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  Abstract 

Epigenetics of Fetal Brain Development in the Valproic Acid Model of Autism 

Melissa Konopko, Doctor of Philosophy, 2017 

Dissertation Directed by: Dr. Bruce K Krueger, Professor, Program in Neuroscience 

 

Use of the drug, valproic acid (VPA) by pregnant women increases the risk of autism in 

their children.  This led to the development of the VPA mouse model of autism in which 

a pregnant dam is given a single dose of the drug at E12.5 which results in her offspring 

expressing autistic phenotypes. Our lab has found that using the in utero VPA model of 

autism results in a transient increase in Bdnf mRNA and protein in the mouse fetal brain. 

The goal of my research is to elucidate the epigenetic underpinnings of VPA and the 

related increased expression of the neurotrophin gene, Bdnf.  VPA is a histone 

deacetylase inhibitor. Changes in histone acetylation engage in molecular crosstalk with 

other epigenetic marks and can result in alterations in histone and DNA methylation.  

Several histone modifications were analyzed using chromatin immunoprecipitation at 

three exons of interest, Bdnf exons 1, 4, and 6. A significant increase was found in each 

excitatory mark examined including acetylation of various histones as well as H3K4me3.  

Sex differences were found at some sites in histone acetylation and at most sites for 

H3K4me3.  The greater increase in these activating marks was found in females.  Two 

inhibitory marks were also analyzed, H3K27me3 and DNA CpG methylation.  No effect 

of VPA was found on H3K27me3 and a small, but statistically significant effect was 

found on DNA methylation across four CpGs upstream of Bdnf exon 4.  Bdnf transcript 

levels were measured in both sexes and found that there is more stimulation of exons 1 



 
 

and 4 in females.  Furthermore, we found that most stimulation of Bdnf transcript 

expression occurred in the caudal regions of the fetal brain and not the telencephalon.  

Together, these experiments help to elucidate the epigenetic contributions to VPA’s 

ability to increase Bdnf expression in the brains of fetuses exposed to the drug in utero.  
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Chapter 1: INTRODUCTION 

AUTISM 

Autism Spectrum Disorders (ASD) are a set of neurodevelopmental disorders typified by 

impaired communication, social interactions and the presence of repetitive behaviors 

(American Psychiatric Association, 2013).  Since a definitive biological marker has not yet 

been defined for ASDs, they are necessarily defined by behavior (Volkmar et al., 2005).  

There are also several “syndromic” disorders having known genetic causes that have an 

autistic-like phenotype which are not classified as ASDs including Fragile X and Rett 

syndromes among others (Autism Research Institute, 2016).  ASD affects 1 in 68 children 

and has a male sex bias, occurring 4.5 times as often in boys than girls and is found across 

race, ethnic and socioeconomic groups (Christensen, 2016).  ASDs are thought to have an 

economic impact up to $60.9 billion per year in the United States inclusive of healthcare 

costs, special education and loss of parental productivity (Buescher et al., 2014; Lavelle et 

al., 2014).   

The Biological Basis of Autism 

The related behaviors of ASDs have neuroanatomical and neurochemical bases.  During 

early postnatal development, autistic children show brain overgrowth, particularly in the 

frontal lobes with 67% more neurons in the prefrontal cortex in autistic juvenile males 

(Courchesne and Pierce, 2005; Courchesne et al., 2003, 2011a).  A similar pattern is seen 

in the amygdala (Schumann et al., 2004; Sparks et al., 2002). Prior to the volumetric 

increases observed, hyper-expansion of the cortical surface can be seen (Hazlett et al., 
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2017).  The period of volumetric overgrowth is followed by a significant slowing of 

growth, resulting in an adult brain of normal size (Courchesne et al., 2011b).  There is 

evidence that this later slowing of growth is due to neuron loss (Courchesne et al., 2011b).  

However, the altered dynamics of brain development impacts brain circuitry and structure 

(Carper et al., 2002).   In considering the possible genetic underpinning of this observation, 

several genes have been implicated in autism whose main roles are in cell growth, neuronal 

development and the regulation of cellular migration.  Three of the most important of these 

genes are PTEN, a cell cycle regulator, RELN, an extracellular matrix protein regulating 

developmental neuronal migration, and BDNF, a key neurotrophic factor (Antal et al., 

2015; Fatemi, 2010; Halepoto et al., 2014; Holt et al., 2010; Maisonpierre et al., 1990; 

McBride et al., 2010).   

One possible consequence of altered brain growth dynamics can be seen in the abnormal 

structure of neocortical minicolumns in autistic brains (Casanova et al., 2002, 2006).  The 

area with the most significant difference in columnar width between autistic and normal 

brains is Brodmann’s area 44 which is involved in language processing, speech production 

and is the area in which “mirror neurons” were first described (Casanova et al., 2010; 

Rizzolatti et al., 1996).  Thus, a brain region that plays a role in communication and social 

relations has a clear role in the pathophysiology in autism.  One study found that not only 

are the column widths smaller in autistic brains, but there are more of them, indicating that 

the brain overgrowth begins at the time of “founder cell” division at the mouse approximate 

equivalent of embryonic day 12.5 (E12.5) (Casanova et al., 2006).  Additionally, neurons 

in the frontal cortex also have increased dendritic spines which is consistent with the large 

number of synaptic genes associated with autism as well as loss-of-function mutations in 
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genes involved in synaptic pruning (Hutsler and Zhang, 2010; Tang et al., 2014).  The 

cerebellum is one of the most examined brain regions of interest in autism in which the 

most consistent finding is reduced Purkinje cell size and packing density (Amaral et al., 

2008; Fatemi et al., 2012; Scott et al., 2009a).     

Several other areas of the autistic brain have unusual structure and function.  The language 

processing regions of the superior temporal and inferior frontal gyri show altered 

lateralization and weak functional connectivity across the two hemispheres (Bigler et al., 

2007; Dinstein et al., 2011).  Sensory overstimulation is commonly seen in patients with 

ASD, thus scientists have also focused on the anterior cingulate cortex due to its role in 

response inhibition (Albert et al., 2012).  Several fMRI studies have shown hypoactivation 

in this area in ASD as compared with controls (Agam et al., 2010; Kana et al., 2007; 

Kennedy and Courchesne, 2008).  This functional difference aligns with physical 

differences seen in the anterior cingulate cortex including cell size and density, decreased 

GABA(B) receptors, and alterations in white and gray matter (Noriuchi et al., 2010; Oblak 

et al., 2010; Simms et al., 2009). 

