornoy, 2009). 

 In addition to major and minor congenital malformations, a characteristic facial 

phenotype is observed in some VPA-exposed infants.  The term „fetal valproate syndrome‟ is 

used to describe this combination of facial features which includes a broad nasal root, long and 

thin upper lip, epicanthic folds, small upturned nose, minor abnormalities of the ears and 

downturned angles of the mouth (Clayton-Smith and Donnai, 1995).  Studies have found that the 

severity of the dysmorphic facial appearance of these children may vary and may occur with 

major malformations (Ozkan et al., 2011; Kini et al., 2006).  It has also been noted that 
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unexposed children may also exhibit these features, indicating that caution must be exercised in 

the diagnosis of VPA-induced teratogenesis, as these features alone may not be specific or 

sensitive enough (Ornoy, 2009).   

 VPA exposure in utero has been correlated with neurodevelopmental delays and 

disorders in children.  VPA serum concentrations at birth were associated with hyperexcitability 

in infants and correlated with decreased verbal intelligence and increased behavioural problems in 

children (Koch et al., 1996).  At 3 years of age, children who were exposed to VPA in utero 

recorded lower IQ scores when compared to children exposed to other AEDs (Meador et al., 

2009a).  In addition, increased diagnoses of autism spectrum disorders and Asperger syndrome 

have been recorded in children exposed to VPA in utero (Dufour-Rainfray et al., 2011). 

1.2.3 Potential Mechanisms of VPA-Induced Teratogenesis 

 Though the teratogenic effects caused by VPA have been known for almost 30 years, the 

precise mechanisms by which VPA exerts it teratogenicity are not yet fully understood.  Studies 

have demonstrated that VPA-induced teratogenicity is multi-faceted and VPA can affect several 

signaling pathways through different mechanisms.  Three major hypotheses involve folate 

deficiency, oxidative stress, and histone deacetylase inhibition.  As VPA notably increases the 

prevalence of NTDs in infants exposed to VPA in utero, it was postulated that VPA may be 

interfering with folate metabolism, thereby inhibiting the production of one-carbon units for DNA 

synthesis and methylation (Yerby, 2003; Jentink et al., 2010a).  Studies have shown that 

supplementation with 4-5 mg per day of folic acid decreased the occurrence of spontaneous 

abortion in VPA-treated women, although the rate of congenital malformations was not affected 

(Yerby, 2003; Pittschieler et al., 2008).  Results from animal studies are varied.  Studies have 

shown that pretreatment and supplementation with folic acid can reduce VPA-induced NTDs; 
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however, subsequent studies were unable to replicate these results (Hansen and Grafton, 1991; 

Elmazar et al., 1992; Trotz et al., 1987; Dawson et al., 2006).  Though folate deficiency may play 

a role in VPA-induced teratogenesis, more recent hypotheses regarding oxidative stress and 

histone deacetylase inhibition have been suggested in mediating VPA‟s teratogenic effects. 

1.3 Oxidative Stress 

1.3.1 Oxidative Stress as a Mechanism of Teratogenesis 

 Oxidative stress occurs when the production of reactive oxygen species (ROS) exceeds 

the detoxification capacity of the cell.  ROS are formed through the reduction of oxygen to 

various intermediates such as superoxide anions (O2
-
), hydrogen peroxide (H2O2), and hydroxyl 

radicals (OH
-
) (Fantel, 1996).  Embryonic oxygen requirements vary throughout development.  In 

the early postimplantation period, the embryo uses anaerobic metabolism and high oxidative tone 

is toxic (Dennery, 2007).  Following the establishment of uteroplacental circulation, fetal 

oxygenation levels increase to support the aerobic metabolism required for the rapid growth and 

weight gain which occur during the second and third trimesters.  The fluctuations in oxidative 

tone throughout development are referred to as redox switching, as oxygen levels are maintained 

to support the cellular events during specific periods.  During organogenesis, low oxygen levels 

are required for the rapid proliferation of cells.  Exposure to mild oxidative tone leads to cellular 

differentiation and high oxidative tone results in apoptosis or necrosis (Dennery, 2007). 

 Exposure to a ROS generating xenobiotic could therefore lead to oxidative stress during 

organogenesis, a period when the embryo is particularly sensitive to oxidative tone, and induce a 

teratogenic effect.  Previous studies have reported that ROS can be generated from the 

metabolism of an exogenous compound to a reactive intermediate, as seen in phenytoin, 
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benzo[α]pyrene, and cyclophosphamide-induced teratogenesis (Parman et al., 1998; Parman and 

Wells, 2002; Mirkes, 1985).  These reactive intermediates can then form adducts with cellular 

macromolecules, or react with molecular oxygen to form ROS such as O2
-
,
 
H2O2, and OH

-
.  In 

addition to ROS, reactive nitrogen species (RNS) can be produced from the reaction of O2 with 

nitric oxide (NO) (Wells et al., 2009). 

 ROS and RNS can induce teratogenesis by causing damage to cellular macromolecules 

such as DNA, lipids, and proteins, as well as altering redox-sensitive signaling pathways (Wells 

et al., 2009).  Oxidative DNA damage may result from the reaction of OH
-
 with nitrogenous 

bases or the sugar-phosphate backbone.  Over 100 types of DNA lesions may occur; however, the 

most common and frequently used marker of oxidative DNA damage is 8-hydroxyguanosine (8-

OHdG), which results from the reaction of OH
-
 with guanosine (Wells et al., 2010).  8-OHdG can 

increase transversion mutations and alter embryonic transcription.  Levels of 8-OHdG are 

elevated in embryos exposed to teratogens such as phenytoin and thalidomide (Winn and Wells, 

1995; Parman et al., 1999).  Free radicals can also react with polyunsaturated fatty acids to form 

electrophilic aldehydes including malondialdehyde and 4-hydroxy-2-nonenal (HNE) that can in 

turn form adducts with cysteine, lysine, or histidine residues and thus interfere with protein 

function (Roede and Jones, 2010).  Maternal administration of the teratogen hydroxyurea 

increased embryonic 4-HNE adduct formation on glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) which was subsequently correlated with reduced GAPDH enzyme activity (Yan and 

Hales, 2006; Schlisser et al., 2010).  Furthermore, RNS can cause damage to cellular 

macromolecules.  Peroxynitrite (ONOO
-
) can react with tyrosine residues to form 3-nitrotyrosine 

(3-NT), as observed in embryos cultured in copper deficient media (Beckers-Trapp et al., 2006).   
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 In addition to inducing damage to lipids, proteins, and DNA, ROS can alter cell signaling 

by regulating redox-sensitive transcription factors.  A number of redox-sensitive transcription 

factors are important during development including hypoxia inducible factor 1 (HIF-1), nuclear 

factor κb (NF-κB), and activator protein 1 (AP-1).  Known teratogens such as phenytoin, 

hydroxyurea, and 5‟bromo-2‟-deoxyuridine (BrdU) have been shown to induce the DNA binding 

activities and expressions of these transcriptions factors (Dennery, 2007; Yan and Hales, 2006; 

Kennedy et al., 2004; Sahambi and Hales, 2006).  As gene expression is tightly regulated during 

development, disturbances induced by excessive ROS could therefore disrupt normal embryonic 

development and result in a teratogenic effect.  

1.3.2 Embryonic Metabolism and Antioxidant Defenses 

 The basis for oxidative stress as a mechanism of teratogenesis is that embryonic 

metabolism or bioactivation of an exogenous agent, ROS-induced cellular damage, or ROS-

induced altered signaling, exceeds the antioxidative or repair capacity of the embryo.  

Furthermore, erroneous repair may contribute to a teratogenic outcome.  As ROS are not stable, it 

is unlikely that maternal metabolic pathways contribute to ROS-initiated alterations within the 

embryo, although there are exceptions (Wells et al., 2009; Fantel, 1996).  Therefore, the embryo 

itself must be equipped with enzymatic and/or non-enzymatic metabolism and detoxification 

pathways.   

 Cytochrome P450s (CYPs) are the major enzymes involved in drug metabolism in adults 

and are responsible for the metabolism and/or bioactivation of most xenobiotics.  In the 

developing embryo, particularly during organogenesis, most CYPs are found to be expressed at 

very low levels, if at all.  Levels subsequently increase after birth, although the expression profile 

is dependent on the specific CYP isozyme (Hines, 2008).  For instance, human CYP2A6 is not 
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detectable prenatally, as early studies have shown it is not expressed between gestational weeks 

13 to 23, but is readily detectable in adult livers (Raunio et al., 1990).  CYP2C9 expression and 

catalytic activity levels were measured at 1-2% of human adult levels during the first trimester, 

which increased during the second and third trimesters to 30% of adult levels (Koukouritaki et 

al., 2004).  Interestingly, CYP2C19 was found to be present at 12-15% of mature expression in 

humans as early as 8 weeks of gestation, and remained at that level consistently throughout 

gestation and at birth (Koukouritaki et al., 2004).  In contrast, CYP1B1/2 in rodents and CYP3A7 

in humans are highly expressed during embryonic development and rapidly decline after birth 

(Wells et al., 2010; Stevens et al., 2003).  Although most are expressed at low levels compared to 

adults, the presence of these CYPs during early embryonic development indicates that 

metabolism of xenobiotics via CYPs may be occurring. 

 In contrast to CYPs, studies have demonstrated that prostaglandin H synthase (PHS) and 

5-lipoxygenase (5-LO) are expressed throughout gestation and may play a critical role in the 

biotransformation of xenobiotics in the developing embryo (Wells et al., 2009).  This is 

particularly well-characterized in the mouse model.  PHS-1 and PHS-2 are expressed during 

organogenesis of the mouse embryo, and have been shown to metabolize several known 

teratogens including phenytoin, benzo[α]pyrene, thalidomide, and methamphetamine (Parman et 

al., 1998; Parman et al., 1999; Winn and Wells, 1996; Jeng et al., 2005).  It is postulated that 

during prostanglandin synthesis, PHS and 5-LO co-oxidize xenobiotics, thereby generating free 

radical intermediates and inducing ROS production (Yu and Wells, 1995).  Studies supporting 

this hypothesis have demonstrated that phenytoin-induced lipid peroxidation and protein 

oxidation, as well as thalidomide-induced teratogenesis, is reduced with the pretreatment of PHS 

inhibitors in both in vivo and whole embryo culture models (Miranda et al., 1994; Liu and Wells, 



 

16 

 

1994).  Levels of PHSs in human fetal tissues are not as well-defined.  PHS-1 mRNA was 

detected in human fetal kidney and lung, and levels did not change with gestational age (Olson et 

al., 2001).  On the other hand, PHS-2 mRNA was localized to several tissue types including lung, 

kidney, and liver, and levels increased throughout gestation (Olson et al., 2001).  Though the 

expression and activity profiles of PHSs in human development are unknown, they have been 

shown to play a large part in mediating aspects of oxidative stress-induced teratogenesis in the 

mouse model.  Therefore, it is possible that PHS is also involved in xenobiotic metabolism in 

human embryonic development. 

 As embryos are capable of metabolizing xenobiotics and generating ROS, antioxidative 

compounds and enzymes would protect against ROS-initiated damage.  Supplementation of 

antioxidants in murine whole embryo culture and pretreatment in vivo have been repeatedly 

demonstrated to protect against xenobiotic-induced teratogenesis, reduce markers of oxidative 

damage, and restore embryonic signaling pathways (Winn and Wells, 1995; Winn and Wells, 

1999; Gnanabakthan and Hales, 2009).  However, the embryo itself is not well-equipped with 

antioxidative mechanisms to defend against increases in ROS formation.  Several studies have 

shown that the activities and mRNA levels of catalase, superoxide dismutase (SOD), and 

glutathione peroxidase (GSH-Px) are higher during late gestation and at term compared to 

organogenesis stage embryos (Al Deeb et al., 2000; Zaken et al., 2000).  A recent study showed 

that catalase activity levels throughout gestational days 9 to 12 remained at approximately 6% of 

maternal hepatic levels in mice (Abramov and Wells, 2011).  In addition to enzymatic 

antioxidants, non-enzymatic defenses such as glutathione (GSH) are capable of detoxifying ROS.  

Interestingly, one study demonstrated that the developing rat neuroepithelium had lower levels of 
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GSH compared to other tissues, indicating that the primitive neural tube may be comparatively 

more susceptible to damage by ROS (Beck et al., 2001).   

 Organogenesis is a period when the embryo is particularly sensitive to oxidative tone and 

damage by ROS, as embryonic metabolism and ROS generation may exceed the detoxification 

capacity of the embryo.  The basis for oxidative stress as a mechanism of teratogenesis is 

summarized in Figure 1.3.  

1.3.3 Pharmacokinetics of VPA 

 It is important to understand the metabolism and distribution of VPA in order to delve 

further into the mechanisms of VPA-induced teratogenicity.  VPA is rapidly absorbed following 

oral administration, with peak serum levels being reached 2-5 hours after ingestion (Perucca, 

2002).  More than 90% of VPA is bound to plasma proteins, and therapeutic serum 

concentrations range from 50-100 mg/L.  Serum concentrations above 150 mg/L will result in 

displacement from plasma proteins and an increase in free drug.  The half-life of VPA ranges 

from 9-18 hours (Perucca, 2002).   

Much of our understanding of VPA metabolism is based on studies examining the role of 

oxidative stress in VPA-induced hepatoxicity.  VPA is metabolized extensively in the liver, with 

only approximately 1-3% of the ingested dose excreted in the urine unchanged (Fleming and 

Chetty, 2005).  Of the remaining VPA, approximately 50% of VPA is conjugated to glucuronic 

acid and excreted as an inactive VPA-glucuronide (Figure 1.4).  Approximately 40% undergoes 

β-oxidation in the mitochondria to yield the pharmacologically active 2-propylpent-2-enoic acid 

(2-ene VPA).  The remaining 10% is metabolized by CYP2C9, CYP2C19, and CYP2A6 to form 
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Figure 1.3  Oxidative stress as a mechanism of teratogenesis. 

Bioactivation of a xenobiotic to a reactive intermediate can lead to the formation of adducts and 

reactive oxygen species (ROS).  ROS can target cellular macromolecules or activate redox-

sensitive signaling pathways.  Damage can be repaired or repaired erroneously, ultimately leading 

to a teratogenic effect (Modified from Wells et al., 2010). 
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Figure 1.4.  Simplified diagram of major VPA biotransformation pathways. 

(Modified from Kiang et al., 2010).  
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various metabolites (Fleming and Chetty, 2005).  Among these is the highly reactive 2-

propylpent-4-enoic acid (4-ene VPA), which undergoes β-oxidation to form another reactive 

metabolite, (E)-2-propylpent-2,4-dienoic acid [(E)-2,4-diene VPA] (Chang and Abbott, 2006).   

In healthy adult subjects, VPA metabolites were readily detectable following a single 

dose of 800 mg (Nagai et al., 2009).  4-ene VPA serum concentrations peaked 6 hours following 

ingestion whereas 2-ene VPA peaked 16 hours after administration, although the levels of both 

metabolites were low compared to the parent compound (2 µg/mL and 50 ng/mL compared to 75 

µg/mL) (Nagai et al., 2009).  Studies examining the distribution of VPA and its metabolites in 

pregnant epileptic patients found similar results where the serum concentrations of VPA greatly 

exceeded those of its metabolites.  Interestingly, at birth, cord serum concentrations of VPA and 

its metabolites including 4-ene VPA and 2-ene VPA were found to be about 1.5 times higher 

compared to maternal serum concentrations (Kondo et al., 1987).  This is supported by animal 

studies demonstrating that embryonic VPA and 2-ene VPA concentrations were greater than 

unbound maternal serum levels by a factor of 2-2.8 (Nau and Scott Jr., 1986).  The difference in 

embryonic and maternal VPA concentrations was attributed to a difference in intracellular pH.  

As embryonic pH in the mouse embryo was 0.4 units higher than maternal serum (7.64 compared 

to 7.26, respectively), it has been suggested that the embryo serves as a basic compartment for 

weak acids (Nau and Scott Jr., 1986).  It has also been suggested that VPA may be actively 

transported across the placenta, although this remains debatable as other studies demonstrated 

that VPA diffuses readily through placental tissues (Bailey and Briggs, 2005).  Interestingly, one 

study showed accumulation of radiolabelled VPA specifically within the neuroepithelium of 

developing mouse fetuses, indicating that VPA may target this tissue in its mechanism of 
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teratogenesis (Dencker et al., 1990).  Thus, the metabolism and distribution of VPA and its 

metabolites may play a critical role in mediating teratogenesis.  