In addition to morphological differences seen in autism, neurochemical differences also 

underlie the observed behavioral abnormalities.  One of the most popular neurochemical 

theories of autism is the excitation/inhibition imbalance theory.  The basis of this concept 

lies in irregularities seen during development in glutamatergic and GABAergic (γ-

aminobutyric acid) neurons causing a lack of local inhibition with increased remote 

excitation, resulting in neurodevelopmental abnormalities (Dickinson et al., 2016; Polšek 

et al., 2011).  Up to 46% of autistic patients develop seizures and up to 60% show 

epileptiform electroencephalograms even without seizure activity, which correlates well 
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with the excitation/inhibition imbalance theory (Chez et al., 2006; Spence and Schneider, 

2009).  The glutamate system shows several signs of dysregulation in ASDs.  Peripheral 

glutamate levels are increased as compared to controls and AMPA receptor subunit 

expression is altered (Aldred et al., 2003; McDougle et al., 2005; Moreno-Fuenmayor et 

al., 1996; Naushad et al., 2013; Purcell et al., 2001; Shimmura et al., 2011).  Glutamate is 

converted into GABA by a family of glutamic acid decarboxylases (GADs); thus an impact 

on the GAD genes could further tip the scales in a glutamatergic/GABAergic imbalance 

(Polšek et al., 2011).  Indeed, 15% of autistic patients, but none of the controls, had 

autoantibodies against GAD65 (Rout et al., 2012).  Furthermore, there are overall lower 

levels of GAD65 and GAD67 protein and mRNA in Purkinje cells in the cerebella of ASD 

patients.  There is also lower GABA receptor density in the cerebellum and some areas of 

the cortex (Blatt and Fatemi, 2011; Yip et al., 2007).  The excitation/inhibition imbalance 

theory is also indirectly supported by genetic research into autism. There are many autism 

related synaptic plasticity genes, such as SHANK3, NL3, NL4 GARBR3 and FMR1, which 

thus impact the metabolism of GABA and glutamate (Fatemi et al., 2009a; Hamilton et al., 

2014; Mameza et al., 2013; Schroeder et al., 2015). 

Serotonin (5HT) and neuropeptide dysregulation has been implicated in autism in addition 

to glutamate and GABA. Higher levels of serotonin can be found in the blood of autistic 

patients, but lower levels are found in the brain as compared to controls (Hranilovic et al., 

2007; Kane et al., 2012; Schain and Freedman, 1961; Yang et al., 2014).  5HT plays an 

important role in brain development modulating several key events including 

differentiation, synaptogenesis and neuronal migration, therefore a disturbance in this 

system can impact the path of normal development (Yang et al., 2014).  Oxytocin is a 
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neuropeptide that has gained attention in this area of study as it is well known for playing 

a role in social bonding, in which there is a clear deficit in ASD (Olff et al., 2013).  Studies 

have shown that autistic patients have lower plasma levels of bioactive oxytocin (Green et 

al., 2001; Modahl et al., 1998).  Moreover, treating autistic children and adults with 

oxytocin ameliorated some of their social deficits (Guastella et al., 2010; Hollander et al., 

2007).  The variety of morphological and neurochemical underpinnings of ASD help to 

illustrate the complex etiology of this spectrum of disorders. 

ASDs have an early diagnosable onset with communication and fine motor skill deficits 

evident by 6 months of age and reliably diagnosed by 36 months (Herlihy et al., 2013). 

This has led researchers to believe that the disorder commences in prenatal development 

due to genetic mutations or prenatal environmental insults. There are hundreds of known 

heritable and de novo genetic mutations that may lead to an increased risk of autism, 

comprising an estimated 10-30% of cases of ASD (Buxbaum, 2009; Ronemus et al., 2014; 

Sanders et al., 2015).  The ontology of these genes have been examined and several key 

functional networks emerged: synaptogenesis, apoptosis, GABA-ergic neurons, 

mitochondrial functions, protein translation, and ubiquitination (Mahfouz et al., 2015).  

When sets of disease-related genes are analyzed to see which have the most interaction 

connections with genes in the network (known as “hub genes”), the resulting information 

is often quite informative of the network as a whole and can identify potential targets for 

the development of therapeutics (Barabási et al., 2011).  The most common functions of 

hub genes in the ASD network are chromatin remodeling, transcription, and translation 

(Mahfouz et al., 2015).  This suggests that the genes that orchestrate genetic expression, 
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such as those involved in epigenetic regulation, may be dysregulated in autism, explaining 

the broad phenotype of the disease. 

A recent, prominent twin-based study suggested that many idiopathic cases of autism and 

other ASDs are, in fact, due to de novo mutations; moreover, at least 30% of all cases 

appear to be due to environmental factors (Colvert et al., 2015).  While some of the 

mutations known to cause ASDs are single gene dominant Mendelian mutations, such as 

cyclin dependent-like kinase 5 (CDKL5), most genes have incomplete penetrance and 

depend on gene-environment interactions to express the disease phenotype (Chaste and 

Leboyer, 2012; Sullivan et al., 2012).  Genes and environment can interact in several ways, 

including epigenetic modifications to the genome (Isidoro-García et al., 2007).  This is of 

particular interest considering the role of mutations in epigenetics-related genes in ASD 

(Mahfouz et al., 2015).   

Sex Differences in Autism 

The sex differences observed in autism are more complicated than a simple bias in overall 

number of cases.  While there is a 4.5:1 male to female ratio in diagnosed cases of autism, 

that ratio is lower in cases with intellectual disability (Fombonne, 2009).  It is thought that 

this is indicative of females having a higher threshold to develop autism (Lai et al., 2015).  

However, this may be because high functioning females are less likely to be diagnosed 

(Hiller et al., 2014).  Indeed, when neurotypical subjects were analyzed using the Autism 

Spectrum Quotient, neurotypical male scores were significantly closer to the scores of 

autistic patients than that of neurotypical females (Baron-Cohen et al., 2014).  This fits 

conceptually with the “Extreme Male Brain” theory of autism.  This theory claims that two 

main domains that make up male and female cognitive profiles: the ability to empathize 
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and the ability to systemize.  Neurotypical female are said to have abilities shifted towards 

empathy and males are shifted towards systematic analysis.  Autistic patients show an 

extreme of the male profile, exhibiting substantially reduced empathetic ability in favor of 

systemization (Baron-Cohen, 2002).  Baron-Cohen have further supported this hypothesis 

with a biological basis in a finding that showed that autistic children show higher levels of 

fetal testosterone (Auyeung et al., 2009).  Furthermore, a study on post mortem cortical 

transcriptomics found that neurotypical males have greater expression of genes that are 

enriched in autistic brains as compared to females.  Interestingly, these male-enriched 

transcripts are not autism risk genes, but are involved in pathways that interact with risk 

genes (Werling et al., 2016).  However, the Extreme Male Brain theory has come under 

criticism, particularly due to the, “unpersuasive gendering of certain capacities or aptitudes 

in the human population” (Krahn and Fenton, 2012).  These objections lie partly with the 

ethical dilemma of Baron-Cohen’s assertions and partly due to the inherent difficulties in 

determining what behavioral differences are due to sex (biological) versus gender (social) 

differences (Fine, 2010; Krahn and Fenton, 2012; Levy, 2004).   

The male bias in ASD diagnosis can influence studies of sex differences in autistic traits.  

First, the small percent of female patients makes recruitment of such subjects difficult, 

giving the studies insufficient power to detect subtle, but important differences.  Second, 

when patients are recruited at the diagnostic sex ratio, data from males can overwhelm the 

female data, biasing the results.  This bias can actually feed back and impact the diagnostic 

criteria, further enhancing the sex difference in numbers of cases (Grove et al., 2016; Lai 

et al., 2015).  The previously mentioned study that analyzed sex differences in the Autism 

Spectrum Quotient is a good example of this.  In that study they found baseline sex 
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differences with males having a higher Autism Quotient score than females.  However, 

there were no differences in the score between male and female autistic patients (Baron-

Cohen et al., 2014).  Thus, while males and females start at a different baseline levels in 

meeting diagnostic criteria for an autism diagnosis, the threshold level and distinguishing 

criteria is the same for both genders.  Females fit ASD diagnostic criteria in different ways 

than males, expressing more “normal” social behaviors while having similar difficulties 

understanding certain social behaviors and constructs as males (Hiller et al., 2014).  This 

effect on the determination of diagnostic criteria can again feed back and impact genetic 

and molecular sex difference studies in autism if certain classifications of females are 

excluded.   

Environmental Factors and Autism 

Several known environmental factors lead to the ASD phenotype.  While it has been argued 

that the increase in ASD diagnoses is a sign of an increase in exposure to certain 

environmental factors such as exposure to pollutants, “this increase most likely represents 

changes in the concepts, definitions, service availability, and awareness of autistic-

spectrum disorders in both the lay and professional public,” (Fombonne, 2009).  However, 

another paper from the same year that examined autism diagnoses in California found that 

changing ages in diagnosis and inclusion of milder cases to only account for part of the rise 

in diagnosis (Hertz-Picciotto and Delwiche, 2009).  That could suggest that there is an 

increasing environmental factor exposure that leads to ASDs.  In order to examine the 

impacts of in utero chemical exposures on neurodevelopmental disorders, including 

autism, large-scale epidemiological studies are currently underway (Bennett et al., 2016; 

Hertz-Picciotto et al., 2006).  While this data is being gathered and analyzed, several non-
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genetic factors already stand out as possible contributors to the development of ASDs.  

Advanced maternal or paternal age is significantly correlated with ASD and mean maternal 

age at first birth has been advancing since 1970 (Mathews and Hamilton, 2002, 2016; 

Schieve et al., 2014).  Other factors leading to low birth weight, preterm birth and caesarian 

delivery are all significantly correlated with ASD (Schieve et al., 2014) as well as maternal 

infection or diabetes and exposure of the developing fetus to certain chemicals including 

pesticides and drugs such as valproic acid (VPA) (Arndt et al., 2005; Mandy and Lai, 2016; 

Ploeger et al., 2010; Roberts et al., 2007).   

VALPROIC ACID AND AUTISM 

VPA, (trade name, Depakote), is a short chain fatty acid, antiepileptic and mood stabilizing 

drug (Silberstein and Collins, 1999).  If a pregnant woman takes VPA during the second 

month of pregnancy (equivalent to mouse E12.5) it increases the risk of her child having 

autism from 1.5% in unexposed children up to about a 10% (Bromley et al., 2008; 

Christensen et al., 2013; Gerard and Meador, 2015; Moore et al., 2000; Ornoy et al., 2015; 

Rasalam et al., 2005).  Additionally, fetal exposure to VPA is also linked to congenital 

malformations including neural tube defects and cardiovascular malformations (Tung and 

Winn, 2011).  The first connection between fetal exposure to VPA and an autistic-like 

behavioral abnormality was uncovered by Christianson et al when two sibling pairs 

presented with developmental delay and speech disability after their mothers used the drug 

during pregnancy; findings that have been consistently confirmed (Christianson et al., 

1994; Rasalam et al., 2005; Williams et al., 2001).  VPA’s teratogenic effects including 

neural tube defects and ASDs, have resulted in a warning issued by the FDA for women to 

avoid the drug if they are or could become pregnant (Waknine, 2007).  Despite this, even 
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years after this warning was issued, VPA is still one of the most common anti-epileptic and 

mood stabilizing drugs prescribed to women of child-bearing age in the US, Europe and 

Asia.  Further, approximately 60% of women on VPA continue taking the drug through the 

first trimester of pregnancy (Adedinsewo et al., 2013; Crespin et al., 2011; Hsieh and 

Huang, 2009; Wisner et al., 2011).  Therefore studying the mechanism underlying VPA’s 

effects on brain development can help identify a clinically important cause of autism. 

The commonly used rodent VPA model of autism was created to study the effects of VPA 

on brain development in controlled experiments (Arndt et al., 2005; Chomiak and Hu, 

2013; Rodier et al., 1997; Roullet et al., 2010; Schneider and Przewłocki, 2004).  For mice, 

the critical exposure period for VPA inducing autistic-like behaviors is at E12.5, the time 

point of peak neurogenesis in many brain areas (Finlay and Darlington, 1995; Kataoka et 

al., 2013).  Mice exposed to a single dose of VPA in utero at E12.5, but not E9 or 15, 

display autistic-like behaviors including reduced vocalizations, reduced and delayed social 

interactions and an increase in repetitive behaviors (Gandal et al., 2010; Kataoka et al., 

2013; Roullet et al., 2010).   

The excitation/inhibition theory is also supported by the VPA model.  In a study of rats 

prenatally exposed to VPA, the transcription factor, Pax6, was transiently upregulated.  

Pax6 is involved in glutamatergic neuronal differentiation.  In postnatal rats, key proteins 

associated with glutamatergic synpases including PSD-95, α-CaMKII, and vGluT1 were 

upregulated in animals exposed to VPA in utero.  However GAD and Reelin, also 

important in glutamatergic neurons, were downregulated (Kim et al., 2014a). An earlier 

study by the same group that focused on post-synaptic proteins found an increase in 

glutamatergic and a decrease in GABAergic proteins (Kim et al., 2013).  The studies that 



11 
 

took the sex of the offspring into account when examining these behaviors found that, 

similar to human VPA-induced autism, males were more affected than females 

(Christensen et al., 2013; Kataoka et al., 2013; Schneider et al., 2008).  There is also 

evidence of early brain overgrowth in the VPA model, which is one of the key features of 

autism.  Rats prenatally exposed to VPA displayed macrocephaly and the neural progenitor 

pool was increased (Go et al., 2012). This also suggests a possible role for Bdnf in the VPA 

model, given its ability to induce growth and affect cell fate decisions (Zhou et al., 2014).   

Brain Development and the Critical Period at E12.5 

If a woman takes VPA while pregnant, it is likely to be daily daily throughout pregnancy.  