1.3.4 Evidence for Valproic Acid-Induced Teratogenesis via Oxidative Stress 

 Studies have demonstrated that VPA can induce oxidative stress.  In addition to 

teratogenicity, a serious side effect of VPA therapy is an idiosyncratic hepatotoxicity, to which 

the metabolism of VPA and ROS production have been linked.  Studies in primary cultures of 

GSH-depleted rat hepatocytes showed increased toxicity with the administration of VPA 

metabolites, 4-ene VPA and 2-ene VPA, compared to the parent compound (Jurima-Romet et al., 

1996).  In this same study, 4-ene VPA depleted GSH levels by 50% compared to vehicle-treated 

cells.  Supplementation with the antioxidants catalase, vitamin C, and vitamin E protected against 

damage induced by 4-ene VPA (Jurima-Romet et al., 1996; Tabatabaei and Abbott, 1999).  In 

addition, VPA treatment in an in vivo rat model resulted in increased levels of markers of lipid 

peroxidation including 15-F2t-isoprostane, lipid hydroperoxides, and thiobarbituric acid reactive 

substances (TBARS) (Tong et al., 2005).  4-ene VPA and (E)-2,4-diene VPA are both associated 

with hepatic steatosis, a condition of fatty liver characterized by the accumulation of lipid 

droplets within hepatocytes (Tang et al., 1995).  Treatment with these metabolites in rats 

increases the formation of GSH and N-acetylcysteine conjugates.  As CYP2C9 and CYP2A6 are 

responsible for the formation of 4-ene VPA and consequently (E)-2-4-diene VPA, leakage of 

electrons during CYP450 cycling can lead to the generation of ROS (Tabatabaei and Abbott, 

1999).  As evidence suggests that VPA metabolism and oxidative damage are necessary for VPA-

induced hepatoxicity, the generation of ROS may play a role in VPA-induced teratogenicity.  

Studies supporting this hypothesis have shown that 4-ene VPA induces NTDs and other cranial 

malformations at similar rates to its parent compound (Gofflot et al., 1995). 
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 VPA therapy increases markers of oxidative damage in human patients.  Patients on VPA 

monotherapy had significantly lower serum antioxidant activities, as measured by paraoxonase 

(PON-1) and arylesterase (ARE) activities, and significantly higher levels of 8-OHdG (Varoglu et 

al., 2010).  Children receiving VPA monotherapy had higher levels of urinary 15-F2t-isoprostane 

(Michoulas et al., 2006).  In a separate study, decreased vitamin E and increased 

malondialdehyde (MDA) were observed in obese children on VPA monotherapy (Verrotti et al., 

2008).   

 Several in vitro studies have shown that VPA can increase ROS formation by 

measurement of the conversion of the non-fluorescent ROS-sensitive dye 5-(and-6)-

chloromehtyl-2‟7‟-dichlorodihydrofluorescein diacetate (CM-H2DCFDA) to the fluorescent 

dichlorodihydrofluorescein (DCF).  DCF fluorescence is increased with VPA exposure in 

cultured rat hepatocytes, the K562 leukemic cell line, and CHO 3-6 cells (Kawai and Arinze, 

2006; Kiang et al., 2010; Sha and Winn, 2010; Defoort et al., 2006).  Studies in our laboratory 

using the CHO 3-6 cell line demonstrated that VPA increased DNA double strand breaks (DSBs) 

and homologous recombination (HR), both of which were attenuated by pretreatment with the 

antioxidant PEG-catalase (Sha and Winn, 2010; Defoort et al., 2006).  However, these studies 

also revealed that 8-OHdG levels were not increased, indicating that VPA may not be exerting its 

toxicity via oxidative DNA damage. 

 There are a limited number of studies conducted in embryos or embryonic cells that 

implicate a role for oxidative stress in VPA-induced teratogenicity.  Embryonic stem cells grown 

to form embryoid bodies with differentiated areas of cardiac cells showed decreased size, 

decreased beating, and increased DCF staining when treated with VPA (250 µM) which were 

attenuated with coadministration with vitamin E (Na et al., 2003).  Other studies in murine whole 
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embryo culture showed that VPA (50-400 µg/mL) significantly decreased developmental and 

morphological parameters, which were restored with co-incubation with vitamin C (Zhang et al., 

2009).  The same study found that VPA (400 µg/mL) decreased total embryonic GSH content and 

increased oxidized (GSSG) to reduced GSH ratios.  Again, addition of vitamin C to the media 

attenuated these markers of oxidative stress.  In vivo studies further support a role for oxidative 

stress in VPA-induced teratogenesis.  VPA injected at a dose of 700 mg/kg subcutaneously (s.c.) 

in pregnant dams caused a significant increase in the incidence of exencephaly, open eyelid, and 

micrognathae (undersized jaw) (Al Deeb et al., 2000).  These birth defects were prevented when 

VPA treatment was preceded by a dose of vitamin E (250 mg/kg).  These results are further 

supported by another in vivo study completed in rats that demonstrated that VPA-induced skeletal 

malformations were attenuated by vitamin E pretreatment (Baran et al., 2006).   

 Taken together, studies have demonstrated that VPA can induce oxidative stress in 

several models.  However, data regarding the mechanisms of oxidative stress and oxidative 

damage in VPA-induced teratogenesis are lacking.  Further studies are required to elucidate the 

types of oxidative damage and alterations in downstream pathways induced by VPA in the 

developing embryo. 

1.4 Epigenetics 

1.4.1 Epigenetic Regulation of Gene Expression 

 By definition, epigenetic modifications alter gene activity independent of DNA sequence.  

To date, DNA methylation, post-translational histone modifications, and most recently, small 

non-coding RNAs or microRNAs (miRNAs) have been identified as epigenetic modulators of 

gene activity (Skinner, 2011).  Methylation of the 5‟ position of cytosine results in what is 
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commonly referred to as the 5
th
 base, 5-methylcytosine (5-meC) (Bestor, 2000).   5-meC occurs 

almost exclusively at CpG dinucleotides, which can be found in large clusters called CpG islands 

that are located in and near promoter regions.  Methylation of cytosines is carried out by DNA 

methyltransferases (DNMTs), of which DNMT3a and 3b are responsible for de novo methylation 

(Cyr and Domann, 2010).  While some studies suggest that DNA demethylases (DMTs) can 

actively demethylate DNA and induce transcriptional activation, mammalian DMTs have not yet 

been identified (Cyr and Domann, 2010; Detich et al., 2003).  The methylation of cytosines is 

associated with transcriptional silencing, and this occurs via two mechanisms.  First, the presence 

of the methyl group interferes with binding of transcription factors to DNA, leading to 

transcriptional repression (Jones and Takai, 2001).  Secondly, 5-meC can recruit methyl binding 

domain (MBD) proteins that can further recruit other proteins that can induce transcriptional 

repression (Hung and Shen, 2003).    

 Post-translational histone modifications such as acetylation, methylation, 

phosphorylation, and ubiquitination can alter chromatin conformation, resulting in changes in 

gene activity (Kouzarides, 2007).  The functional unit of chromatin is the nucleosome, which 

consists of about 146 base pairs of DNA wrapped around a histone octamer composed of two 

each of histones H2A, H2B, H3, and H4 (Kouzarides, 2007).  Modifications on histone tails that 

project from the central core of the nucleosome can therefore lead to alterations in the interactions 

between DNA and histone proteins, or trigger recruitment of chromatin remodeling complexes to 

further regulate gene activity.  Acetylation of histone H3 and H4 tails is the most widely studied 

post-translational histone modification.  It is postulated that acetylation masks the positive charge 

on lysine residues on histone tails resulting in a weakened DNA/histone interaction, thereby 

inducing a relaxed chromatin structure that allows DNA access to transcription factors 
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(Eberharter and Becker, 2002).  Furthermore, acetylation can serve as a marker for other proteins 

that can then recruit chromatin remodeling and other functional complexes to modulate gene 

expression (Grant et al., 1999).  Histone acetylation is dictated by the balance of histone 

deacetylases (HDACs) and histone acetylases (HATs).  HDACs are responsible for the removal 

of acetyl groups on histones as well as other proteins, and are divided into four classes: Class I 

(HDAC1-3, 8), Class IIa (HDAC4,5,7,9), Class IIb (HDAC6, 10), Class III (SIRT1-7), and Class 

IV (HDAC11)  (Carew et al., 2008).  Class I, II, and IV HDACs are zinc-dependent deacetylases 

that can be inhibited by broad spectrum HDAC inhibitors, whereas Class III HDAC inhibition is 

dependent on NAD
+ 

(Carew et al., 2008).  Histone acetylation is carried out by HATs by 

transferring an acetyl group from acetyl coenzyme A (acetyl CoA) onto lysine residues on histone 

tails (Hasan and Hottiger, 2002).  Several mammalian HATs have been identified including 

p300/CBP and HAT1 (Dekker and Haisma, 2009). 

 In addition to histone acetylation, histone methylation patterns are associated with gene 

silencing or activation.  Lysine and arginine residues can be mono-, di-, or tri- methylated with 

the functional outcome dependent on the specific residue methylated and degree of methylation.  

For instance, monomethylation of histone 3 at lysine 4 (H3K4) is associated with transcriptional 

silencing, whereas di- and trimethylation of H3K4 is associated with active gene transcription 

(Berger, 2007).  Further demonstration of histone methylation in gene regulation is mono-, di-, 

and trimethylation of histone 3 at lysine 9 (H3K9), where all degrees of methylation are 

associated with transcriptional repression (Berger, 2007).  Histone methyltranserases (HMTs) are 

responsible for histone methylation by catalyzing a reaction whereby a methyl group is donated 

from S-adenosylmethionine (SAM) and transferred to the specific residue on histone tails 

(Hitchler and Domann, 2007).   
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1.4.2  Valproic Acid is a Histone Deacetylase Inhibitor 

 VPA‟s ability to inhibit HDACs was discovered in two separate studies in 2001.  

Gottlicher and colleagues found that VPA concentrations within the therapeutic range (0.3-1 mM) 

inhibit HDAC activity, induce hyperacetylation of histones H3 and H4, and relieve transcriptional 

repression in an in vitro model (Gottlicher et al., 2001).  Similarly, Phiel et al. found that VPA in 

the range of 0.5-5 mM inhibited HDAC activity, which was reversed with HDAC1 

overexpression (Phiel et al., 2001).  In order to test if HDAC inhibition could contribute to VPA‟s 

mechanism of teratogenesis, these authors exposed Xenopus embryos to VPA, a known HDAC 

inhibitor [trichostatin A (TSA)], and valpromide (VPM), an analog of VPA that lacks HDAC 

activity.  In this study, VPA and TSA inhibited HDAC activity, reduced tadpole length, and 

inhibited anterior development, whereas VPM did not inhibit HDAC and was not teratogenic.   

 The critical functions of HDACs during development are highlighted by studies 

characterizing HDAC knockouts.  HDAC1-null mice die before gestational day 10.5 and display 

decreased cellular proliferation, are severely growth retarded, and have severe head defects 

(Lagger et al., 2002).  Further studies in HDAC-null embryonic stem cells indicated that the 

expressions of cyclin-dependent kinase inhibitors p21
WAF1/CIP1

 and p27
 KIP1

 were increased and 

associated with hyperacetylated histones H3 and H4 in their promoter regions.  Thus, HDAC1 

inhibition during organogenesis may be required to restrict the expression of p21
WAF1/CIP1

 and 

p27
KIP1

 in order to maintain cellular proliferation.  Transgenic mouse studies suggest that 

HDAC2, 5, and 9 mediate normal cardiac development (Haberland et al., 2009).  HDAC4 

appears to play an important role in skeletal development.  HDAC4 knockouts die shortly after 

birth as they have excessively ossified ribs that prevent expansion of the ribcage during breathing 

(Haberland et al., 2009). 
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 Following the initial discovery of VPA-induced HDAC inhibition, subsequent studies 

identified VPA as an inhibitor of class I and IIa HDACs (Gurvich et al., 2004).  As HDACs are 

overexpressed in several cancers, VPA and other broad spectrum HDAC inhibitors are currently 

being tested in clinical trials for cancer therapy.  Their anticancer properties have been attributed 

to the induction of cellular differentiation, cell cycle arrest, and apoptosis.  HDACs can target 

histones as well as non-histone proteins.  For instance, p53 acetylation can be increased by 

HDAC inhibitors, leading to cell cycle arrest and apoptosis, whereas p21
WAF1/CIP1

 levels and 

activity are increased in numerous cancer cell lines by HDACs, through histone acetylation in the 

promoter region (Lagger et al., 2002; Chen et al., 2011).  Furthermore, VPA has been shown to 

sensitize cancer cells to other therapies including radiation, etoposide, and cisplatin (Chen et al., 

2011; Das et al., 2007; Ozaki et al., 2008).  VPA also increases ROS formation in a variety of 

cancer cells, which may contribute to the mechanism of cell death (Carew et al., 2008). 

1.4.3 Valproic Acid-Induced Teratogenesis via Histone Deacetylase Inhibition 

 Following the initial findings of Phiel et al., numerous subsequent studies supported the 

hypothesis that VPA-induced teratogenesis involved HDAC inhibition.  Gurvich and colleagues 

produced similar findings regarding VPA-induced teratogenicity through HDAC inhibition in 

Xenopus and zebrafish embryos.  First, they showed that VPA and TSA are more teratogenic than 

VPM as measured by parameters such as overall growth retardation, defective gut coiling, shorter 

anterior/posterior axis, and eye defects (Gurvich et al., 2005).  They further assessed the 

contribution of HDAC inhibition by demonstrating that embryos treated with VPM had lower 

levels of acetylated histone H4 compared to VPA and TSA.  In addition, this study found using 

microarray studies that genes targeted by VPA were also targets of TSA, suggesting that gene 

expression changes were being induced by two structurally unrelated drugs via a common 
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mechanism.  These findings were followed by several other gene microarray studies that 

suggested VPA induces teratogenicity by HDAC inhibition, as several HDAC target genes were 

found to be dysregulated by VPA (Jergil et al., 2009; Kultima et al., 2004). 

 HDAC inhibition has been postulated to be involved in the induction of cardiac and 

skeletal malformations.  A dose dependent (0-700 mg/kg VPA) increase in cardiac abnormalities, 

particularly interventricular septal defects, was observed in an in vivo mouse model (Wu et al., 

2010).  This was correlated to a significant decrease in HDAC activity, and an increase in the 

expression of genes involved in heart development including CHF1, Tbx5 and MEF2C.  The role 

of VPA in skeletal abnormalities has been well documented.  In mice, studies have found that 

VPA (400 mg/kg) as well as TSA (16 mg/kg) caused fused ribs, fused vertebrae, and duplication 

of segments in exposed fetuses (Menegola et al., 2005).  This was correlated to an increase in 

expression of acetylated histone H4 that was localized to the developing somites.  Further studies 

showed that HDAC was inhibited in mouse embryos exposed to VPA in utero (Di Renzo et al., 

2007).  Other HDAC inhibitors including boric acid, apicidin, MS-275 and sodium butyrate 

similarly prevented normal formation of skeletal structures.  A recent study examined the 

susceptibility of two different inbred mouse strains to VPA-induced skeletal malformations.  It 

was determined that C57BL/6J mice were more susceptible to fused or missing digits, whereas 

mice of the DBA/2J strain were more likely to present with rib abnormalities at two teratogenic 

doses of VPA (400 and 800 mg/kg) (Downing 2010).  When levels of acetylated histone H3 and 

H4 were measured, both strains showed a two-fold increase in acetylated histone H3; however, 

C57BL/6J embryos showed a two-fold increase in acetylated histone H4 levels compared to much 

lower levels measured in DBA/2J embryos.  Therefore, these results suggest that different 
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teratogenic effects may be mediated by variations in the extent of HDAC inhibition and different 

HDAC targets. 

 It is possible that VPA-induced HDAC inhibition can alter the epigenetic landscape by 

modifying other epigenetic markers such as histone methylation and DNA methylation.  Indeed, 

in vitro studies demonstrated that acetylation at histone H3 determines the extent of methylation 

at histone H3K4 (Nightingale et al., 2007).  Similar results were observed in early morula-stage 

mouse embryos treated with VPA.  Increases in histone H4 acetylation and histone H3K4 

methylation were measured in the promoter regions of Hoxb1 and Hoxb9, two genes critical for 

normal patterning (VerMilyea et al., 2009).  Though dynamic histone methylation changes have 

been measured during neural tube closure, the significance of histone methylation during 

organogenesis remains unknown (Biron et al., 2004).  In addition to changes in histone 

methylation, studies have shown that VPA can induce gene-specific decreases in DNA 

methylation.  In a neural progenitor cell line, VPA was shown to induce the expression of reelin 

with increases in acetylation of histone H3 and H4, and DNA demethylation (Mitchell et al., 

2005).  In addition, VPA prevented methionine-induced hypermethylation of reelin and GAD67 

promoters in a murine model of schizophrenia (Dong et al., 2007).  Further in vitro studies by 

Detich and colleagues demonstrated that VPA can induce replication independent DNA 

demethylation, suggesting that VPA enhances DNA demethylase activity through HDAC 

inhibition (Detich et al., 2003).  Interestingly, VPM, the VPA analog that lacks HDAC inhibitory 

activity, did not alter DNA methylation levels.  Subsequent studies by the same investigators 

determined that histone hyperacetylation and DNA demethylation induced by VPA were gene-

specific (Milutinovic et al., 2006). 
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 Though VPA has been shown to alter the status of histone and DNA methylation, their 

role in VPA-induced teratogenesis is unclear.  There are conflicting studies on the protective role 

of folic acid in VPA-induced teratogenesis.  Some have shown that VPA reduces serum folate 

levels, alters methionine metabolism, and decreases the expression of folate receptor 1 (Folr1) 

(Jergil et al., 2009; Úbeda et al., 2002; Hishida and Nau, 1998; Karabiber et al., 2003).  

Spielgelstein et al. suggest a minimal role for folate in VPA-induced NTDs as folate 

supplementation was unable to prevent VPA-mediated exencephaly in folate binding protein 2 

(Folbp2) knockout mice (Spiegelstein et al., 2003).  In addition, studies have shown that VPA-

induced hyperacetylation does not necessarily need to alter histone and DNA methylation patterns 

in order to alter gene expression (Tabolacci et al., 2008).  Hence, further studies are needed to 

clarify the roles of HDAC-mediated epigenetic changes in VPA-induced teratogenesis. 

1.5 Oxidative Stress in Epigenetic Modifications 

 The relationship between oxidative stress and epigenetics is not well established in the 

literature, although the interplay between the two mechanisms has been proposed in a few recent 

studies.  First, oxidative stress may interfere with histone and DNA methylation by depleting 

cysteine pools (Lu, 2009).  Through cycling between its reduced and oxidized states (GSSG), 

GSH is critical for the detoxification of electrophiles.  GSH levels are maintained by GSH 

reductase, which recycles GSH from GSSG.  In addition, GSH may be newly synthesized.  The 

rate-limiting substrate in GSH synthesis is cysteine, which is obtained through the diet or through 

transsulfuration of homocysteine generated from S-adenosylmethionine (SAM).  As 

homocysteine may be recycled back to SAM, and SAM is critical for donating a methyl group in 

one-carbon metabolism, shunting of homocysteine to GSH synthesis may deplete the availability 

of SAM (Lu, 2009).  Since SAM is required by HMTs and DNMTs for methylation of histones 
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and DNA, a decrease in the availability of SAM induced by oxidative stress may result in a 

decrease in DNA and histone methylation (Cyr and Domann, 2010).  

 Furthermore, ROS have been shown to have a direct effect on HDAC activity.  In vitro 

studies have shown that treatment with H2O2 causes tyrosine nitration of HDAC2, which was 

correlated to increased promoter histone acetylation and gene expression of IL-8 (Ito et al., 2004).  

Similarly, rat lungs that were exposed to cigarette smoke showed decreased activity of HDAC2, 

increased histone H4 acetylation, and increased DNA binding of redox-sensitive transcription 

factors (Moodie et al., 2004).  In addition to direct inactivation of HDACs, it has been suggested 

that HDAC inhibition may increase ROS-induced damage (Coyle et al., 2005).  Since histone 

acetylation renders chromatin to be in an open or permissive state, DNA may be more susceptible 

to damage by ROS.  HDAC inhibition and ROS also appear to modulate a number of overlapping 

signaling pathways including regulators of the cell cycle and apoptosis (Jazirehi, 2010; Esposito 

et al., 2001). 

1.6 Research Hypotheses and Objectives 

 Based on the evidence presented, the overall hypothesis generated for this dissertation is 

that VPA increases ROS production and HDAC inhibition during organogenesis which ultimately 

leads to altered gene expression patterns and consequently teratogenic effects, namely NTDs.  

Specifically, we hypothesized that VPA would induce gene dysregulation of proteins critical in 

maintenance of the cell cycle and apoptosis by hyperacetylation of histones, decreasing DNA 

methylation, and altering patterns of histone methylation.  Furthermore, hyperacetylation of 

histones renders DNA more susceptible to ROS, thereby increasing ROS-initiated damage.  The 

objectives were as follows: 
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Objective 1:  To assess levels of ROS production, cellular macromolecular oxidative damage, and 

apoptosis induced by VPA in a murine whole embryo culture model.  In addition, to assess 

antioxidant protection and verify these results in vivo. 

 

Objective 2:  To establish a time profile of epigenetic modifications induced by a teratogenic dose 

of VPA in an in vivo mouse model. 

 

Objective 3:  To determine if VPA induces DNA damage, alterations in the expressions of cell 

cycle regulators p21
WAF1/CIP1

 and p27
 KIP1

, and apoptosis in an in vivo mouse model. 
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Chapter 2   

 

Valproic Acid Increases Formation of Reactive Oxygen Species and 

Induces Apoptosis in Postimplantation Embryos: A Role for Oxidative 

Stress in Valproic Acid-Induced Neural Tube Defects
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2.1 Abstract 

 Exposure to the anticonvulsant valproic acid (VPA) during the first trimester of 

pregnancy is associated with an increased risk of congenital malformations including heart 

defects, craniofacial abnormalities, skeletal and limb defects, and most frequently, neural tube 

defects (NTDs).  The mechanisms by which VPA induces teratogenic effects are not fully 

understood, although previous studies support a role for oxidative stress.  To investigate the 

effects of VPA on early development, a whole embryo culture model was used to evaluate the 

protective effects of antioxidants, measure intracellular reactive oxygen species (ROS) levels, and 

assess markers of oxidative damage and apoptosis.  Furthermore, antioxidant protection against 

VPA-induced teratogenesis was evaluated in vivo.  VPA (0.60 mM in embryo culture, 400 mg/kg 

s.c. in vivo) induced significant decreases in embryonic growth and increases in NTDs.  Of the 

antioxidants tested, catalase provided partial protection against VPA-mediated reductions in 

morphological and developmental growth parameters in both whole embryo culture and in vivo 

systems.  VPA exposure resulted in an increase in ROS staining in the head region, as assessed by 

whole mount staining with CM-H2DCFDA.  Markers of embryonic oxidative damage including 

8-hydroxyguanosine, 4-hydroxynonenal adducts, and 3-nitrotyrosine were not affected by VPA 

treatment.  Increased ROS levels were correlated with increased staining for apoptotic markers, as 

assessed by western blotting and immunohistochemistry.  Addition of catalase to the media 

attenuated VPA-induced increases in ROS formation and apoptosis.  These studies identify 

regions of the embryo susceptible to ROS and apoptosis induced by VPA, thus establishing a 

molecular pathway by which VPA exerts teratogenicity. 
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2.2 Introduction 

Valproic acid (VPA) is a known human teratogen that causes a cluster of birth defects 

described by the term „Fetal Valproate Syndrome‟ and includes developmental anomalies such as 

cleft palate, atrial septal defects, polydactyly, craniosynostosis, hypospadias, and most frequently, 

neural tube defects (NTDs) (Jentink et al., 2010b).  In addition to these congenital malformations, 

VPA exposure during pregnancy is associated with decreased cognitive function 3 years after 

birth (Meador et al., 2009a).  It is currently used in the treatment of a wide variety of neurological 

disorders including migraines, bipolar disorder, and epilepsy (Bowden, 2009; Evers, 2008).  

Although VPA use in women of childbearing age has declined slowly over the last decade 

(Ackers et al., 2009; Meador et al., 2009b), it remains one of the most frequently prescribed and 

effective antiepileptic drugs available, thus creating a clinical dilemma when less teratogenic 

substitutions are not available or suitable for treatment (Duncan, 2007).  Despite its widespread 

use, the mechanisms by which VPA causes teratogenicity are not fully understood.   

Oxidative stress has been implicated in the mechanisms of teratogenesis of several 

compounds including phenytoin, benzo[α]pyrene, hydroxyurea, and 5-bromo-2‟-deoxyuridine 

(Winn and Wells, 1995; Yan and Hales, 2006; Sahambi and Hales, 2006; Winn and Wells, 1996).   

Excessive reactive oxygen species (ROS) production can cause direct damage to cellular 

macromolecules such as DNA, protein, and lipids and can alter normal signaling pathways 

through activation of redox sensitive transcription factors (Wells et al., 2009).  Detoxification of 

ROS can be achieved through enzymatic and non-enzymatic antioxidant mechanisms.  Although 

the embryo is equipped with enzymatic antioxidant defense mechanisms, several studies have 

demonstrated that the expressions of superoxide dismustase (SOD), catalase, and glutathione 

peroxidase are lower during early embryonic development when compared to maternal levels 
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(Winn and Wells, 1999; Zaken et al., 2000; el-Hage et al., 1990).  Since early embryonic 

antioxidant systems are immature and considerably lower compared to adult levels, it is possible 

that the developing embryo may be more susceptible to ROS-initiated damage.   

Indeed, several studies provide evidence suggesting a role for oxidative stress in VPA-

induced teratogenesis.   In a whole embryo culture model, VPA was shown to increase oxidized 

to reduced glutathione (GSH) ratios, and decrease total GSH content in embryo homogenates.  

These effects were reversed by pretreatment with vitamin C (Zhang et al., 2009).  In vivo studies 

have demonstrated that vitamin E pretreatment prevents VPA-induced NTDs in mice (Al Deeb et 

al., 2000).  Furthermore, in vitro studies have shown that VPA increases ROS formation and 

inhibits cardiomyocyte differentiation, and these VPA-induced alterations were prevented by 

antioxidant pretreatment (Na et al., 2003).  Although these studies indirectly suggest that 

excessive ROS production during organogenesis may be initiating a teratogenic effect following 

VPA exposure, direct measurements of ROS production and oxidative damage have not been 

assessed in VPA-treated embryos. 

 The current study was designed to further characterize the contribution of oxidative stress 

in VPA-induced teratogenesis.  A murine whole embryo culture model was used to examine 

whether and which antioxidants protect against VPA-induced embryotoxicity.  Furthermore, we 

measured and localized ROS formation, oxidative damage, and apoptotic markers.  Finally, a 

teratology study was completed to investigate the in vivo effects of antioxidant supplementation 

on VPA-induced teratogenesis. 
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2.3 Materials and Methods 

Experimental Animals 

Female virgin CD-1 mice (Charles River Laboratories Inc., St. Constant, Canada) aged 4 

to 6 weeks were maintained in a temperature-controlled room with a 12 hour light/dark cycle.  

Standard rodent chow (Purina Rodent Chow, Ralston Purina International, Strathroy, Canada) and 

tap water were provided ad libitum.  Following a week of acclimatization, mice were bred by 

housing three females with one male overnight.  Females with a vaginal plug the following 

morning were separated from the colony, housed together, and designated as gestational day 

(GD) 1.  All practices were in accordance with the guidelines of the Canadian Council on Animal 

Care and experimental procedures were approved by the Queen‟s University Animal Care 

Committee. 

Whole Embryo Culture 

On GD 9.0, pregnant dams were sacrificed by cervical dislocation and embryos were 

explanted by the method of New (New, 1976).  Briefly, uteri were removed from dams, rinsed in 

phosphate buffered saline (PBS), and dissected to expose the individual implantation sites.  The 

outer layers of Reichert‟s membrane, trophoblast, and parietal endoderm were removed, leaving 

the yolk sac, amnion, and ectoplacental cone intact.  Explanted embryos at similar developmental 

stages (4-6 somites) were cultured individually in 1.3 mL of pregassed (5% CO2 in air) embryo 

culture media consisting of 90% male rat serum (Cocalico Biologicals Inc., Reamstown, USA) 

and 10% Hanks‟ balanced salt solution (Sigma-Aldrich Canada Ltd., Oakville, Canada).  

Embryos were cultured for 24 hours at 37°C rotating at 30 rpm.   

For the dose response study, embryos were cultured with one of the following 

concentrations of VPA (Sigma-Aldrich Canada Ltd., Oakville, Canada): 0, 0.075, 0.15, 0.30, 
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0.60, 1.2 mM.  In the antioxidant studies, embryos were cultured in the presence of polyethylene 

glycol-conjugated catalase (PEG-catalase) (400 Units/mL), polyethylene glycol-conjugated 

superoxide dismutase (PEG-SOD) (25, 50, or 150 Units/mL), N-acetylcysteine (NAC) (0.5, 1, or 

5 mM), or Trolox (50, 100, or 300 µM), with or without 0.60 mM VPA.   

  At the end of the culture period, embryos were removed from media, rinsed in PBS, freed 

from membranes (amnion and yolk sac), and examined by an established developmental scoring 

system (Van Maele-Fabry et al., 1990).  Embryos were assessed for viability by the presence of a 

heartbeat and only viable embryos were included in the results.  The following developmental 

parameters were measured: dorsal-ventral flexure (embryo turning), anterior neuropore closure, 

and somite development.  Morphological parameters assessed were yolk-sac diameter and crown-

rump length.  Yolk-sac diameter was measured at the widest position perpendicular to the 

ectoplacental cone.  Crown-rump length was measured in embryos that had turned. 

Animal Treatment and Teratological Assessment 

For teratology studies, PEG-catalase was dissolved in phosphate buffered saline (PBS) 

and injected intraperitoneally at a dose of 10 KU/kg on GD 8.5.   Dams were then injected with 

400 mg/kg VPA or its vehicle (0.9% saline) subcutaneously on GD 9.  On GD 19, one day prior 

to spontaneous delivery, dams were sacrificed by cervical dislocation.  Fetuses were collected, 

weighed, measured, and kept in an incubator at 37°C for one hour to assess for viability.  Live 

and dead fetuses were recorded and examined for external malformations. 

Whole Mount Fluorescent Staining for ROS 

Embryonic ROS levels were measured in cultured embryos as previously described with 

the following modifications (Zhao and Reece, 2005).  Embryos were removed from media after 

24 hours, cleared from membranes, and incubated with 5-(and-6)-chloromethyl-2',7'-
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dichlorodihydrofluorescein diacetate (CM-H2DCFDA) (5 µM) in serum-free IMDM for 1 hour.  

Following incubation with CM- H2DCFDA, embryos were washed with PBS and examined under 

a confocal microscope immediately.  Scanning parameters were set up using a VPA-treated 

embryo and all embryos were examined with the same parameters.  Quantification of fluorescent 

staining was determined by measuring fluorescence intensity of three area regions of the 

embryonic structure and then determining the mean fluorescence intensity.  Image analysis was 

performed blinded with respect to treatment. 

Protein Extraction and Western Blotting 

Two to three embryos were pooled after 24 hours of culture for each n value for Western 

blotting.  Embryos were sonicated on ice in radioimmunoprecipitation (RIPA) buffer [50 mM 

Tris-HCl, 150 mM NaCl, 0.2% (w/v) NP-40, and 1.0 mM EDTA].  Protein concentrations were 

determined using the BioRad Protein Assay.  Protein samples (20 µg) were separated on  8% or 

15% polyacrylamide gels followed by transfer to PVDF membranes and then incubated with the 

following primary antibodies overnight: anti-4-hydroxynonenal Michael adducts (dilution 1:2000 

in 2% milk in TBST) (Calbiochem, Gibbstown, USA), anti-3-nitrotyrosine (1:500 in 2% milk in 

TBST) (Millipore, Billerica, USA), anti-cleaved caspase-3 (1:500 in 2% milk in TBST) (Cell 

Signaling, Danvers, United States), and anti-cleaved PARP (1:500 in 3% milk in TBST) (Cell 

Signaling, Danvers, United States).  Membranes were then washed and incubated with 

appropriate secondary antibodies and developed using an enhanced chemilumnescence detection 

kit (Perkin-Elmer, Boston, United States).  Differences in protein loading were controlled by 

stripping and reprobing the membranes with an anti-β-actin antibody (Sigma-Aldrich Ltd., 

Oakville, Canada). 
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Immunohistochemistry 

Embryos were collected after culture, cleared from membranes, washed in PBS, and 

fixed immediately in 10% neutral buffered formalin.  At least 8 embryos were collected in each 

treatment group.  Fixed samples were processed for paraffin embedding and sectioned at 5 µm for 

immunohistochemical analysis.  Slides were deparaffinised in xylene and rehydrated through a 

graded alcohol series.  Antigen retrieval was achieved by 0.1 M sodium citrate at 95°C, and 

endogenous peroxidase was blocked with 3% hydrogen peroxide in water.  Slides were probed 

with the same primary antibodies as used in Western blotting, as well as an anti-8-

hydroxyguanosine (8-OHdG) antibody (Abcam, Cambridge, USA), and then stained using the 

anti-rabbit Vectastain Elite ABC kit or M.O.M. immunodetection kit (Vector Laboratories) with 

DAB as the substrate.  Hematoxylin was used for counterstaining.  Staining intensity for 8-OHdG 

was determined by qualitative assessment by a blinded observer using a 9-point scale where 0.5 is 

little staining and 4 is dark staining. 

Statistical Analysis 

Statistical analysis for embryo culture, CM-H2DCFDA staining, Western blotting, and 

teratology studies were assessed by one way analysis of variance, followed by the Neuman-Keuls 

multiple comparison test for post-hoc analysis (GraphPad Prism 4.0, GraphPad Software, San 

Diego, CA).  Binomial data was assessed by chi-square test.  P<0.05 was designated as 

statistically significant. 