However, in rodents, a single dose at E12.5 is generally sufficient to cause autistic 

behavior.  This simplified administration protocol works well for modeling the outcomes 

of human in utero VPA exposure and may reflect a critical period of vulnerability (Kim et 

al., 2011; Rice et al., 2000).  A critical period is a point when developmental processes are 

particularly sensitive to environmental influences such as medication, stress, illness, etc. 

(Developmental Origins of Health and Disease hypothesis)(Barker, 2004; Rice et al., 

2000). Depending upon the timing of exposure, VPA can have other effects on fetal 

development.  For example, spina bifida is sometimes observed in human valproate 

syndrome. Thus, the process of neural tube closure is affected in these cases (Ornoy, 2009).  

This developmental event happens prior to E12.5, representing one major difference 

between common human VPA usage and the VPA mouse model (Juriloff and Harris, 

2000).  As brain development generally advances in a caudal-rostral direction, this time 

point represents the beginning or early in development of several mes-, di- and 

telencephalic brain regions.  Most of the met- and rhombencephalon is further developed, 



12 
 

with the notable exception of the cerebellum.  Neocortical expansion depends on 

proliferation in the ventricular zone.  E12.5 is during the greatest period of proliferation in 

this phase (Bayer et al., 1993; Rice et al., 2000).  This results in these higher order brain 

areas to be differentially vulnerable to insults at the time of maternal dosage. 

Cellular differentiation is also occurring in the brain at E12.5 and can be impacted by VPA 

exposure.  E12.5 is around the time of peak neurogenesis for brain regions where radial 

glia are differentiating into neuronal cells either directly or by initial differentiation into 

basal progenitors (Martynoga et al., 2012).  This differentiation is controlled by a host of 

genes and downstream cascades, offering environmental factors ample opportunity for 

disruption (Martynoga et al., 2012).  As mentioned above, brain regions develop at 

different times, with more caudal regions well into neurogenesis by E12.5, but cortical 

regions only beginning (Rice et al., 2000).  Therefore, each region could be differentially 

affected by VPA due to its developmental stage.  The premise of this research is that 

disruption of the normal developmental program at E12.5 via dysregulated transcription 

can alter the subsequent trajectory of brain development leading to permanent 

wiring/connectivity changes in the postnatal brain.  This can ultimately lead to an ASD-

like phenotype. 

VALPROIC ACID: MECHANISMS OF ACTION 

VPA (2-propylpentanoic acid) is a short branched chain fatty acid, originally synthesized 

as an analog to an extract from the herb, valerian (Valeriana officianalis) (Monti et al., 

2009).  As it is primarily used to treat epilepsy and mood disorders, most studies of its 

clinical pharmacology have been conducted in epileptic patients.  It is a “dirty drug” with 

a number of reported targets.  VPA has been reported to increase GABAergic activity via 
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inhibition of ABAT (Löscher and Vetter, 1984; Tringali et al., 2004), downregulate NMDA 

receptor-mediated glutamatergic activity (Gean et al., 1994; Ko et al., 1997; Zeise et al., 

1991), inhibit histone deacetylases (Dokmanovic et al., 2007; Kim and Bae, 2011; de 

Ruijter et al., 2003), alter the regulation of voltage gated Na+ channels (Farber et al., 2002; 

Stahl, 2004) and alter cellular protein kinase pathways (Avery and Bumpus, 2014; 

Boeckeler et al., 2006; Cournoyer and Desrosiers, 2009). 

The argument that ASDs are caused by HDAC inhibition is due to two main findings in 

animal models.  A valproic acid derivative, valpromide (VPM), which does not share its 

HDAC inhibiting qualities, but does share many other functions, does not induce ASD-like 

behaviors after fetal exposure (Kataoka et al., 2013; Kumamaru et al., 2014; Tasso et al., 

2004).  Additionally, treatment with structurally unrelated HDAC inhibitors at E12.5, such 

as trichostatin A (TSA), can also induce the ASD phenotype in mice (Moldrich et al., 

2013).  (See Figure 1 for structures for relevant HDAC inhibitors.) However, it is worth 

noting that HDAC inhibitors, including VPA, are known for producing reactive oxygen 

species which have also been implicated in the etiology of autism (Ariffin et al., 2015; 

Chauhan and Chauhan, 2006; Kawai and Arinze, 2006; Na et al., 2003; Napoli et al., 2013; 

Rosato et al., 2008).  Further, BDNF is upregulated in response to oxidative stress (Chao 

et al., 2007; Marx et al., 1999).   

There are several classes of HDAC inhibitors which each act on different histone 

deacetylaces.  VPA is an inhibitor of class I HDACs, a zinc-dependent group of enzymes, 

including HDACs 1, 2, 3 and 8 (Gräff and Tsai, 2013; Khan et al., 2008).  These HDACs, 

like all HDACs, do not have a DNA binding domain, but rather become part of multi-

protein complexes which can include transcription factors or repressor complexes 
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(Brunmeir et al., 2009).  HDACs 1 and/or 2 are part of several key transcriptional regulation 

complexes including Sin3, CoREST and NuRD (Ma and Schultz, 2016).  Because of this, 

HDAC1/2 has broad target specificity relating to the complexes that they associate with.  

HDAC1 is the prototypical HDAC which regulates genes involved in cell cycle 

progression, proliferation, differentiation, and embryonic development (Meunier et al., 

2006).  HDAC2 works together with HDAC1 in multi-protein complexes, generally with 

functional overlap requiring a double knock out of both genes to effect change (Kelly and 

Cowley, 2013).  HDAC1/2 also catalyzes the deacetylation of non-histone proteins 

including NF-kB, a transcription factor involved in neuronal cell function (Kelly and 

Cowley, 2013; O’Neill and Kaltschmidt, 1997).  In addition to inhibition of its activity, 

Figure 1: Structure of relevant HDAC inhibitors.  A) Valproic Acid (VPA).  B) Valpromide 

(VPM) C) Trichostatin A (TSA) (Royal Society of Chemistry). 
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VPA can induce the proteasomal degradation of HDAC2 via the ubiquitination pathway 

(Krämer et al., 2003). 

HDAC3 has about a 62% homology to HDACs 1 and 2, with unique N and C termini (Seto 

and Verdin, 2006).  While there are complex and seemingly divergent results on the 

specificity of HDAC3, it is generally agreed that it has distinct functions from HDACs 1&2 

and preferentially deacetylates lysines on histone 3 (H3) (Grozinger et al., 1999; Johnson 

et al., 2002; Vermeulen et al., 2004).  While HDAC3 likely affects many genes, it has been 

most clearly shown to affect the expression of nuclear hormone receptors and genes 

involved in cellular differentiation (Ishizuka and Lazar, 2003; Macfarlan et al., 2005; 

Phelps et al., 2016).   

Finally, HDAC8 is also a class I HDAC inhibited by VPA, which lacks part of the C-

terminal tail contained in HDACs 1–3 used to recruit the members of its multi-protein 

complexes and has been shown to function on its own (Thaler and Mercurio, 2014).  While 

it is expressed primarily in smooth muscle cells in adults, it has been shown to be expressed 

in the fore- and midbrains of mice during embryogenesis (Murko et al., 2010; Waltregny 

et al., 2004, 2005),  where it was reported to affect neural crest patterning, thereby 

impacting development in all neural crest-derived tissue (Haberland et al., 2009). Although 

HDAC8 is located on the X chromosome and is one of only two X-linked HDACs, whether 

it contributes to sex differences in autism is unknown (Buggy et al., 2000; Van den 

Wyngaert et al., 2000).    
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EPIGENETICS 

“Epigenetics” comprises mechanisms of gene regulation by changes other than in DNA 

sequence and has emerged as the putative mechanism linking genes with the environment.  

The term was originally coined by Conrad Waddington, after demonstrating that a 

characteristic was inherited after a population was exposed to an environmental stimulus 

(Waddington, 1956).  He viewed epigenetics as the causal interaction between genes, their 

products and the resulting phenotype (Van Soom et al., 2014).  An example of the effects 

of the environment on phenotype can be found in bees and wasps.  If a bee larva is fed 

exclusively royal jelly, it can reproduce and live for years.  However, if it is fed primarily 

nectar, pollen and water, it becomes a worker bee, is sterile and lives for only weeks.  This 

diet, the larvae’s main environmental difference, results in changes to its epigenome and 

thus its phenotype (Ferreira et al., 2013). 

As scientific knowledge expands, so does the definition of epigenetics.  However, it is 

generally accepted that DNA base modifications (such as cytosine methylation), histone 

tail modification (such as histone lysine acetylation) and changes in non-coding RNAs 

(such as microRNAs (miRNAs) or the X-chromosome inactivating long non-coding RNA, 

XIST) are the major components of this category (Van Soom et al., 2014).  One of the most 

widely studied epigenetic mechanisms is that of HDAC inhibitors such as VPA, which 

exert their effects by increasing acetylation of the lysines on histone tails, opening 

chromatin structure, and thereby increasing transcription of gene where this occurs 

(Barbetti et al., 2013; Yildirim et al., 2003).   
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Histone Acetylation 

Histones assemble into an octomeric set of four pairs of core proteins (most often Histone 

2A (H2A), H2B, H3 and H4) around which the DNA strand is coiled.  The unit of 147 

DNA nucleotides and associated histone proteins is known as a nucleosome, the formation 

of which allows for a condensed chromatin state, which prevents gene translation 

(Richmond and Davey, 2003).  Each core histone protein has a “tail”, an unstructured 

domain in which post translational modifications (PTMs) alter the transcriptional activity 

of the associated nucleosomal DNA (Kornberg and Lorch, 1999).  A significant proportion 

of the amino acids of the tails are subject to various PTMs, each of which differentially 

affects the associated DNA (see Figure 2).  Although PTMs can include ubiquitination, 

phosphorylation, etc. (see Figure 2) two of the most common modifications are the addition 

of an acetyl group or a methyl group (in the form of mono-, di-, or trimethylation) to a 

lysine on the histone tail.   

Histone lysine acetylation is generally associated with transcriptional activation 

(Margueron et al., 2005).  The DNA helix and histone octamers are held together by an 

electrostatic forces; the negatively charged acetyl group weakens that bond, loosening the 

DNA from the histone and allowing transcription factors greater access to the related 

genetic material (Vaissière et al., 2008).  This PTM is added by a set of enzymes called 

histone acetyl transferases (HATs) (Grunstein, 1997).  The duration of this mark is 

controlled by HDACs, giving HATs and HDACs the ability to regulate transcription.  This 

means that, in terms of brain development, a single dose of the HDAC inhibitor VPA can 

have a lasting impact via histone acetylation in one of two ways.  1) It can result in a 

covalently bonded an acetyl group to a lysine on the histone tail, thus changing the 
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transcriptional activation of one or more genes or 2) it can temporarily change the 

acetylation state and thus transcription of one or more key genes during a critical period, 

resulting in a shift in brain development trajectory. 

 



19 
 

 

F
ig

u
re

 2
: 

T
a

il
s 

o
f 

th
e 

p
ri

m
a

ry
 c

o
re

 h
is

to
n

e 
p

ro
te

in
s 

a
n

d
 s

o
m

e 
k

n
o

w
n

 

m
o

d
if

ic
a

ti
o
n

s 
(M

ar
iu

sw
al

te
r,

 2
0

1
5

; 
R

o
d

rí
g
u
ez

-P
ar

ed
es

 a
n
d

 E
st

el
le

r,
 2

0
1
1

),
 

W
ik

ic
o

m
m

o
n
s 

 



20 
 

Crosstalk 

It is important to note that by affecting histone acetylation, VPA can have a cascade effect, 

impacting other histone modifications, DNA methylation and the expression of miRNAs.  

Multiple epigenetic factors work in concert to control transcription, therefore, it follows 

that there are mechanisms to bring several modifications into alignment (Du and Patel, 

2014).  These work via three types of domains: “read” domains that recognize certain 

marks, “write” domains which enzymatically add a mark to a residue, and “erase” domains 

which remove marks.  For example, the multi-domain protein, ZMET2, binds 

simultaneously to two histone 3 lysine 9 dimethylation (H3K9me2) marks (noting that in 

the histone core octamer, there are generally two H3s) using a BAH domain and 

chromodomain.  In addition to the two H3K9me2 recognition sites, the protein has a DNA 

methyltransferase domain which only functions when both H3K9me2 recognition sites are 

bound (Du and Patel, 2014; Du et al., 2012).  Therefore, this one protein has both epigenetic 

“read” and “write” capabilities, aligning the functions of H3K9me2 and DNA cytosine 

methylation. Additionally, multi-protein complexes can perform similar read-write-erase 

functions.  The Set1/MLL3/4/UTX complex binds to and removes the repressive 

H3K27me3 and “writes” the activating H3K4 methylation mark (Suganuma and 

Workman, 2008).  The Set1 complex is also known to interact with enzymes controlling 

histone acetylation and deacetylation (Howe et al., 2014; Kim and Buratowski, 2009).  As 

miRNAs are encoded in the genome and must be transcribed, the epigenetics of their 

related chromatin can control their transcription (Tsai et al., 2009).  Thus, when one type 

of epigenetic mark is changed, such as the increase in histone acetylation due to HDAC 

inhibition, other epigenetic marks can be affected, further regulating transcription. 
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Histone Methylation and Bivalency 

While it is unknown which histone acetyl modifications will be affected in the fetal brain 

by in utero exposure to VPA, genome wide histone acetylation has been reported to 

increase with VPA exposure (Hezroni et al., 2011).  However, due to the aforementioned 

crosstalk mechanisms, it is very likely that histone methylation will also be affected. The 

Set1/MLL3/4/Utx complex, which affects both H3K4 and H3K27 trimethylation has also 

been connected to histone 3 acetylation (Nightingale et al., 2007).  This makes H3K4 and 

H3K27 methylation possible downstream targets of VPA.  H3K4 methylation has also been 

shown to be increased by HDAC inhibition by repression of the JARID family of H3K4 

demethylases by the downregulation of its transcription factor, SP1 (Huang et al., 2011). 