2.4 Results 

Effect of VPA on Mouse Embryo Development in Whole Embryo Culture 

To verify the teratogenic profile of VPA in a whole embryo culture system, embryos with 

4-6 somites were extracted from dams on GD 9.0 and cultured in the presence of 0, 0.075, 0.15, 
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0.30, 0.60, or 1.2 mM VPA for 24 hours.  A concentration dependent decrease was observed in 

most developmental and morphological parameters assessed (Figure 2.1).  Significant decreases 

in yolk-sac diameter were observed at 0.60 and 1.2 mM.  In addition, crown-rump length was 

significantly decreased at 0.15 and 0.60 mM, although this parameter was only measured in 2 

embryos that had turned at 1.2 mM.  Total somite number was significantly decreased in embryos 

exposed to 0.60 and 1.2 mM VPA.  Developmental parameters assessed were dorsal-ventral 

flexure (embryo turning) and anterior neuropore closure.  A significant decrease in embryo 

turning was observed at 0.075 mM, and this decrease occurred in dose dependent manner.  

Anterior neuropore closure was significantly decreased at 0.60 and 1.2 mM.   

Embryoprotective Effects of Catalase on VPA-Induced Embryotoxicity in Whole Embryo 

Culture  

To determine if antioxidant co-culture could protect against VPA-induced 

embryotoxicity, embryos were cultured in the presence of PEG-catalase (400 Units/mL), PEG-

SOD (25, 50, or 150 Units/mL), NAC (0.5, 1, or 5 mM), or Trolox (50, 100, or 300 µM), with or 

without 0.60 mM VPA.  PEG-catalase (400 Units/mL) supplementation eliminated VPA-induced 

decreases in yolk-sac diameter and somite number (Figure 2.2).  In addition, embryo turning and 

anterior neuropore closure were restored in embryos exposed to both PEG-catalase and VPA.  

PEG-SOD, NAC, and Trolox did not prevent embryotoxicity induced by VPA at all doses tested 

(Table 2.1).   

Embryoprotective Effects of Catalase on VPA-Induced Teratogenesis In Vivo 

To assess if PEG-catalase could protect against VPA-induced teratogenesis in vivo, 

pregnant mice were injected with 10 KU/kg of PEG-catalase 16 hours prior to dosing with a 
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Figure 2.1  VPA inhibits development in mouse embryo culture.   

Embryos were cultured for 24 hours in the presence of increasing concentrations of VPA.  The number of embryos is given in parentheses.  * 

indicates significant difference from 0 mM VPA (p<0.05).       
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Figure 2.2  Embryoprotection by catalase in whole embryo culture.   
 

Embryos were cultured for 24 hours in the presence of vehicle, PEG-catalase (400 U/mL), 0.60 mM VPA, or PEG-catalase (400 U/mL) and 0.60 

mM VPA.  The number of embryos is given in parentheses.  * indicates significant difference from vehicle treated and PEG-catalase treated 

embryos (p<0.05).  + indicates significant difference from PEG-catalase/0.60 mM VPA treatment group (p<0.05).  
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Table 2.1  Effect of antioxidant treatment on VPA-induced embryotoxicity in whole embryo culture.   
 

* indicates significant difference from control (vehicle) treated embryos. Results given in percentage or mean ± SEM.  
†
 denotes significant 

difference from 0.60 mM VPA-treated embryos.  All other treatment groups were not statistically different from 0.60 mM VPA embryos in all 

parameters assessed.  

Treatment n

Yolk sac diameter 

(mm)

Crown rump length 

(mm)

somite 

number

embryo 

turning %

anterior neuropore 

closure %

control 33 2.67  0.34 2.29  0.33 20.1  2.1 100  0 84.8  2.1

0.60 mM VPA 62 2.36  0.34* 2.24  0.21 18.3  1.9* 43.5  3.9* 29.0  3.6*

0.60 mM VPA + 400 

U/mL CAT 24 2.63  0.37† 2.23  0.33 18.9  1.8† 82.3  5.2† 61.5  9.5†

0.60 mM VPA + 25 U/mL 

SOD 11 2.46  0.34 2.17  0.24 18.7  2.5 63.6  14.5 18.2  11.6

0.60 mM VPA + 50 U/mL 

SOD 10 2.53  0.26 2.23  0.24 19.7  1.3 60.0  15.5 40.0  15.5

0.60 mM VPA + 150 

U/mL SOD 13 2.42  0.40 2.27  0.21 18.2  2.3 53.8  13.8 30.7  12.8

0.60 mM VPA + 0.5 mM 

NAC 12 2.29  0.29 2.32  0.04 18.5  3.0 41.7  14.2 25  12.5

0.60 mM VPA + 1 mM 

NAC 11 2.16  0.29 2.10  0.16 17.9  2.0 36.4  14.5 18.2  11.6

0.60 mM VPA +  5 mM 

NAC 9 2.39  0.23 2.16  0.17 19.3  1.9 55.6  16.6 22.2  13.8

0.60 mM VPA +  50 µM 

Trolox 12 2.18  0.55 2.35  0.06 17.1  3.1 33.3  13.6 8.3  8.0

0.60 mM VPA +  100 µM 

Trolox 13 2.41  0.37 2.22  0.19 17.9  2.1 46.2  13.8 15.4  10.4

0.60 mM VPA +  300 µM 

Trolox 10 2.22  0.37 2.04  0.05 17.9  2.3 50  15.8 10.0  9.5
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teratogenic dose of VPA (400 mg/kg).  VPA alone caused a significant decrease in fetal viability, 

weight, and length, as well as a significant increase in fetuses with open eye and exencephaly 

(Figure 2.3).  Pretreatment with 10 KU/kg PEG-catalase prevented the VPA-induced decrease in 

fetal weight, and decreased the percentage of fetuses presenting with NTDs.  PEG-catalase 

pretreatment did not have an effect on fetal viability, length, or the incidence of open eye when 

compared to the VPA treatment group. 

Catalase Prevents VPA-Induced ROS Formation 

 As catalase was shown to protect against VPA-induced malformations in whole embryo 

culture and in vivo, intracellular ROS levels in mouse embryos were measured by whole mount 

immunofluorescent staining with CM-H2DCFDA in cultured embryos.  A significant increase in 

fluorescent staining was observed in VPA-treated (0.60 mM) mouse embryo heads when 

compared to control embryo heads (Figure 2.4).  This increase was attenuated by addition of 

PEG-catalase (400 U/mL) to the media.  Significant changes in fluorescent staining in the heart 

and somites were not observed. 

VPA Does Not Alter Markers of Oxidative Damage in Embryos 

 Western blotting and immunohistochemistry were used to assess markers of oxidative 

damage in embryos after 24 hours of culture.  VPA did not alter levels of 4-hydroxynonenal 

Michael adducts or 3-nitrotyrosine (markers of lipid peroxidation and protein nitration, 

respectively) as assessed by Western blotting and immunohistochemistry (Figures 2.5-2.7).  

Immunohistochemistry conducted for 8-hydroxyguanosine, a marker of oxidative DNA damage, 

did not show any differences in staining between control and VPA-treated embryos. 

Catalase Protects Against VPA-Induced Apoptosis 

 Western blotting and immunohistochemistry were used to assess alterations in cleaved 
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Figure 2.3  Prevention of VPA-induced teratogenesis in vivo by catalase.   
  

PEG-catalase (10 KU/kg) was administered to pregnant dams 16 hours prior to dosing with VPA (400 mg/kg) on GD 9.0.  The number of litters is 

given in parentheses.  Results are expressed as a percentage per litter (viability, open eye, exencephaly) or mean per litter (fetal weight and length).  

* indicates significance from vehicle treated and PEG-catalase treated dams (p<0.05).  + indicates significant difference from PEG-catalase/VPA-

treated litters (p<0.05). 
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Figure 2.4  VPA increases production of reactive oxygen species in whole embryo culture.   
 

Whole mount staining for CM-H2DCFDA after 24 hours of culture resulted in significant 

increases in fluorescent staining in VPA-treated (0.60 mM) embryonic heads that was attenuated 

by PEG-catalase (400 U/mL) co-culture (A).  Differences were not observed for CM-H2DCFDA 

staining in hearts (B) and somites (C). (i and ii, control; iii and iv, PEG-catalase; v and vi, VPA; 

vii and viii, PEG-catalase and VPA).  The number of embryos is given in parentheses.  *indicates 

a significant difference from vehicle treated and PEG-catalase treated embryos (p<0.05). 

+indicates a significant difference from PEG-catalase/VPA treated embryos (p<0.05).  Photos of 

embryonic heads were taken at 10x magnification. 
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Figure 2.5  VPA does not alter markers of lipid peroxidation in whole embryo culture.  

 

(A) Western blotting for 4-hydroxynonenal Michael adducts did not show any difference between 

control and VPA-treated (0.60 mM) embryos.  n=4 for Western blotting.  (B)  

Immunohistochemistry did not reveal any differences in staining between control (i) and VPA-

treated (0.60 mM) (ii) embryos (100x). 
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Figure 2.6  VPA does not alter markers of protein nitration in whole embryo culture.  

 

(A) Western blotting for 3-nitrotyrosine did not show any difference between control and VPA-

treated (0.60 mM) embryos.  n=3 for Western blotting.  (B)  Immunohistochemistry did not 

reveal any differences in staining between control (i) and VPA-treated (0.60 mM) (ii) embryos 

(100x). 
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Figure 2.7  VPA does not alter markers of DNA oxidation in whole embryo culture.  
 

(A) Immunohistochemistry for 8-hydroxyguanosine was not different between control and VPA-

treated (0.60 mM) embryos, as assessed by qualitative assessment by a blinded observer using a 

9-point scale where 0.5 is little staining and 4 is dark staining.  (B)  Representative photographs 

of neuroepithelium and underlying mesenchyme of control (i) and VPA-treated (ii) embryos 

(100x).   
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caspase-3 and cleaved PARP levels in embryos after 24 hours of culture.  VPA (0.60 mM) 

significantly increased the expression of both cleaved caspase-3 and cleaved PARP when 

compared to control embryos (Figure 2.8-2.9).  Co-culture with PEG-catalase (400 U/mL) 

attenuated VPA-induced increases in cleaved caspase-3 and PARP protein expression.  

Immunohistochemistry showed increased staining for cleaved caspase-3 and cleaved PARP in the 

neuroepithelium and somites of VPA-treated embryos that was attenuated by incubation with 

PEG-catalase. 

2.5 Discussion 

Studies have previously demonstrated that antioxidant pretreatment or supplementation 

protects against embryotoxicity induced by VPA (Al Deeb et al., 2000; Zhang et al., 2009).  We 

expand upon these findings in a whole embryo culture model using several antioxidants to further 

distinguish the molecular mechanisms by which VPA causes teratogenesis.  First, a dose-

dependent decrease was observed in developmental and morphological parameters including 

yolk-sac diameter, somite number, embryo turning, and anterior neuropore closure in embryos 

cultured with VPA.  This increase in growth retardation and malformed embryos is consistent 

with previously published data examining VPA-induced embryotoxicity in a whole embryo 

culture system (Andrews et al., 1997).  The antioxidants used in the current study were selected 

based on previous reports that validated their embryoprotective effects against agents and 

conditions that cause oxidative stress and consequent developmental abnormalities in the embryo, 

and also for their different antioxidative mechanisms of action (Winn and Wells, 1995; Winn and 

Wells, 1999; Na et al., 2003; Gareskog and Wentzel, 2007).  Of the antioxidants tested, only 

PEG-catalase protected against the reduction in embryonic growth and anomalies caused by 0.60 
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Figure 2.8  VPA increases the expression of cleaved caspase-3 in whole embryo culture.  

(A)  Western blot analysis for cleaved caspase-3 after 24 hours of culture.  VPA (0.60 mM) 

significantly increased cleaved caspase-3 protein levels which were attenuated by PEG-catalase 

(400 U/mL) co-culture.  Immunohistochemical staining for cleaved caspase-3 was detected in 

control embryonic head and somites (i and ii, respectively).  Increased staining was observed in 

the neuroepithelium and somites of VPA treated embryos (iii and iv), however PEG-catalase co-

culture prevented VPA-induced staining of cleaved caspase-3 (v and vi).  *indicates a significant 

difference from vehicle treated and PEG-catalase treated embryos (p<0.05).  +indicates a 

significant difference from PEG-catalase/VPA treated embryos (p<0.05).  Embryonic head 

pictures were taken at 100x magnification.  Photos of somites are at 200x magnification.  
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Figure 2.9   VPA increases the expression of cleaved PARP in whole embryo culture.  

 

(A)  Western blot analysis for cleaved PARP after 24 hours of culture.  VPA (0.60 mM) 

significantly increased cleaved PARP protein levels which were attenuated by PEG-catalase (400 

U/mL) co-culture.  Immunohistochemical staining for cleaved PARP was detected in control 

embryonic head and somites (i and ii, respectively).  Increased staining was observed in the 

neuroepithelium and somites of VPA treated embryos (iii and iv), however PEG-catalase co-

culture prevented VPA-induced staining of cleaved PARP (v and vi).  *indicates a significant 

difference from vehicle treated and PEG-catalase treated embryos (p<0.05).  +indicates a 

significant difference from PEG-catalase/VPA treated embryos (p<0.05).  Embryonic head 

pictures were taken at 100x magnification.  Photos of somites are at 200x magnification.  
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mM VPA, an embryotoxic concentration of VPA that is comparable to therapeutic maternal 

serum levels observed in humans on long-term VPA therapy (Ornoy, 2009).  Treatment with 

PEG-catalase protected against VPA-induced decreases in yolk-sac diameter, somite number, 

embryo turning, and anterior neuropore closure, suggesting that catalase exerts a specific 

protective mechanism against VPA.   

To further verify the protective effects of catalase against VPA-initiated malformations, 

an in vivo teratological study was completed.  Treating mice with PEG-catalase at a dose that 

increases embryonic catalase activity prior to a teratogenic dose of VPA resulted in protection 

against VPA-induced reductions in fetal weight and VPA-induced NTDs (Winn and Wells, 

1999).  Interestingly, catalase did not protect against the incidence of open-eye or decrease in 

fetal length caused by VPA.  While our results suggest that catalase has a specific effect on neural 

tube closure, future studies will be required to determine the significance of ROS on molecular 

and structural changes during neurulation.  It is possible that VPA exerts specific embryonic 

effects via different mechanisms, and NTDs are particularly sensitive to increases in ROS 

(Ornoy, 2009).  Nonetheless, our embryo culture and in vivo studies verify a role for ROS in 

VPA-initiated teratogenesis, and identify hydrogen peroxide as a specific mediator of NTDs. 

Catalase catalyzes the decomposition of hydrogen peroxide to water and molecular 

oxygen.  Although hydrogen peroxide itself is a weak oxidant, it can freely cross cellular 

membranes and in the presence of transition metals, be reduced to the highly reactive hydroxyl 

radical via the Fenton reaction (Fantel, 1996).  Embryonic catalase activity has been shown to be 

approximately 3-7% of maternal levels and remains consistently low from GD 9 to GD12, 

indicating that organogenesis may be a period when embryos are particularly susceptible to 

damage by hydrogen peroxide (Abramov and Wells, 2011).  Interestingly, the same study also 
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demonstrated in embryos cultured with the ROS-initiating teratogen phenytoin that embryos with 

failed anterior neuropore closure and embryos that failed to turn have significantly decreased 

levels of catalase activity when compared to embryos that developed normally.  This supports the 

results of our present study, suggesting that hydrogen peroxide plays a specific role in mediating 

some aspects of VPA-induced embryotoxicity.  

 To directly measure ROS formation and localize increases in ROS, whole mount 

immunofluorescence was performed with CM-H2DCFDA, a dye sensitive to various ROS 

including hydrogen peroxide, hydroxyl radicals, peroxyl radicals, and peroxynitrite anions.  In the 

present study, we observed a significant increase in fluorescent staining in the heads of mouse 

embryos that were exposed to 0.60 mM VPA, as compared to controls, and these increased ROS 

levels were attenuated by co-culture with catalase.  Previous studies have demonstrated that VPA 

may be inducing its teratogenic effects via increased ROS formation; however, to our knowledge, 

we are the first to directly localize increased staining for ROS following VPA exposure within the 

whole embryo.  Many teratogens have been shown to enhance ROS formation via different 

mechanisms, for instance, some can undergo redox cycling while others are metabolized to a 

reactive intermediate (Juchau et al., 1992).  VPA is extensively metabolized.  VPA-induced 

hepatoxicity has been attributed to metabolism of the parent compound to the highly reactive 

metabolites 4-ene VPA and E-2,4-diene VPA by CYP2C9 and CYP2C19 (Chang and Abbott, 

2006).  Although levels of these CYPs are low in embryos during organogenesis, other enzymes 

such as prostaglandin H synthases (PHS) and lipoxygenases are present in high levels in the 

developing embryo (Winn and Wells, 1996).  These enzymes have previously been shown to 

bioactivate other teratogenic agents such as phenytoin and benzo[α]pyrene to reactive 

intermediates, thereby increasing ROS production (Winn and Wells, 1996).  Thus, it is possible 
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that VPA is metabolized by PHS and lipoxygenase to generate reactive metabolites in the 

embryo.  Therefore, VPA-induced increases in ROS production combined with immature 

embryonic antioxidant defence systems may together contribute to the generation of a teratogenic 

effect. 