H3K4me3 and H3K27me3 are of interest for another reason.  While H3K27me3 is 

repressive and commonly associated with the polycomb repressor complex 2 (PRC2), and 

H3K4me3 is an activating mark and there are molecular mechanisms that can shift the 

balance in favor of one or another, they can also work together (Palomer et al., 2016).  

When the histones around the promoter of a gene contain both of these epigenetic marks, 

the gene is considered to be “bivalent” and in a “poised” state (Harikumar and Meshorer, 

2015).  Bivalent or poised genes are ready to be rapidly activated at the proper signal.  

Tipping the balance of these marks in favor of one or the other can influence whether gene 

transcription is turned on (H3K4me3) or turned off (H3K27me3).  For this reason, this 

chromatin modification state is often seen at developmentally important and cell-fate 

specificity genes (Harikumar and Meshorer, 2015).   
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DNA Methylation 

While histone methylation is a key epigenetic mark, DNA itself can also be methylated.  

The most common DNA base modification is a methyl- group added to position five of the 

cytosine ring at a cytosine (C) which is followed by a guanine (G) (a CpG dinucleotide) 

(Klose and Bird, 2006).  DNA methylation is involved in transcriptional control and 

patterns of methylation help to establish cellular differentiation (Ciernia and LaSalle, 

2016).  There are extensive changes in the brain methylome between pre and postnatal 

development, marking the period where many cells switch from proliferating progenitors 

to fully differentiated cells (Jaffe et al., 2016). 

The oocyte and sperm each have their own patterns of methylation.  After fertilization, the 

DNA is largely passively demethylated to induce pluripotency and later reestablished 

around the time of uterine implantation (Guo et al., 2014; Messerschmidt et al., 2014).  

There is a later period of active DNA cytosine demethylation displaying very low levels 

from E12.5-14.5, followed by sex specific patterns and timing of remethylation, with males 

reestablishing methylation levels faster (Kota and Feil, 2010; Saitou and Yamaji, 2012).  

There are several theories behind the mechanism of reestablishment of location-specific 

methylation according to parental imprinting, including underlying histone modifications, 

chromatin structure and sequence specificity (Kelsey and Feil, 2013; Strogantsev and 

Ferguson-Smith, 2012). 

DNA methylation is established and maintained by the a class of enzymes known as DNA 

methyltransferases including DNMT1, DMNT3A and DNMT3B, each with different roles 

and expression windows (Ciernia and LaSalle, 2016).  Cytosine methylation can then be 

removed using two main pathways.  In one pathway, a member of the TET family of DNA 
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methylcytosine dioxygenases converts the methyl group into a hydroxymethyl group which 

can then be further converted into formylcytosine then carboxylcytosine and finally back 

to cytosine (Ito et al., 2011).  Alternatively, AID or APOBEC can utilize the base excision 

and repair system by converting hydroxymethylcytosine into thymine or 

hydroxymethyluracil which would then be removed and replaced with a cytosine (Ciernia 

and LaSalle, 2016).    

CpG methylation is a generally repressive mark that functions in one of two ways.  1) Its 

presence can inhibit the binding of transcription factors  (Watt and Molloy, 1988) or 2) 

they can act as a docking site for repressive methyl-CpG binding proteins (MBPs) (Boyes 

and Bird, 1991; Hendrich and Bird, 1998).  One of the best known MBPs, MeCP2, binds 

to methylated DNA and recruits HDACs to further aid in its repressive activity (Jones et 

al., 1998).  MeCP2 is richly expressed in the mammalian brain and thus can play a role in 

the control of gene transcription.  In fact, Rett Syndrome, a neurodevelopmental disorder 

related to autism, is due to a mutation in the MeCP2 gene (Martinowich et al., 2003).  

MeCP2 is known to bind to and modulate the expression of a number of genes, including 

the mouse Bdnf gene. 

BDNF STRUCTURE AND FUNCTION 

The list of autism-related genes in the AutDB currently contains over 800 members and 

continues to grow (Basu et al., 2009).  Relevant genes in the case of the valproic acid mouse 

model of autism, in which a single dose of an HDAC inhibitor is given at E12.5, is likely 

significantly fewer.  Important genes to examine must be considered in the light of both 

developmental timing and the single dose of the drug given.  Autism-related neurotrophic 

factors, such as Bdnf, are excellent candidate target genes for VPA, as they can alter the 
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developmental trajectory of developing neurons during this critical period (Andersen, 

2003; Huang et al., 1999; Rice et al., 2000).   

Bdnf is one of four genes in the evolutionarily related neurotrophin family and has the most 

ubiquitous expression in the mammalian brain (Hallböök, 1999; Murer et al., 1999).  The 

structures of the neurotrophins are related to that of other growth factors such as the platelet 

derived growth factor and transforming growth factor β, all of which contain a tertiary fold 

and cysteine knot (Fandl et al., 1994; McDonald and Chao, 1995; Robinson et al., 1995, 

1999).  In vivo, the neurotrophins form homodimers.  In addition to BDNF, the other 

members of the neurotrophin family in mammals are nerve growth factor (NGF), and 

neurotrophins 3 and 4/5 (NT-3 and NT-4/NT-5).  NGF was the first member of this family 

to be discovered in 1953 as a diffusible factor that promoted the survival of neural crest 

derived cells that comprise the peripheral nervous system. (Cohen et al., 1954; Levi-

Montalcini and Hamburger, 1953; Lewin and Carter, 2014).  BDNF was the next discovery 

as the protein responsible for the developmental survival of epithelial placode-derived 

neurons (Barde et al., 1982) and has since been shown to regulate a wide range of neural 

functions throughout the lifespan (see below). 

Neurotrophins are synthesized in the rough endoplasmic reticulum as proneurotrophins. 

Bdnf mRNA is initially translated into a prepro- form in the endoplasmic reticulum.  This 

includes a signal peptide which is cleaved before transport into the Golgi apparatus for 

packaging as proBDNF (Figure 3).   These peptides are packed in secretory vesicles with 

proprotein convertase proteases which cleave the pro-domain, resulting in the mature 

protein (Seidah et al., 1996).  However, the protein also be left as proBDNF, but it is 

unknown where it is processed or how it is secreted (Ilchibaeva et al., 2015; Park and Poo, 
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2013).  Interestingly, the pro-peptide domain for BDNF remains with mature BDNF 

protein in the vesicle and they are secreted together (Dieni et al., 2012).  It is unknown if 

the pro-domain of other neurotrophins share this fate or if any of them have any functional 

significance on their own (Mizui et al., 2016).   Neurotrophins are secreted from neuronal 

and innervated non-neuronal cells (Lessmann and Brigadski, 2009).  Secreted BDNF can 

act in an autocrine or paracrine manner as well as trans-synaptically (Carvalho et al., 2008; 

Mannion et al., 1999).  