 As increases in ROS were observed, we predicted that markers of oxidative damage 

would be increased by VPA exposure and reduced by catalase supplementation.  The markers of 

oxidative damage assessed in this study were selected based on data that previously demonstrated 

their contribution to teratogenesis, and to cover a broad range of macromolecular damage (Winn 

and Wells, 1995; Yan and Hales, 2006; Beckers-Trapp et al., 2006).  Differences in 4-

hydroxynonenal adducts, 3-nitrotyrosine formation, 8-hydroxyguanosine were not observed in all 

treatment groups.  Despite observing a significant increase in ROS formation, it is possible that 

the levels of ROS generated by VPA were not high enough to cause direct oxidative damage to 

cellular macromolecules.  Early organogenesis occurs in a relatively hypoxic environment, where 

moderate changes in ROS production can cause alterations in cellular proliferation, 

differentiation, and cell fate through changes in cell signalling (Dennery, 2007).  Interestingly, 

ROS-mediated alterations in signaling pathways are attributed to the less reactive and membrane 

diffusible hydrogen peroxide, which selectively oxidizes cysteine residues on proteins, 

consequently altering its function and downstream signal transduction pathways (Wells et al., 

2009).  In addition, VPA can alter cell signaling through gene expression changes mediated 

through histone deacetylase inhibition (Phiel et al., 2001).  VPA is a direct inhibitor of class I and 

II HDACs and several laboratories including ours have shown that embryonic histone acetylation 

levels are increased following exposure to VPA (Menegola et al., 2005; Tung and Winn, 2010).  

Furthermore, studies have supported a role for HDAC inhibition as a mechanism of teratogenesis 
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as analogs of VPA that lack HDAC inhibitory activity are less teratogenic (Gurvich et al., 2005).  

Gene microarray studies have also demonstrated that VPA targets genes regulated by HDAC, 

including Mt1 and Mt2, both of which are ROS-sensitive (Jergil et al., 2009).  In addition, HDAC 

inhibitors have also been shown to increase ROS production and induce apoptosis in several 

cancer cell lines (Carew et al., 2008).  Therefore, alterations in gene expression and/or increases 

in ROS formation mediated by HDAC inhibition during development may induce teratogenesis. 

 Our current study also demonstrated that VPA exposure resulted in increased expression 

of markers of apoptosis, cleaved caspase-3 and cleaved PARP, that was attenuated by catalase 

supplementation.  Immunohistochemistry revealed that staining was particularly increased in the 

neuroepithelium and also in the somites, suggesting that increased cell death may be contributing 

to the formation of NTDs and skeletal malformations.  Apoptosis is known to occur during and 

after neurulation in the neuroepithelium, although the significance of this is not fully understood.  

It has been postulated that apoptosis is required for bending of the neural folds at the dorsolateral 

hinge point and for midline epithelial remodelling once the neural folds have come into contact 

and fused (Copp et al., 2003).  Recently, studies have shown that apoptosis is not a requirement 

for neural tube closure (Massa et al., 2009).  Nevertheless, excessive cell death in the 

neuroepithelium can disrupt neural tube closure by leaving the embryo with an inadequate 

number of cells to undergo proper closure, resulting in exencephaly.  Increased apoptosis in the 

neuroepithelium caused by VPA-induced increases in ROS production and alterations in 

embryonic signalling may be the underlying causes of NTDs in this model. 

 In summary, we have shown that VPA causes an increase in embryonic ROS production 

and an increase in apoptosis that was attenuated by catalase supplementation.  The incidence of 

embryonic and fetal defects induced by VPA was prevented by catalase in both whole embryo 
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culture and in vivo models.  The results of this study strongly support the hypothesis that ROS, 

specifically hydrogen peroxide, play an important role in mediating VPA-induced teratogenesis.  

As markers of oxidative damage were not altered by VPA exposure, we now postulate that VPA 

may be mediating teratogenesis by alterations in redox-sensitive signalling pathways.  The 

identification of this molecular pathway furthers our understanding of the mechanisms of VPA-

mediated teratogenesis and will aid in development of prevention strategies. 
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Epigenetic Modifications in Valproic Acid-Induced Teratogenesis
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3.1 Abstract 

 Exposure to the anticonvulsant drug valproic acid (VPA) in utero is associated with a 1-

2% increase in neural tube defects (NTDs), however the molecular mechanisms by which VPA 

induces teratogenesis are unknown.  Previous studies demonstrated that VPA, a direct inhibitor of 

histone deacetylase, can induce histone hyperacetylation and other epigenetic changes such as 

histone methylation and DNA demethylation.  The objective of this study was to determine if 

maternal exposure to VPA in mice has the ability to cause these epigenetic alterations in the 

embryo and thus contribute to its mechanism of teratogenesis.  Pregnant CD-1 mice (GD 9.0) 

were administered a teratogenic dose of VPA (400 mg/kg, s.c.) and embryos extracted 1,3,6, and 

24 hours after injection.  To assess embryonic histone acetylation and histone methylation, 

Western blotting was performed on whole embryo homogenates, as well as immunohistochemical 

staining on embryonic sections.  To measure DNA methylation changes, the cytosine extension 

assay was performed.  Results demonstrated that a significant increase in histone acetylation that 

peaked 3 hours after VPA exposure was accompanied by an increase in histone methylation at 

histone H3 lysine 4 (H3K4) and a decrease in histone methylation at histone H3 lysine 9 (H3K9).  

Immunohistochemical staining revealed increased histone acetylation in the neuroepithelium, 

heart, and somites.  A decrease in methylated histone H3K9 staining was observed in the 

neuroepithelium and somites, and increased histone methyated H3K4 staining was observed in 

the neuroepithelium.  No significant differences in global or CpG island DNA methylation were 

observed in embryo homogenates.  These results support the possibility that epigenetic 

modifications caused by VPA during early mouse organogenesis results in congenital 

malformations. 
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3.2 Introduction 

Valproic acid (VPA) is a widely prescribed broad spectrum antiepileptic agent that is also 

used in the management of migraines and bipolar disorders (Bowden, 2009; Evers, 2008). 

Unfortunately, in utero exposure to VPA during the first trimester of pregnancy results in an 

increased risk of major and minor congenital malformations (Ornoy, 2009).  Described by the 

term “fetal valproate syndrome”, maternal use of VPA has been associated with congenital heart 

defects, craniofacial abnormalities, skeletal and limb defects, and functional and cognitive effects 

in children (Clayton-Smith and Donnai, 1995).  The developing nervous system is particularly 

sensitive to VPA.  The rate of neural tube defects (NTDs) in infants exposed to VPA in utero is 

10-20 times that of the general population (Ornoy, 2009).  Although VPA has been known to be 

teratogenic for almost 30 years, the precise molecular mechanisms by which VPA exerts its 

teratogenicity are not yet fully elucidated. 

VPA is a direct inhibitor of class I and II histone deacetylases and previous studies have 

suggested that VPA-induced histone hyperacetylation may be a possible mechanism of mediating 

teratogenesis (Phiel et al., 2001).  Exposure of Xenopus and zebrafish embryos to VPA during the 

early gastrula stage resulted in developmental anomalies such as growth retardation, defects in 

gut coiling, and eye, heart, and tail defects (Gurvich et al., 2005).  In the same study, analogs of 

VPA lacking histone deacetylase inhibitory activity were shown to be less teratogenic.  Studies 

have also shown that in utero exposure to VPA results in an increase in the expression of 

acetylated histones in somites of developing mouse embryos, which correlates with increased 

skeletal abnormalities observed at term (Menegola et al., 2005). 

Post-translational histone modifications play an important role in regulating gene 

expression by controlling accessibility of DNA to transcription factors. Acetylation of lysine 
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residues on histone tails reduces their overall positive charge, thus weakening the interaction 

between DNA and histone proteins and consequently facilitates the binding of transcription 

factors to DNA (Eberharter and Becker, 2002).  In addition, transcription activation and histone 

acetylation are correlated with the methylation of histone H3 at lysine 4 (H3K4), whereas 

methylation of histone H3 at lysine 9 (H3K9) is associated with gene silencing (Berger, 2007).  

Interestingly, recent studies have demonstrated that histone deacetylase inhibitors including VPA 

can trigger increases in H3K4 methylation in vitro (Nightingale et al., 2007).  Similar increases in 

histone acetylation and H3K4 methylation were observed at specific promoter regions in morula-

stage embryos after exposure to VPA (VerMilyea et al., 2009). 

In addition to these findings, several studies have found that VPA can induce the 

expression of genes that are regulated by DNA methylation.  For example, VPA was shown to 

induce the expression of reelin, a gene that is methylated, in neuronal precursor cells (Mitchell et 

al., 2005), as well as prevent methionine-induced hypermethylation of reelin and GAD67 

promoters in a murine model of schizophrenia (Dong et al., 2007).  Furthermore, in vitro studies 

demonstrated that VPA was able to induce active DNA demethylation independent of replication, 

suggesting the presence and involvement of DNA demethylases (Detich et al., 2003).  Subsequent 

studies by the same investigators indicated that VPA-induced hyperacetylation and DNA 

demethylation were gene specific (Milutinovic et al., 2006). 

Together, the evidence presented above suggests that VPA can modulate gene expression 

through epigenetic alterations such as histone acetylation, histone methylation, and DNA 

methylation.  The purpose of this study was to examine these epigenetic modifications in the 

developing mouse embryo after maternal exposure to VPA during a critical developmental time 

period.  In addition, exencephalic embryos were examined separately to determine if embryos 
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affected by a NTD display differences in these epigenetic markers.  Our data demonstrates that 

early epigenetic changes occur in the embryo, further supporting a role for histone acetylation and 

histone methylation in VPA-initiated teratogenesis. 

3.3 Materials and Methods 

Experimental Animals 

Virgin female CD-1 mice (Charles River Laboratories Inc., St. Constant, QC, Canada) 

were purchased at 4 to 6 weeks of age and were maintained in a temperature-controlled room 

with a 12 hour light/dark cycle.  Standard rodent chow (Purina Rodent Chow, Ralston Purina 

International, Strathroy, ON, Canada) and tap water were provided ad libitum.  Mice were 

acclimated for a week and then bred by housing three females with one male overnight.  The 

presence of a vaginal plug the following morning was designated as gestational day (GD) 1, and 

these females were separated and housed together.   All practices were in accordance with the 

guidelines of the Canadian Council on Animal Care and experimental procedures were approved 

by the Queen‟s University Animal Care Committee. 

Animal Treatment 

On the morning of GD 9, dams were injected subcutaneously with 400 mg/kg of valproic 

acid (Sigma-Aldrich Canada Ltd., Oakville, Canada) or the vehicle control (0.9% saline).  This 

dose was selected as previous studies from our laboratory demonstrated a significant induction of 

exencephaly in the CD-1 mouse strain (Dawson et al., 2006).  Dams were sacrificed 1, 3, 6, and 

24 hours after injection and embryos were collected for subsequent analyses.  Embryos collected 

at the 24 hour time point were separated according to cranial neural tube closure status. 
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Histone Extraction and Western Blotting 

Litters of whole embryos were pooled in order to obtain a sufficient amount of histones 

for Western blotting.  The number of litters pooled together was: 3 litters for the 1 hour time 

point, 3 litters for the 3 hour time point, and 3 litters for the 6 hour time point, with each pool 

containing 30-46 embryos.  In addition, 4 embryos from 1 litter were pooled for the 24 hour time 

point.  Therefore, the n value is represented by a pool of embryos, where at least 3 pools were 

used at each time point.  For the 24 hour time point, embryos were assessed for neural tube 

closure status, as the critical time period for neural tube closure occurs between GD 9-GD 10 in 

mice (Dawson et al., 2006), and were then separated according to normal (closed neural tube) or 

exencephalic (opened neural tube) groups.  Embryos were homogenized on ice in triton extraction 

buffer [PBS containing 0.5% Triton X (v/v), 2 mM phenylmethylsulfonyl fluoride, 0.02% sodium 

azide (w/v)], washed, and resuspended in 0.2N HCl overnight.  Protein concentrations of the 

supernatants were quantified using the BioRad assay. 

Histones (5 µg) were separated by SDS-PAGE on 15% polyacrylamide gels followed by 

transfer to PVDF membranes.  Membranes were blocked in 5% bovine serum albumin, then 

incubated with either anti-acetylated histone H3 (dilution 1:5000) (Upstate Biotechnology, 

Billerica, United States), anti-acetylated histone H4 (dilution 1:5000) (Upstate Biotechnology, 

Billerica, United States), anti-di- and trimethyl histone H3K4 (dilution 1:500) (Abcam, 

Cambridge, United States) or anti-monomethyl histone H3K9 antibodies overnight (dilution 

1:1000) (Abcam, Cambridge, United States).  Membranes were incubated with appropriate 

secondary antibodies and visualized using an enhanced chemiluminescence kit (Perkin Elmer, 

Boston, United States).  To control for differences in protein loading, membranes were stripped 

and re-probed for either total histone H3 or histone H4 (dilution 1:5000) (Upstate Biotechnology, 
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Billerica, United States).  ImageJ software (NIH, Bethesda, MD) was used to measure the relative 

optical densities of the bands. 

Cytosine Extension Assay 

The cytosine extension assay was performed on embryonic DNA as previously described 

(Pogribny et al., 1999).  Briefly, genomic DNA was isolated from embryonic tissues using the 

Qiagen DNeasy™ kit.   Embryos were pooled from several litters in order to obtain DNA to 

perform the assay.  The number of litters pooled together was: 3 litters for the 1 hour time point, 1 

litter for the 3 hour time point, 1 litter for the 6 hour time point, and 2 embryos from one litter for 

the 24 hour time point, with embryos being categorized by neural tube closure status in the VPA 

treated group.  Again, each pool was considered to be an n of 1, with the number of embryos 

ranging from 10-15 per litter.  For positive and negative controls, 5-aza-2-deoxycytidine treated 

Jurkat genomic DNA and CpG methylated Jurkat genomic DNA (New England Biolabs, 

Pickering, Canada) were used, respectively to establish the assay in our laboratory (data not 

shown).  Aliquots (0.5 µg) of DNA were digested with the methylation sensitive restriction 

endonucleases HpaII and BssHII (10 U per reaction).  A third aliquot of undigested DNA served 

as the background control.  A single nucleotide extension was performed in a 30 µL reaction 

containing 0.5 µg of DNA, 0.75 U of Taq DNA polymerase, 1X PCR buffer, 1 mM MgCl2, and 

0.15 µL of [
3
H]-dCTP (57.4 Ci per mmol) and incubated at 56°C for 1 hour.  Samples were 

applied to Whatman DE-81 ion exchange filters and washed 5 times with 0.5 M sodium 

phosphate buffer.  The filters were then dried and processed for liquid scintillation counting.  The 

incorporation of [
3
H]dCTP is directly proportional to the number of unmethylated CpG sites in 

the digested samples.  Disintegrations per minute (dpm) incorporated in the undigested samples 

was subtracted from the dpm values obtained from digested samples. 
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Immunohistochemistry 

Embryos were collected from at least 8 litters in each treatment group and fixed in 10% 

neutral buffered formalin.  Embryos were paraffin embedded, sectioned at 5 µm, and mounted on 

glass slides.  Sections were deparaffinised, cleared, and rehydrated.  The sections were then 

treated with 0.1 M sodium citrate at 95°C for antigen retrieval, washed in PBS, and blocked for 

endogenous peroxidase activity with 10% hydrogen peroxide in water.  Slides were probed with 

the same antibodies used for Western blotting and stained using the anti-rabbit Vectastain Elite 

ABC kit or M.O.M. immunodetection kit (Vector Laboratories) with 3,3‟-diaminobenzidine as 

the substrate followed by counterstaining with hematoxylin.  

Statistical Analysis 

Results were analyzed using a one sample t-test to compare rates of exencephaly in 

embryos between vehicle or VPA-treated dams.  Statistical significance for Western blotting or 

cytosine extension assay was assessed using a Student‟s t-test or one way analysis of variance, 

followed by the Neuman-Keuls multiple comparison test for post-hoc analysis (GraphPad Prism 

4.0, GraphPad Software, San Diego, CA). p<0.05 was considered significant. 