Neurotrophin homodimers bind to receptor tyrosine kinases; TrkB is the receptor for the 

mature BDNF and NT4 proteins, furthermore, NGF binds to TrkA, and NT3 binds to TrkC 

(Huang and Reichardt, 2001; Lewin and Carter, 2014).  P75, however, binds both mature 

and pro forms of the neurotrophins, initiation signaling cascades with opposite effects to 

those of the Trk receptors (Ilchibaeva et al., 2015; Lu et al., 2005).  The extracellular region 

of the Trk receptors contain both leucine-rich repeat domains as well as C2-immunoglobin-

like domains, both of which may contribute to ligand binding (Holden et al., 1997; Urfer 

et al., 1998; Windisch et al., 1995).  The binding surface consists of two main patches; one 

patch is conserved between the receptors that is responsible for neurotrophin affinity and 

the second, variable region determines specificity (Lewin and Carter, 2014).  After binding, 

diverse pathways can be activated depending upon the molecular environment (Sandhya et 

al., 2013). 

BDNF regulates neurogenesis, neuronal differentiation, synapse formation and dendrite 

structure (Cohen-Cory et al., 2010).  Both TrkB receptors and BDNF can be found in the 

embryonic mouse brain (Almeida et al., 2014) but BDNF levels remain low until mid-

gestation.  Further, when neural stem cells are cultured with BDNF, cells survival and 
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differentiation are enhanced (Shetty and Turner, 1998).  A mutation in Bdnf results in 

reduced differentiation of GABAergic interneurons (Jones et al., 1994).  BDNF also 

enhances adult neurogenesis and promotes the survival of new neurons generated in 

adulthood (Benraiss et al., 2001; Scharfman et al., 2005).  During brain development, 

BDNF promotes neurite outgrowth, dendritic growth, differentiation into axons and axonal 

branching, all of which can affect the connectivity of neuronal circuits underlying behavior 

(Ahmed et al., 1995; Cohen-Cory and Fraser, 1995; McAllister et al., 1997; Shelly et al., 

2007; Winckler, 2007). 

ProBDNF has opposite effects to mature BDNF.  While mature BDNF is the predominant 

form secreted during high frequency stimulation to induce long term potentiation, 

proBDNF was principally secreted after low frequency stimulation to induce long term 

depression (Nagappan et al., 2009).  ProBDNF is perhaps best known for its ability to 

promote neuronal apoptosis via binding to its receptor, p75 and activating RhoA (Sun et 

al., 2012; Teng et al., 2005). 

The pro-region of the peptide plays an important role in mature BDNF signaling.  A valine 

to methionine single nucleotide polymorphism in the pro-domain, known as Val66Met 

gives us an idea as to the role of this peptide in BDNF signaling.  While neither Bdnf 

transcription, translation or vesicular release are impacted, less BDNF is secreted, 

suggesting that the pro-domain plays a role in vesicular packaging and cellular transport 

(Egan et al., 2003).  The Val66Met mutation is associated with depression, anxiety, 

Attention Hyperactivity Disorder, and intellectual disability (Aureli et al., 2010; Hosang et 

al., 2014). 
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Multiple factors can stimulate vesicular BDNF release, however the main two seem to be 

neuronal activity and positive feedback from neurotrophins.  Membrane depolarization 

results in a rise in cytoplasmic Ca2+ and cAMP levels.  This has the dual effect of inducing 

vesicular release and increasing transcription through Bdnf’s calcium response elements 

(CaREs) and cAMP response elements (CREs) (see Figure 3 for locations of these sites) 

(Park and Poo, 2013).  Calcium influx resulting from electrical activity enhances 

BDNF:TrkB signaling by enhancing ligand-receptor complex internalization (Du et al., 

2003).  Neurotrophin stimulation also increases intracellular calcium, resulting in further 

neurotrophin release in a positive feedback paracrine and autocrine loop (Cheng et al., 

2011; Krüttgen et al., 1998).  This autocrine function is particularly key during brain 

development as it aids in axonal growth in growth cone positive feedback (Cheng et al., 

2011). 

At E12.5 the BDNF receptor, TrkB is expressed in the fetal brain, however Bdnf expression 

itself is low, rising during late gestation (ENCODE Project Consortium, 2012; 

Maisonpierre et al., 1990).  This suggests that the neuroblasts have the molecular 

mechanisms to respond to BDNF and even temporary overexpression of Bdnf,  could alter 

neuronal development (Cohen-Cory et al., 2010).  TrkB can also be activated by EGF, 

which is its main binding partner at this point in development and EGF binding to TrkB at 

this time regulates neuronal migration (Puehringer et al., 2013).  Thus, a substantial 

increase in Bdnf expression may .overactivate a developmental process normally mediated 

by EGF at this time. 

 Bdnf transcription can be initiated from 9 different promoter regions, each controlling its 

own 5’-untranslated exon (5’UTE), which is spliced to a common protein coding region 
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(exon 9; Ex9) encoding pro-BDNF. During Bdnf transcription, the operational 5’UTE is 

spliced to Ex9, allowing detection of the active promoter by PCR (Aid et al., 2007).  The 

mRNA thus has three sections: the 5’UTE, the “pro-” coding region, and the region that 

codes for the mature BDNF protein (see Figure 3A).  The mRNAs also have either a long 

or short form poly A 3’-tail (Zheng et al., 2012).  

At least two hypotheses have been proposed for the function of the 5’UTEs in Bdnf.  Baj 

et al. found that Bdnf mRNAs with different 5’UTEs were trafficked to different subcellular 

compartments within an individual cultured neuron (Baj et al., 2011).  A recent study found 

that Bdnf transcripts differentially impact proximal versus distal morphology of neurons in 

the hippocampus in vivo (Maynard et al., 2017).  Thus, the 5’UTE may act as a signal to 

direct the mRNA to a specific part of the neuron, where it will be locally translated into a 

functional protein.  However, that study was done in mature cultured neurons and it is 

unknown if this mechanism is active in the developing neuroblast.  However, there are 

known cases of mRNA subcellular localization and local protein synthesis during fetal 

development, neuronal differentiation and neuronal growth cone maturation (Erben et al., 

2008; Kloc et al., 2002; Shigeoka et al., 2013).  This lends credence to the subcellular 

localization theory in the case of fetal brain development 
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The second theory focuses on the fact that each 5’UTE is regulated by specific promoter 

regions responsive to different stimuli and transcription factors. This allows the cell 

substantial flexibility to turn on transcription of this neurotrophic factor under a wide 

variety of cellular states.  For example, the promoter region of Ex4 contains both a calcium 

responsive element as well as a known MeCP2 binding site, whereas Ex1 is known to be 

responsive to neuronal electrical activity (Chen et al., 2003; Koppel and Timmusk, 2013; 

Timmusk et al., 1993).  The large number of 5’UTEs and promoters allows cell type, brain 

region, and developmental period specificity. Different proportions of Bdnf promoters are 

expressed at different points in embryonic brain development (Timmusk et al., 1994).  