3.4 Results 

VPA-Induced Exencephaly 

Consistent with previous studies (Dawson et al., 2006), maternal exposure to VPA 

resulted in a significant increase in the percentage of embryos with exencephaly (35 ± 8.4%) 

when compared to control embryos (Figure 1).  All control embryos displayed proper neural tube 

closure on GD 10.5. 
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Figure 3.1  VPA-induced exencephaly.   

The percentage of embryos with exencephaly on GD 10.5 was expressed per litter; n=10 for the 

saline treatment group, and n=8 for the VPA treated group.  * denotes significance from controls 

(p<0.005).   
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VPA-Induced Acetylation of Histone H3 

To determine a time course of changes in histone acetylation in embryos after maternal 

exposure to VPA, Western blotting analysis was performed.  In utero exposure to VPA resulted 

in a significant increase in the expression of acetylated histone H3 at 1 hour after treatment (171 

± 4.7% compared to control), 3 hours after treatment (261 ± 64% compared to control), and 6 

hours after treatment (159 ± 19% compared to control) (Figure 3.2A).  No significant changes 

were observed 24 hours after VPA exposure between control, VPA closed neural tube, and VPA 

opened neural tube groups.  Immunohistochemical staining performed on embryos 3 hours after 

VPA exposure showed increased staining for acetylated histone H3 particularly in the 

neuroepithelium and mesenchyme, as well as some increased staining in the heart and somites 

(Figure 3.2B-G). 

VPA-Induced Acetylation of Histone H4 

After maternal injection of VPA, expression of acetylated histone H4 was significantly 

increased in embryos 1 hour (248 ± 42% compared to control) and 3 hours (429 ± 49% compared 

to control) after treatment (Figure 3.3A).  Expression of acetylated histone H4 was not 

significantly changed 6 and 24 hours after VPA exposure, regardless of neural tube closure status.  

Increased staining for acetylated histone H4 was observed in embryo sections 3 hours after VPA 

administration, particularly in the neuroepithelium and heart (Figures 3.3B-G). 

VPA-Induced Di- and Trimethylation of Histone H3K4 

A statistically significant increase in the expression of di- and trimethylated histone 

H3K4 was observed 3 hours (392 ± 117%) after drug exposure (Figure 3.4A).  No significant 

changes were observed at any other time point.  Immunohistochemical staining revealed 
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Figure 3.2  VPA-induced acetylation of histone H3.  

 (A) Acetylation of histone H3 was assessed by Western blotting for AcH3 at 1,3,6, and 24 hours after maternal VPA treatment.  n=3 for the 

Western blotting.  * significantly different from control (p<0.05).  (B-G)  Localization of AcH3 in embryonic sections.  (B,D,F) show control 

embryonic head (200x) (↑ indicates neuroepithelium, ∆ indicates cranial mesenchyme), heart (100x), and somites (200x) (↑ indicates somite 

tissue), respectively.  (C,E,G) show VPA treated embryos 3 hours after VPA administration.  C shows embryonic head (200x) (↑ indicates 

neuroepithelium, ∆ indicates cranial mesenchyme), E shows embryonic heart (100x), and G shows somites (200x) (↑ indicates somite tissue). 
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Figure 3.3  VPA-induced acetylation of histone H4.   

(A) Western blotting was used to assess acetylation of histone H4 at 1,3,6, and 24 hours after maternal VPA treatment.  n=3 for the Western 

blotting.  * significantly different from control (p<0.05).  (B-G)  Localization of AcH4 in embryonic sections.  (B,D,F) show control embryonic 

head (200x) (↑ indicates neuroepithelium, ∆ indicates cranial mesenchyme), heart (100x), and somites (200x), respectively.  (C,E,G) show VPA 

treated embryos 3 hours after VPA administration.  C shows embryonic head (200x) (↑ indicates neuroepithelium, ∆ indicates cranial 

mesenchyme), E shows embryonic heart (100x), and G shows somites (200x). 



 

71 

 

                          

H3K4me2,3
H3

A

Control  VPA Control  VPA Control  VPA Control VPA 
closed 
NT

VPA 
opened 
NT

1 hour 3 hours 6 hours 24 hours

0
50

100

150

200

250

300
350

400
450

500
550

N
o

rm
a

li
z
e

d
 d

i-
a

n
d

 t
ri

m
e

th
y
la

te
d

H
3

K
4

/H
3

 (
 
S

E
M

)

B C

D E

F G

∆

∆

 

Figure 3.4  VPA-induced di- and trimethylation of histone H3K4.   

(A) Methylation of histone H3K4 was assessed by Western blotting for di- and trimethylated H3K4 at 1,3,6, and 24 hours after maternal VPA 

treatment.  n=3 for the Western blotting.  * significantly different from control (p<0.05).  (B-G)  Localization of di- and trimethylated H3K4 in 

embryonic sections.  (B,D,F) show control embryonic head (200x) (↑ indicates neuroepithelium, ∆ indicates cranial mesenchyme), heart (100x), 

and somites (200x), respectively.  (C,E,G) show embryos 3 hours after VPA administration, where C shows embryonic head (200x) (↑ indicates 

neuroepithelium, ∆ indicates cranial mesenchyme), E shows embryonic heart (100x), and G shows somites (200x).
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increased staining for di- and trimethylated histone H3K4 in the neuroepithelial region of 

embryonic heads (Figure 4B-G). 

VPA-Induced Alterations in Monomethylation of Histone H3K9 

A significant decrease in the expression of monomethyl histone H3K9 was observed 3 

hours (37 ± 12% compared to control) after maternal injection with VPA (Figure 3.5A).  No 

significant changes were observed at any other time point.  A decrease in monomethyl histone 

H3K9 staining was seen in the neuroepithelium as well as in the somites in embryonic sections 

following immunohistochemical staining performed 3 hours following VPA exposure (Figure 

3.5B-G). 

Effect of VPA on Global DNA Methylation and CpG Island Methylation 

To assess the effects of VPA on global DNA methylation, the cytosine extension assay 

with HpaII was performed.  VPA did not induce any significant changes in 
3
[H]dCTP 

incorporation at 1,3,6, and 24 hours after VPA exposure (Figure 3.6).  To assess the effects of 

VPA on CpG island methylation, the cytosine extension assay with BssHII was performed.  VPA 

did not induce any significant changes in 
3
[H]dCTP incorporation at 1,3,6, and 24 hours after 

VPA exposure, regardless of the presence of a NTD at the 24 hour time point (Figure 3.7).  

3.5 Discussion 

 The use of VPA during pregnancy is associated with a 3-fold increase in major congenital 

malformations when compared to the general population.  In addition, increased cognitive deficits 

in children who were exposed to VPA in utero have also been noted (Koren et al., 2006).  

Although the teratogenicity of VPA was first noted almost 30 years ago (Bjerkedal et al., 1982), 

the mechanisms by which this drug induces congenital anomalies are not yet fully understood.  In 

the present study, we examine the ability of VPA to modulate epigenetic markers as a mechanism 
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Figure 3.5  VPA-induced alterations in monomethylation of histone H3K9.   

(A) Methylation of histone H3K9 was assessed by Western blotting for monomethylated H3K9 at 1,3,6, and 24 hours after maternal VPA treatment.  n=3 for the 

Western blotting.  * significantly different from control (p<0.05). (B-G)  Immunohistochemical staining performed on embryonic sections with anti-monomethyl 

H3K9.  (B,D,F) show control embryonic head (200x) (↑ indicates neuroepithelium, ∆ indicates cranial mesenchyme), heart (100x), and somites (200x), 

respectively.  (C,E,G) VPA treated embryos 3 hours after VPA administration, where C shows embryonic head (200x) (↑ indicates neuroepithelium, ∆ indicates 

cranial mesenchyme), E shows embryonic heart (100x), and G shows somites (200x).
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Figure 3.6  Effect of VPA on global DNA methylation.   

Global DNA methylation was determined 1,3,6 and 24 hours after maternal treatment with VPA 

by DNA digestion with HpaII followed by a single nucleotide extension with 
3
[H]dCTP; n=3. 

 

 

 

 

 

 



 

75 

 

 

 

 

 

Control  VPA Control  VPA Control  VPA Control VPA 
closed 
NT

VPA 
opened 
NT

1 hour 3 hours 6 hours 24 hours

0

500

1000

1500

2000

2500

3
[H

]d
C

T
P

in
c
o

rp
o

ra
ti
o
n

/0
.5

 µ
g

 o
f 

D
N

A

 

Figure 3.7  Effect of VPA on CpG island methylation.  

CpG island methylation was determined 1,3,6 and 24 hours after maternal treatment with VPA by 

DNA digestion with BssHII followed by a single nucleotide extension with 
3
[H]dCTP; n=4.  
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of teratogenesis through which consequent changes in gene expression may give rise to a birth 

defect.  A teratogenic dose of VPA was administered during a key period of susceptibility (i.e. 

organogenesis) in order to examine epigenetic changes during formation of the heart, somites, 

and neural tube, as VPA targets these organs.  Specifically in regards to neural tube closure, 

precise expression of genes controlling the cell cycle and cell viability are required in order for 

the neural tube to close whereby disturbances during this process can lead to a defect as observed 

by transient exposure of xenobiotics through epigenetic mechanisms (Copp and Greene, 2010; 

Liu et al., 2009).  Our results demonstrate that VPA exposure during pregnancy causes a transient 

increase in histone acetylation that correlate with changes in histone methylation, suggesting that 

VPA can induce epigenetic alterations by directly inhibiting histone deacetylase. 

 In rodent models, several studies have demonstrated the induction of exencephaly 

(Dawson et al., 2006), cardiac abnormalities (Wu et al., 2010), and skeletal malformations 

(Menegola et al., 2005) following administration of VPA at a dose of 400 mg/kg.  Results from 

our present study show similar rates of exencephalic embryos with this dose of VPA upon 

morphological examination on GD 10.5, which are consistent with published studies indicating 

that this single dose of VPA is sufficient to induce NTDs.  Also consistent with previous findings 

are our results showing a significant increase in the acetylation of histone H4 1 hour after VPA 

exposure (Menegola et al., 2005).  In addition, we are the first to demonstrate a significant 

increase in the expression of acetylated histone H3, and that the acetylation of both histones H3 

and H4 peak 3 hours after VPA administration.  Since these changes do not persist and are not 

significantly different between normal and exencephalic embryos on GD 10, our results suggest 

that early changes in histone acetylation are responsible for causing teratogenesis. 
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 Alterations in histone acetylation during organogenesis have important implications for 

VPA-induced teratogenesis.  Acetylated histone tails allow transcription factors to access DNA 

by a conformational change to permissive or open chromatin (Eberharter and Becker, 2002).  In 

addition, acetylated histones are recognized by other proteins that allow for recruitment of ATP-

dependent chromatin remodelling complexes which consequently may lead to gene activation 

(Grant et al., 1999).  VPA can induce a wide range of gene expression changes in the mouse 

embryo following maternal injection of the drug, including alterations in genes coding for 

structural and heat shock proteins, as well as transcription factors and regulators of translation 

(Kultima et al., 2004).  Specifically in the head of the mouse embryo, genes regulating cell cycle 

arrest and apoptosis were disrupted following VPA exposure, suggesting that exencephaly could 

be caused by increased cell death (Okada et al., 2005).  Interestingly, we observed an increase in 

acetylated histone H3 and H4 staining in the cranial mesenchyme and neuroepithelium in VPA-

treated embryos.  As histone deacetylase activity is required during embryonic development to 

maintain cell proliferation (Lagger, 2002), histone hyperacetylation in the cranial neural tube and 

surrounding tissues may result in cell cycle arrest, cell death, and ultimately a NTD.  Regarding 

cardiac anomalies, VPA administration resulted in a significant increase in the number of major 

malformations seen in the cardiac tissues of fetuses, and inhibition of histone deacetylase was 

observed in cultured cardiomyocytes (Wu et al., 2010).  Our results support a role for histone 

deacetylase inhibition in VPA-induced heart malformations, as increased staining for acetylated 

histone H3 and H4 was observed in embryonic hearts.   

 Acetylation of histone tails is one of several covalent modifications involved in the 

regulation of transcription, where one modification can trigger subsequent modifications, 

contributing to the overall control of gene expression (Zhang and Reinberg, 2001).  Methylation 
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of lysine residues was traditionally considered to be a stable epigenetic marker, however the 

discovery of histone demethylases in recent years suggest histone methylation can be transient 

(Shi et al., 2004; Whetstine et al., 2006).  The consequences of histone methylation on 

transcription are dependent on the specific residue and degree of methylation (Berger, 2007).  

Methylation of H3K9 is associated with transcriptional silencing, whereas methylation of H3K4 

is correlated with gene transcription (Berger, 2007).  Specifically in mammals, trimethyl H3K9 is 

found predominantly in pericentric heterochromatin, whereas mono- and dimethyl H3K9 are 

found to silence specific sites within euchromatin (Mehedint et al., 2010).  Our data from this 

study are particularly interesting as changes in histone methylation were detected in response to 

the administration of a histone deacetylase inhibitor, supporting recent findings that histone 

deacetylase inhibition can alter the epigenetic landscape (Gupta et al., 2010; Szyf, 2007).  In our 

study, we measured a significant decrease in the expression of monomethyl H3K9 and a 

significant increase in dimethyl and trimethyl H3K4 expression after VPA exposure, suggesting a 

temporary global shift towards active gene transcription in the embryo.  Histone methylation is 

critical in regulating gene expression during pre- and postimplantation embryonic development, 

and undergoes dynamic changes during mouse neural tube closure (Biron et al., 2004).  Other 

studies also support the requirement of specific histone methylation markers during neurulation 

(Mehedint et al., 2010; Pourebrahim et al., 2007), however future studies will be needed to 

elucidate the significance of histone modifications with regards to specific genes following VPA 

exposure. 

 Adding another layer of complexity to the epigenetic control of gene regulation is DNA 

methylation, where methyl groups covalently bound to the 5‟ position of cytosine project into the 

major groove of DNA, thus inhibiting the binding of transcription factors (Jones and Takai, 
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2001).  Interestingly, despite observing histone hyperacetylation, decreased methylation of 

histone H3K9, and increased methylation of histone H3K4, we did not observe any differences in 

global or CpG island methylation following VPA treatment.  It is possible that due to our use of 

whole embryo homogenates, alterations in DNA methylation status were diluted and not 

detectable as measured by the cytosine extension assay, despite observing significant global 

changes in whole embryo homogenates in our histone acetylation and methylation assays.  

Regardless, the significance of DNA methylation as a mechanism of VPA-induced teratogenesis 

remains debatable.  Previous studies have examined the effect of VPA administration on folic 

acid, a methyl group donor in one carbon metabolism that can ultimately affect the methionine 

cycle and DNA methylation.  Though some studies have shown that VPA reduces serum folate 

levels (Wegner and Nau, 1992) and alters methionine metabolism (Úbeda et al., 2002), other 

studies have suggested a minimal role for folate in VPA-induced teratogenesis (Spiegelstein et 

al., 2003).  In addition, while some studies have demonstrated that VPA has the ability to increase 

histone acetylation and decrease DNA methylation concomitantly (Perisic et al., 2010), other 

studies have measured increases in histone acetylation that did not occur alongside DNA 

demethylation (Tabolacci et al., 2008).  Therefore it is evident that further studies are required to 

deduce the gene and tissue specific effects of maternal VPA administration on embryonic DNA 

methylation. 

 In summary, in the present study we demonstrate that early increases in histone 

acetylation occur within the embryo following maternal VPA exposure.  These changes in 

acetylation were correlated with an increase in histone methylation at histone H3K4 and a 

decrease in methylation at histone H3K9.  Though global DNA demethylation was not detected, 

future studies will be required to examine local changes in methylation status.  In summary, these 
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novel findings support the hypothesis that early, transient epigenetic changes contribute to the 

mechanism of VPA-induced teratogenesis.     
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Chapter 4 

 

 Valproic Acid-Induced DNA Damage Increases Embryonic p27
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4.1 Abstract 

 Valproic acid is a commonly prescribed antiepileptic agent that causes a cluster of birth 

defects including NTDs.  The purpose of this study was to measure DNA damage and subsequent 

downstream changes in cell cycle inhibitors and apoptosis to further elucidate the molecular 

changes that occur following VPA exposure.  Pregnant CD-1 mice were administered a 

teratogenic dose of VPA (400 mg/kg) and embryos extracted 0.5, 1, 3, 6, and 24 hours after 

injection.  Western blotting and immunohistochemistry was performed for γH2A.X, p21
WAF1/CIP1

, 

p27
KIP1

, and cleaved caspase-3.  A rapid increase in γH2A.X expression was observed a half hour 

following VPA exposure, followed by a subsequent decrease.  p27
KIP1 

and cleaved caspase-3 

expression was significantly increased 3 and 6 hours following VPA exposure.  

Immunohistochemistry revealed increased staining for γH2A.X, p27
KIP1

, and cleaved caspase-3 in 

the head region, confirming our hypothesis that DNA damage, cell cycle inhibitors, and apoptosis 

are induced by VPA. 
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4.2 Introduction 

 Neural tube defects (NTDs) are congenital malformations that arise from the failure of 

the neural tube to fuse during organogenesis resulting in degradation of neural tissues in utero 

(Copp and Greene, 2010).  The most common types of NTDs are anencephaly and spina bifida, 

which refer to abnormal fusion of the neural tube at the cranial and caudal ends, respectively 

(Copp et al., 2003; Mitchell, 2005).  Anencephaly is not compatible with life; however, some 

aspects of spina bifida can be surgically corrected, though impairments in sensory and motor 

function may remain and individuals with spina bifida often require long-term care assistance 

(Copp and Greene, 2010).  NTDs are one of the more common birth defects seen worldwide, 

occurring at a rate of 0.5-2 per 1000 pregnancies (Mitchell, 2005).  The etiology of NTDs is 

complex and appears to involve a combination of genetic, nutrient, and environmental factors.  

Valproic acid (VPA) is a known human teratogen that is frequently prescribed in the treatment of 

epilepsy, migraines, and bipolar disorder (Bowden, 2009; Evers, 2008).  Exposure to VPA during 

the first trimester of pregnancy results in a 1-2% incidence of NTDs in infants, which is 10-20 

times the rate seen in the general population (Ornoy, 2009).  As such, VPA is a model teratogen 

to study NTDs.  In a murine model, approximately 25% of a litter exposed to VPA in utero prior 

to neural tube closure are exencephalic (Dawson et al., 2006; Tung and Winn, 2010). 

 Embryonic development is a tightly regulated process involving a precise balance 

between cellular proliferation, differentiation, and apoptosis (Copp and Greene, 2010).  Neural 

tube closure is a highly proliferative developmental stage, with short cell cycle times ranging 

from 4 to 6 hours in the neuroepithelium.  Concurrently, some neuroepithelial cells exit the cell 

cycle and begin neuronal differentiation.  In addition, apoptosis occurs during and after neural 

tube closure where it may play a role in bending and fusion of the neural folds, neuroepithelial 
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remodelling, and neural crest cell emigration (Copp et al., 2003).  The coordination of these 

events is required for proper neural tube closure.  Therefore, exposure to an agent that interferes 

with rapid cellular proliferation and disrupts discrete regions of differentiation and apoptosis in 

neuroepithelial cells could potentially induce a NTD. 

 VPA is a histone deacetylase inhibitor that is currently in clinical trials for various 

cancers (Batty et al., 2009). Its anticancer properties vary amongst cell types and have been 

shown to include the following: growth arrest through cell cycle arrest and decreased 

proliferation, apoptosis, anti-angiogenesis, and sensitization to other chemotherapies and 

irradiation (Chen et al., 2011; Ellis et al., 2009; Ropero and Esteller, 2007).  Despite being well-

studied in several models of cancer, the effect of VPA on the cell cycle and apoptosis have not 

yet been clearly defined in the developing embryo.  Microarray studies have previously 

demonstrated that maternal exposure to VPA resulted in an increase in the expression of growth-

arrest genes gadd45b and gas5 in the embryonic head, suggesting that NTDs arise from inhibition 

of cell growth and induction of apoptosis (Okada et al., 2005).  However, the role of key 

mediators in cell cycle arrest and apoptosis remains unclear in VPA-induced teratogenesis. 

In addition to the inhibition of histone deacetylase, previous studies in our laboratory 

determined that VPA increases reactive oxygen species (ROS) formation and induces DNA 

double strand breaks in an in vitro model (Sha and Winn, 2010; Defoort et al., 2006).  ROS can 

alter embryonic signaling pathways in addition to causing macromolecular damage to cellular 

components such as lipids, proteins, and DNA (Wells et al., 2009).  Recently, we also 

demonstrated that VPA increases ROS formation in an embryo culture model and increased the 

expression of apoptotic markers (submitted manuscript).   
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The purpose of our current study was to examine a marker of DNA damage, cell cycle 

proteins, and a marker of apoptosis in an in vivo murine model to better define the sequence of 

embryonic changes that occur following maternal exposure to the drug.  We hypothesize that 

VPA causes DNA damage that in turn induces cell cycle arrest and apoptosis, ultimately leading 

to a NTD. 

4.3 Materials and Methods 

Experimental Animals 

Virgin CD-1 mice aged 4 to 6 weeks were obtained (Charles River Laboratories Inc., St. 

Constant, Canada) and allowed to acclimate for a week in a temperature-controlled room with a 

12 hour light/dark cycle.  Standard rodent chow (Purina Rodent Chow, Ralston Purina 

International, Strathroy, Canada) and tap water were provided ad libitum.  Mice were the bred by 

housing three females with one male overnight.  Females with a vaginal plug the following 

morning were separated from the colony, housed together, and designated as gestational day 

(GD) 1.  All practices were in accordance with the guidelines of the Canadian Council on Animal 

Care and experimental procedures were approved by the Queen‟s University Animal Care 

Committee. 

Animal Treatment 

On the morning of GD 9, dams were injected subcutaneously with a teratogenic dose of 

valproic acid (400 mg/kg) (Sigma-Aldrich Canada Ltd., Oakville, Canada) or the vehicle control 

(0.9% saline).  A dose of 400 mg/kg of VPA was previously shown by our laboratory to 

significantly induce exencephaly, a cranial NTD, in the CD-1 mouse strain (Dawson et al., 2006; 

Tung and Winn, 2010).  Dams were sacrificed 0.5, 1, 3, 6, and 24 hours after injection and 
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embryos were collected for subsequent analyses.  Embryos collected at the 24 hour time point 

were separated according to cranial neural tube closure status. 

Histone Extraction 

Embryo litters were pooled in order to obtain a sufficient amount of histones for western 

blotting of phosphorylated histone H2A.X at serine 139 (γH2A.X).  For each n value, 3 litters 

were pooled together at the 0.5, 1, 3, and 6 hour time points, with each pool containing 30-40 

embryos.  In addition, 2 embryos from 1 litter were pooled for the 24 hour time point for each n 

value.  For the 24 hour time point, embryos were assessed for neural tube closure status, as the 

critical time period for neural tube closure occurs between GD 9-GD 10 in mice, and were then 

separated according to normal (closed neural tube) or exencephalic (opened neural tube) groups.  

Embryos were homogenized on ice in triton extraction buffer [PBS containing 0.5% Triton X 

(v/v), 2 mM phenylmethylsulfonyl fluoride, 0.02% sodium azide (w/v)], centrifuged, and the 

nuclei were resuspended in 0.2N HCl overnight at 4°C.  Samples were then centrifuged and the 

supernatant collected for protein quantification by BioRad assay. 

Protein Extraction 

One litter was pooled at the 0.5, 1, 3, and 6 hour time points, and two to three embryos 

were pooled at the 24 hour time point for each n value for western blotting.  Embryos were 

separated at the 24 hour time point according to neural tube closure status as described above.  

Embryos were sonicated on ice in radioimmunoprecipitation (RIPA) buffer [50 mM Tris-HCl, 

150 mM NaCl, 0.2% (w/v) NP-40, and 1.0 mM EDTA], centrifuged, and supernatant collected.  

Protein concentrations were determined using the BioRad Protein Assay.   
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Western Blotting 

Histones (5 µg) or protein samples (15 µg) were separated on 15% polyacrylamide gels 

followed by transfer to PVDF membranes and then incubated with primary antibody.  The 

following primary antibodies and dilutions were used: anti-phospho-histone H2A.X (Ser139) 

(dilution 1:4000 in 5% BSA in TBST) (Millipore, Billerica, USA), anti-p21
WAF1/CIP1

 (1:200 in 2% 

milk in TBST) (Abcam, Cambridge, USA), anti-p27
KIP1

 (1:500 in 5% milk) (Abcam, Cambridge, 

USA), and anti-cleaved caspase-3 (1:500 in 2% milk in TBST) (Cell Signaling, Danvers, United 

States).  Membranes were then washed and incubated with appropriate secondary antibodies and 

developed using an enhanced chemilumnescence detection kit (Perkin-Elmer, Boston, United 

States).  Differences in protein loading were controlled by stripping and reprobing the membranes 

with an anti-β-actin antibody (Sigma-Aldrich Ltd., Oakville, Canada).  Histone samples were 

normalized to total H2A content (anti-histone H2A; Millipore, Billerica, USA).  ImageJ software 

(NIH, Bethesda, MD) was used to measure the relative optical densities of the bands.   

Immunohistochemistry 

Embryos were collected from at least 4 litters in each treatment group and time point 

assessed.  Samples were fixed in 10% neutral buffered formalin.  Embryos were paraffin 

embedded, sectioned at 5 µm, and mounted on glass slides.  Sections were subsequently 

deparaffinised, cleared, and rehydrated.  Antigens were retrieved by 0.1 M sodium citrate at 95°C 

for 10 minutes followed by 20 minutes of cooling, and endogenous peroxidase was blocked with 

incubation with 3% hydrogen peroxide in water.  Slides were probed with the same primary 

antibodies as used in western blotting overnight at the following dilutions: anti-phospho-histone 

H2A.X (Ser139) (1:1000), anti-p27
KIP1

 (1:4000), and anti-cleaved caspase-3 (1:250).  Slides were 
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then stained using the anti-rabbit Vectastain Elite ABC kit or M.O.M. immunodetection kit 

(Vector Laboratories) with DAB as the substrate.  Hematoxylin was used for counterstaining.  

Statistical Analysis 

Statistical significance for western blotting was assessed using a Student‟s t-test or one 

way analysis of variance, followed by the Neuman-Keuls multiple comparison test for post-hoc 

analysis (GraphPad Prism 4.0, GraphPad Software, San Diego, CA). p<0.05 was considered 

significant. 

4.4 Results 

Effect of VPA on the expression of γH2A.X 

Histone H2A is rapidly phosphorylated in response to DNA double strand breaks (DSBs), 

thereby allowing the measurement of γH2A.X levels as a marker of DSBs.  Maternal exposure of 

VPA produced a rapid increase in γH2A.X expression in embryos a half hour after injection (237 

± 35%) (Figure 4.1).  A subsequent decrease was observed, with significance reached 6 hours 

after exposure (37 ± 11%).  γH2A.X expression levels were not significantly different compared 

to controls at the 1, 3, and 24 hour time points, regardless of neural tube closure status at the last 

time point.  Immunohistochemistry showed an increase in γH2A.X staining in the 

neuroepithelium a half hour following drug exposure.  Six hours after VPA administration, 

staining for γH2A.X was higher in the neuroepithelium in controls compared to treated embryos 

(Figure 4.2).   

Effect of VPA on the expression of p21
WAF1/CIP1 

 The expression of the cell cycle inhibitor p21
WAF1/CIP1

 was examined in embryonic 

samples following maternal exposure to VPA.  p21
WAF1/CIP1

 expression was not significantly 

different in VPA-treated embryos compared to controls at all time points (Figure 4.3).   
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Figure 4.1  VPA alters the expression of γH2A.X.   

Phosphorylation of histone H2A.X was assessed by western blotting at 0.5, 1, 3, 6, and 24 hours 

after maternal VPA treatment.  n=3, where an n of 1 is a pool of 3 litters at 0.5, 1, 3, and 6 hours, 

and a pool of 2 embryos at 24 hours.  * significantly different from control (p<0.05).   
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Figure 4.2  Immunohistochemistry for γH2A.X.   

γH2A.X was localized to the embryonic head region.  VPA increased staining in the 

neuroepithelium a half hour after maternal VPA administration (A and B).  Decreased staining for 

γH2A.X was noted in the neuroepithelium 6 hours after VPA exposure (C and D).  (200x; ↑ 

indicates neuroepithelium, Δ indicates cranial mesenchyme). 
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Figure 4.3   Effect of VPA on p21
WAF1/CIP1

 expression.   

Expression of p21
WAF1/CIP1

 did not change following maternal VPA treatment at all time points 

assessed.  n=3, where an n of 1 is a pool of 1 litter at 0.5, 1, 3, and 6 hours, and a pool of 2 

embryos at 24 hours.   
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Effect of VPA on the expression of p27
KIP1

 

 The embryonic expression levels of the cell cycle regulator p27
KIP1

 were significantly 

increased 3 and 6 hours after maternal injection with VPA (178 ± 27% and 133 ± 6%, 

respectively) (Figure 4.4).  Significant changes were not observed a half hour, 1, or 24 hours after 

exposure, regardless of neural tube closure status at the 24 hour time point.  An increase p27
KIP1 

staining was noted in both the neuroepithelium and underlying mesenchyme in VPA-treated 

embryos at the 3 and 6 hour time points (Figure 4.5).   

Effect of VPA on the expression cleaved caspase-3 

 Expression of cleaved or activated caspase-3 was significantly increased in embryos 3 

and 6 hours following maternal exposure to VPA (2092 ± 826% and 530 ± 136%, respectively) 

(Figure 4.6).  Expression levels were not different at the half, 1, and 24 hour time points, 

regardless of neural tube closure status at the 24 hour time point.  The localization of activated 

caspase-3 was primarily in the neuroepithelium, with increased staining observed in VPA-treated 

embryos 3 and 6 hours following maternal administration of VPA.  (Figure 4.7). 

4.5 Discussion 

 The aim of this study was to further elucidate the mechanisms by which VPA induces 

NTDs by testing the hypothesis that VPA increases DNA damage, thereby triggering an 

upregulation in cell cycle arrest proteins which then leads to apoptosis in the developing neural 

tube.  DNA damage was assessed by measurement of protein expression and localization of 

γH2A.X, an early marker of DNA DSBs.  Upon incurring a DSB, histone H2A is rapidly 

phosphorylated within minutes at serine 139 by ataxia telangiectasia mutated (ATM), DNA-

protein kinase catalytic subunit (DNAPKcs), and ATM and RAD3-related (ATR) kinases to 

produce γH2A.X, which serves an important role in signalling and initiating the repair of the DSB  
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Figure 4.4  VPA increases the expression of p27
KIP1

.   

Expression of p27
KIP1 

was assessed 0.5, 1, 3, 6, and 24 hours after maternal injection with VPA.  

n=3, where an n of 1 is a pool of 1 litter at 0.5, 1, 3, and 6 hours, and a pool of 2 embryos at 24 

hours.  * significantly different from control (p<0.05). 
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Figure 4.5  Immunohistochemistry for p27
KIP1

  

p27
KIP1 

was localized to the embryonic head region.  VPA increased staining in the 

neuroepithelium and mesenchyme 3 hours after maternal VPA administration (200x, A and B).  

Increased staining remained in the neuroepithelium 6 hours after VPA exposure (100x, C and D) 

(↑ indicates neuroepithelium, Δ indicates cranial mesenchyme). 
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Figure 4.6  VPA increases the expression of cleaved caspase-3.   

Activated caspase-3 expression was measured by western blotting 0.5, 1, 3, 6, and 24 hours 

following maternal exposure to VPA.  n=3, where an n of 1 is a pool of 1 litter at 0.5, 1, 3, and 6 

hours, and a pool of 2 embryos at 24 hours.  * significantly different from control (p<0.05). 
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Figure 4.7  Immunohistochemistry for cleaved caspase-3  

Activated caspase 3
 
was localized to the embryonic head region.  VPA increased staining in the 

neuroepithelium 3 hours after maternal VPA administration (200x, A and B).  Increased staining 

remained in the neuroepithelium 6 hours after VPA exposure (100x, C and D) (↑ indicates 

neuroepithelium, Δ indicates cranial mesenchyme). 
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(Mah et al., 2010).  Following maternal administration with VPA, embryonic expression levels of 

γH2A.X were significantly increased a half hour after exposure, with levels returning to baseline 

one hour after exposure, and continually decreasing with significance reached 6 hours after 

exposure.  This increase was localized by immunohistochemistry to the neuroepithelial tissues of 

the mouse embryos.  The cause of the DNA DSBs at the half hour time point remains unknown.  

Previous studies in our laboratory demonstrated that ROS production and DNA DSBs are 

increased following VPA exposure, without any apparent increases in DNA oxidative damage 

(Sha and Winn, 2010; Defoort et al., 2006).  This finding was reflected in our current study, as 

immunohistochemical staining for 8-hydroxyguanosine was not different between control and 

VPA-treated embryos (data not shown).  It is possible that VPA‟s ability to inhibit histone 

deacetylase may be altering the expression of proteins involved in DNA DSB formation.  For 

instance, VPA upregulates the expression of topoisomerase-IIα and β, enzymes essential for 

removing torsional strain during DNA replication by producing DNA DSBs (Das et al., 2007).  

Nevertheless, a significant increase in γH2A.X was observed in our study, followed by a decline 

back to baseline, indicating that the DNA DSBs were repaired.  Indeed, DNA repair mechanisms 

are expressed during embryonic development, as ATM, ATR, and DNA-PKcs were detected in 

organogenesis-stage rodent models (Vinson and Hales, 2003).  In addition, in vitro studies in our 

laboratory demonstrated that homologous recombination is increased by VPA (Sha and Winn, 

2010; Defoort et al., 2006).  As a significant decrease in γH2A.X was observed 6 hours after 

VPA exposure, it appears that DNA repair is upregulated in response to the drug, although the 

significance of this novel finding is unknown.   

 To investigate the effect of VPA exposure on cell cycle regulators, western blotting and 

immunohistochemistry were performed for p21
WAF1/CIP1

 and p27
KIP1

.  p21
WAF1/CIP1

 and p27
KIP1 

are 
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cyclin-dependent kinase inhibitors that can induce cell cycle arrest to repair damaged DNA, and 

if needed, induce apoptosis (Abukhdeir and Park, 2008).  VPA increased p27
KIP1 

levels in 

embryos 3 and 6 hours after maternal exposure, suggesting that cell cycle arrest is induced at 

these time points.  Immunohistochemistry for p27
KIP1

 revealed increased staining in VPA-treated 

embryos, although a more global response was noted as increased staining was observed in both 

the neuroepithelium and mesenchyme of the embryonic head.  p27
KIP1

 protein is highly expressed 

in cells undergoing senescence and its expression is lowered during the G1/S phases of the cell 

cycle (Abukhdeir and Park, 2008).  Although the expression of p21
WAF1/CIP1

 remained unchanged, 

it is possible that our method of pooling embryos decreased the sensitivity of our detection 

method, and future studies will be required to look specifically at p21
WAF1/CIP1

 expression in 

individual embryos.  Previous studies demonstrated that p53 expression is increased by VPA at 3 

hours following maternal exposure (Di Renzo et al., 2010; Wlodarczyk et al., 1996).  As 

p21
WAF1/CIP1

 expression is directly regulated by p53 promoter binding, this suggests that 

p21
WAF1/CIP1

 expression should be increased as well (Macleod et al., 1995).  It is unlikely that 

p27
KIP1

 is the only cell cycle protein that is affected by VPA exposure, as p27
KIP1

 knockout mice 

do not present with gross congenital malformations (Fero et al., 1996).  VPA increases the 

expression of other cell cycle inhibitors including members of the INK4 family in cancer cells, 

and future studies should be directed to examining the effect of VPA on other cell cycle proteins 

in the developing embryo (Valentini et al., 2007). 

 The role of apoptosis during neural tube closure remains controversial.  The presence of 

apoptotic cells during neurulation has been detected and correlated with events including bending 

of the neural folds, adhesion and fusion of the folds, and tissue remodeling to form a continuous 

tube following fold adhesion (Massa et al., 2009).  It remains unknown whether these apoptotic 
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events are required for neural tube closure, though a recent study suggests that proper neural tube 

closure may proceed without apoptosis (Massa et al., 2009).  Nevertheless, our findings of a 

dramatic elevation in cleaved caspase-3 expression prior to neural tube closure indicates that 

excessive cell death caused by VPA exposure may leave the embryo with an insufficient number 

of cells to undergo normal neural tube closure.  In contrast to a previous study that examined total 

caspase-3 expression in the embryo following maternal VPA administration, an antibody specific 

for activated or cleaved caspase-3 was used (Di Renzo et al., 2010).  Immunohistochemistry 

further supported our hypothesis, as staining was increased specifically within the 

neuroepithelium, especially in the forebrain. 

 The alterations in the expression of γH2A.X, p27
KIP1

, and cleaved caspase-3 support a 

role for early DNA damage, cell cycle arrest, and apoptosis in VPA-induced NTDs.  Embryos 

examined at the 24 hour time point were separated into control, VPA-treated with closed neural 

tube, and VPA-treated with exencephaly.  As embryos presenting a NTD did not have altered 

expressions of γH2A.X, p27
KIP1

, and cleaved caspase-3 compared to controls, early transient 

changes in protein expression may be mediating NTDs.   

 Previous studies performed in our laboratory support a role for early transient protein and 

gene expression changes in VPA-induced teratogenesis, as embryonic histone acetylation and 

histone methylation changes were observed 3 hours following VPA exposure (Tung and Winn, 

2010).  As ROS levels were also increased in embryos, the precise time line of molecular events 

remains unclear.  It is possible that VPA exposure increases DNA damage which then triggers 

cell cycle arrest and apoptosis.  However, VPA could be altering p27
KIP1

 and caspase-3 

expression via histone deacetylase inhibition.  Histone deacetylase appears to play an essential 

role in regulating cellular proliferation during embryonic development, as histone deacetylase 1 
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knockout mice have reduced proliferation rates, increased levels of p21
WAF1/CIP1

 and p27
KIP1

, and 

do not live past organogenesis (Lagger et al., 2002).  In addition, the relaxed or open chromatin 

conformation caused by VPA-induced histone hyperacetylation could increase susceptibility to 

DNA damage, which may then lead to changes in cell cycle and apoptotic proteins (Elia and 

Bradley, 1992).  Future studies are required to examine the link between histone acetylation and 

DNA damage. 

 In conclusion, maternal administration with VPA caused a rapid increase in embryonic 

γH2A.X, p27
KIP1

, and cleaved caspase-3 expression levels which were then localized to the 

embryonic head, suggesting that these proteins play a key role in mediating NTDs.  Elucidation 

of the mechanism of VPA-induced NTDs is an essential step in developing strategies for the 

prevention of birth defects within the epileptic population, and may provide insights for the 

etiology of NTDs in the general population. 
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5.1 Summary 

 The central hypothesis of this thesis was that VPA exposure during a critical period of 

development results in an increase in the production of ROS and inhibition of HDAC which leads 

to the dysregulation of gene expression, and ultimately results in a teratogenic effect.  The studies 

presented herein addressed the hypothesis by assessing the epigenetic changes induced by VPA 

administration, measuring ROS production and apoptosis, examining the protective role of 

antioxidant pretreatment against VPA-induced defects, and measuring changes in the expression 

of proteins critical in embryonic development.  Specifically, in whole embryo culture and in vivo 

models, catalase was shown to protect against VPA-induced effects on developmental and 

morphological parameters (Chapter 2).  In addition, catalase attenuated VPA-mediated increases 

in ROS formation and apoptosis in whole embryo culture (Chapter 2).  Furthermore, in vivo 

studies demonstrated that maternal VPA exposure increased the embryonic expression of AcH3, 

AcH4, and di- and trimethylated H3K4, and decreased the expression of monomethylated H3K9 

(Chapter 3).  Interestingly, post-translational histone modifications occurred in the absence of 

alterations in DNA methylation (Chapter 3).  Finally, in vivo administration of VPA resulted in an 

increase in the expression of γH2A.X, a marker of DNA DSBs, and p27
KIP1

 and activated 

caspase-3, markers of cell cycle arrest and apoptosis, respectively (Chapter 4).  Therefore, the 

studies presented in this thesis support the hypothesis that VPA exerts its teratogenic effects 

through ROS formation and HDAC inhibition.    

5.2 The Mouse as a Model to Study NTDs 

 Rodents are one of the most frequently used models to study NTDs as the sequence of 

morphogenic events involved in mouse neural tube closure most closely resembles humans when 
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compared to other animal models (Greene and Copp, 2009).  Closure initiates at the 

hindbrain/cervical boundary in both species, and progress caudally and cranially.  Closure in the 

cranial region initiates at specific sites, although the location and number of these closure sites 

vary between mice and humans.   It should be noted that in general mice are far more susceptible 

to cranial NTDs rather than spinal NTDs, and it is possible that the variation in cranial neural tube 

closure sites may be the cause.  Exposure to VPA in utero results in an approximately 25% 

increase in exencephaly in mouse fetuses; however, spina bifida is the most common NTD 

induced in human children (Jentink et al., 2010b; Dawson et al., 2006).  In mice, spina bifida can 

be induced with multiple doses of VPA; however, this dosing regimen causes significant 

resorptions and fetal death (Ehlers et al., 1992).  Hence, VPA-initiated exencephaly in mice is 

used as a model to study NTDs.  Mouse models have been important for the discovery of several 

candidate genes involved in neural tube closure, and the genetic manipulation of mice have 

allowed for the establishment of mutant mouse models to study NTDs (Copp et al., 2003).  

However, it is possible that the underlying genetic causes of mouse NTDs may not accurately 

reflect the human condition. 

5.3 The Role of Oxidative Damage and Redox-Sensitive Signaling Pathways 

 Studies presented in this thesis demonstrated that VPA did not lead to increased 

expression of the protein nitration marker 3-NT, the DNA oxidative damage marker 8-OHdG, or 

the lipid peroxidation marker 4-HNE.  It is important to note that several other markers of 

oxidative damage were not measured, and therefore oxidative damage may not be ruled out as a 

possible mechanism of VPA-induced teratogenesis (Chapter 2).  Other markers of oxidative 

damage may include 15-F2t-isoprostane, malondialdehyde, thymine glycol, 2-hydroxyadenine, 

and protein carbonyl products.  As an increase in DNA DSBs was observed, oxidative DNA 
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damage remains a likely target for VPA; however, VPA-induced HDAC inhibition may be 

altering the expression of proteins involved in the formation of DNA DSBs, such as 

topoisomerase II (Das et al., 2007).  HDAC inhibition and ROS production may also be altering 

the binding and activity of redox-sensitive transcription factors.  Several teratogens have been 

shown to increase DNA binding of AP-1, NF-κb, and nuclear factor erythroid-2 related factor 2 

(nrf-2) (Kennedy et al., 2004; Sahambi and Hales, 2006; Kawai and Arinze, 2006).  Future 

studies will be required to determine the relative contributions of oxidative damage and altered 

embryonic signalling to VPA‟s mechanism of teratogenesis. 

5.4 Epigenetic or ROS-induced Alterations in Cell Cycle Protein Expression 

 Though a correlation was observed between global alterations in epigenetic markers, 

increases in ROS levels, and aberrant expression of cell cycle proteins in mouse embryos 

following maternal VPA administration, the relationship between altered protein expression and 

epigenetic changes or ROS formation was not directly assessed.  Therefore, it cannot be 

definitively stated if epigenetics or ROS are responsible for changes in cell cycle protein 

expression.  Previous studies have shown that VPA can alter promoter methylation as well as 

histone acetylation and methylation status to change gene expression (Dong et al., 2007; 

Milutinovic et al., 2006).  In order to determine the cause of altered protein expression, future 

studies should examine tissue and gene specific events throughout organogenesis.  Laser capture 

microdissection can be used to collect embryonic tissues including the neuroepithelium, 

mesenchyme, heart, and somites.  DNA methylation status of specific genes can be examined by 

sodium bisulphite modifications followed by sequencing.  Chromatin immunoprecipitation assays 

can be used with antibodies specific for acetylated and methylated histones to determine the 

association between post-translational histone modifications and VPA-induced alterations in gene 
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expression.  Additionally, real-time polymerase chain reaction (RT-PCR) can be used to quantify 

mRNA products, in addition to western blotting and activity assay for proteins.   

5.5 The Role of Apoptosis in VPA-Induced NTDs 

 The studies presented in Chapters 1 and 3 determined that VPA exposure increases the 

expression of activated caspase-3 in the neuroepithelium of developing embryos, indicating that 

apoptosis is increased in this area.  Apoptotic cells have been detected during neural tube closure 

and were postulated to be involved in the bending of the neural folds and neuroepithelial 

remodelling (Copp et al., 2003).  Recent studies have demonstrated that apoptosis may not be 

required for proper neural tube closure; however, increased cell death may leave the embryo 

without an adequate number of cells to undergo neurulation (Massa et al., 2009).  Many aspects 

of VPA-induced cell death during neural tube closure remain unknown.  As such, it cannot be 

concluded that the increase in apoptosis directly contributes to the teratogenic outcome, as a 

definitive cell number required in normal tube closure is unknown.  In addition, the processes of 

neural tube closure with which VPA interferes are unclear. 

5.6 Conclusions 

 In conclusion, the studies in this thesis identified early, transient epigenetic modifications 

in the developing embryo following maternal administration with VPA.  Furthermore, VPA-

induced increases in ROS and apoptosis were attenuated with catalase pretreatment, suggesting a 

role for oxidative stress and cell death in VPA-induced teratogenesis.  In utero exposure to VPA 

also resulted in an increase in DNA DSBs and p27
KIP1

 expression in embryos.  Overall, a 

potential pathway by which VPA exerts its teratogenic effects was identified.  As the 

pharmacological control of epilepsy in women of childbearing years remains a challenge in the 
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medical community, research into the mechanisms by which VPA and other AEDs exert their 

teratogenic effects remains important in the development of prevention strategies and more 

suitable therapies. 

5.7 Future Directions 

5.7.1 Characterization of Embryonic Metabolism of VPA 

 The studies presented in this thesis showed that exposure to VPA in a whole embryo 

culture model increased ROS formation.  This indicates that the embryo itself is capable of 

metabolizing VPA.  Although previous studies have demonstrated that PHS and 5-LO can 

metabolize other teratogens, it is unknown whether VPA is a substrate for these enzymes (Parman 

and Wells, 2002; Parman et al., 1999).  Identifying the enzymes that metabolize VPA would 

provide valuable insight into the mechanism by which VPA induces ROS production.  

Furthermore, identification of VPA metabolites in a whole embryo culture model would verify 

metabolism of VPA, and allow for the generation of a metabolite profile for VPA. 

5.7.2 Epigenetic Regulation of Antioxidative Enzymes 

 A recent study in hepatoma cell lines demonstrated that prolonged exposure to ROS 

results in a decrease in the expression of catalase and increased methylation of a CpG island in 

the catalase promoter region (Min et al., 2010).  Therefore, it may be possible that epigenetic 

regulation of antioxidative enzymes may be occurring with VPA exposure.  As VPA can induce 

DNA demethylation, it would be interesting to determine the gene specific epigenetic changes 

occurring during neural tube closure.   
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5.7.3 HDAC Regulation of Non-histone Proteins 

 HDACs are responsible for regulating the activities of several transcription factors by 

deacetylation.  For instance, NF-κB is acetylated when transcriptionally active, as acetylation 

increases DNA binding affinity, impairs assembly with its inhibitor, and dictates subcellular 

localization (Greene and Chen, 2008).  As HDACs can regulate transcriptional activity through 

modifying histone proteins, as well as through direct deacetylation of the protein itself, 

determining the mechanisms of how HDAC inhibition induced by VPA alters transcriptional 

activity would provide insight into its mechanism of teratogenesis. 

5.7.4 Mechanisms of DNA Repair 

 Studies in this thesis showed that VPA exposure results in an increase in DNA DSBs.  

DNA DSBs can be repaired by homologous recombination or non-homologous end joining.  As 

DNA repair is not error free, erroneous DNA repair may contribute to the mechanism of 

teratogenesis.  In vitro studies in our lab indicated that VPA induces DNA DSBs and increases 

homologous recombination (Sha and Winn, 2010; Defoort et al., 2006).  In vivo studies are 

currently underway to characterize the relationship between histone acetylation, oxidative DNA 

damage, and homologous recombination in VPA-induced teratogenesis. 

5.7.5 Embryonic Protection with HAT inhibitors 

 If early changes in histone acetylation are responsible for inducing teratogenesis at term, 

then administration of a HAT inhibitor prior to VPA may attenuate VPA-mediated increases in 

histone acetylation.  Paired with a teratological study, one can then correlate histone 

hyperacetylation with a teratological outcome. 
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Appendix A 

Antibody Manufacturer Catalogue Number Dilution 
Anti-4-hydroxy-2-noneal Michael 

adducts, reduced Calbiochem 303207 1:2000 

Anti-3-nitrotyrosine Millipore-Upstate 06-284 1:500 

Anti-cleaved caspase-3 Cell Signaling Technology 9664 1:500 

Anti-cleaved PARP Cell Signaling Technology 9544 1:500 

Anti-acetyl-Histone H3 Millipore-Upstate 06-599 1:5000 

Anti-acetyl-Histone H4 Millipore-Upstate 06-598 1:5000 

Anti-Histone H3 (di+tri methyl K4) Abcam ab6000 1:500 

Anti-Histone H3 (mono methyl K9) Abcam ab8896 1:1000 

Anti-Histone H3 Millipore-Upstate 06-755 1:5000 

Anti-Histone H4 Millipore-Upstate 07-108 1:5000 

Anti-phospho-Histone H2A.X 

(Ser139) Millipore-Upstate 05-636 1:4000 

Anti-Histone H2A Millipore-Upstate 07-416 1:4000 

Anti-p27
KIP1

 Abcam ab7961 1:500 

Anti-p21
WAF1/Cip1

 Abcam ab7960 1:200 

Anti-β-actin Sigma-Aldrich A5441 1:5000 

Table A.1.  Antibodies used and commerical sources.   

 

    AcH3, 3 hours         γH2A.X, 0.5 hour 

                                                                               

                                             

Figure A.1.  Representative western blots.  In all cases, antibody selectivity was confirmed and in 

all cases, blotting produced a clear dominant band at the appropriate molecular weight with only 

minor immunoreactivity at other weights. 
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