Additionally, differential contributions of each 5’UTE directed transcription to overall 

Figure 3 Structure of Bdnf. A. Mouse Bdnf consists of nine 5’UTEs upstream from a single coding 

exon (Ex9) which is translated to produce proBDNF. Thin lines represent introns. Upon secretion into 

the extracellular space, proBDNF is cleaved to generate mature BDNF, the biologically active protein. 

During Bdnf transcription, one of the 5’UTEs is spliced to Ex9 as illustrated for Ex4 mRNA. Only Ex1, 

Ex4, and Ex6 containing mRNAs were detected in E12.5 fetal mouse brain. B. Bdnf sequences 

analyzed by ChIP; amplicon sizes ranged from 80 − 110 bp (primers given in Table S1B). Ex1 − Ex4 

are located in the 5’UTEs downstream from the transcription start sites (TSS). Pr1 − Pr4 are located in 

the promoter regions upstream from the TSSs. 
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levels of Bdnf were found in a study examining the adult hippocampus, prefrontal cortex 

and hypothalamus (Maynard et al., 2016).   

The functional difference between the two theories is whether or not transcription initiated 

from any of the 9 promoters results in a different downstream impact on the cell; the 

subcellular localization theory implies that activation of different 5’ UTEs can result in 

differential subcellular localization of Bdnf within the cell, whereas the transcriptional 

control theory does not.  However, the theories are not mutually exclusive and different 

cellular signals could drive transcription of Bdnf with different functional endpoints. 

Bdnf and Autism 

BDNF has known connections to autism.  Autistic patients have elevated plasma levels of 

BDNF and a significant increase in BDNF auto-antibodies (Connolly et al., 2006; 

Nishimura et al., 2007).  A single nucleotide polymorphism in the Bdnf gene has also been 

shown to be linked to autism (Nishimura et al., 2007).  This genetic anomaly has been 

further supported by animal studies where Bdnf knockout mice where Bdnf was deleted in 

the forebrain were shown to have behavioral phenotypes similar to autism (Kyzar et al., 

2012). While this observation would suggest that reduced BDNF could result in autism, 

another study found that Bdnf overexpression in the E13 mouse brain resulted in an 

increase in neurogenesis.  This is consistent with the finding of early brain overgrowth in 

the autistic brain (Bartkowska et al., 2007; Courchesne and Pierce, 2005; Courchesne et 

al., 2003).  Finally, BDNF delivered into the brains of fetal mice at E13.5 altered the 

cortical laminar fate and connectivity of the cortex postnatally; this may be related to the 

alterations in local and distal connectivity seen in autism (Fukumitsu et al., 2006; Keown 

et al., 2013; Wolff et al., 2012).  While minicolumnar structure was not specifically 
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analyzed by Fukumitzu et al., the observed cortical laminar disorganization induced by 

BDNF overexpression are similar to that seen in autistic brains (Casanova et al., 2006, 

2010; Fukumitsu et al., 2006). Interestingly, VPA has also been shown to alter cortical 

layer morphology (Matsuda et al., 2011). 

Previous Research 

Consistent with the aforementioned findings implicating BDNF in ASDs, previous work 

in the Krueger lab identified changes in transcription of neurotrophins and their receptors 

in the fetal brain after in utero VPA exposure at E12.5 (Almeida et al., 2014).  While Bdnf 

mRNA was increased 5.5-fold, they reported approximately 2-fold increases in NT3 and 

NT4, small, but significant increases in trkA (the NGF receptor) and trkB (the BDNF 

receptor). Expression of p75NTR, the pan-neurotrophin receptor, which is activated by the 

pro-forms of the neurotrophins, was increased by 100% (Ma et al., 2000; Yang et al., 2009).  

A neuronal culture experiment also found that exposing the cells to either VPA or siRNA 

against HDAC1 increased expression of Ex4 (Yasuda et al., 2007).  This substantial 

increase in Bdnf mRNA was mirrored in protein levels at 6 hours after exposure to VPA.  

Both Bdnf mRNA and BDNF protein returned to baseline by 24 hours.   

Almeida et al (2014) also found that of the nine 5’UTEs in mouse Bdnf, only three (Ex1, 

Ex4, and Ex6) were detected in fetal brain and expression of all three was stimulated by 

VPA, suggesting that VPA stimulates BDNF expression by activating transcription via 

those promoters.  When VPA exposure to developing neuroblasts was repeated in vitro, 

similar results were found, showing stimulation of exons 1, 4 and 6.  Ex2 was also found 

at low levels, but was not stimulated by VPA (Almeida et al., 2014). 
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RESEARCH STRATEGY 

It was the goal of this dissertation research to examine the epigenetic changes underlying 

the VPA induced upregulation of Bdnf exons 1, 4 and 6 mRNA in a sex-specific manner.  

As VPA is an inhibitor of Class 1 HDACs, the primary objective was to examine changes 

in acetylation of lysines on histones 3 and 4, as those residues are the primary HDAC 

targets (Johnson et al., 2002; Vermeulen et al., 2004).  Due to epigenetic crosstalk 

involving the Set1/MLL3/4/Utx complex as well as the JARID family of H3K4 

demethylases, trimethylation of H3K4 and H3K27 was also examined (Dudakovic et al., 

2013; Howe et al., 2014; Kim and Buratowski, 2009; Suganuma and Workman, 2008).  

DNA CpG methylation was also studied, as an increase in stimulatory histone acetylation 

is often tied to a decrease in inhibitory DNA methylation (Jones et al., 1998; Miller et al., 

2008; Ng and Adrian, 1999). 

In addition to whole brain Bdnf exon analysis, the levels of Bdnf transcripts were analyzed 

in five subdivisions of the developing fetal brain. The expression of each stimulated Bdnf 

5’UTE was examined in both male and female fetal brains.   
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Chapter 2: MATERIALS & METHODS 

ANIMAL BREEDING AND TISSUE COLLECTION 

All experiments were conducted according to a protocol approved by the IACUC at the 

University of Maryland School of Medicine. Timed pregnant C57Bl6 mice were supplied 

by the University of Maryland School of Medicine Veterinary Resources division; breeding 

stock was obtained from Jackson Laboratories, Bar Harbor, ME. Pregnancies were timed 

by overnight breeding. Males and females were separated the following morning (E0.5).  

At E12.5, pregnant dams were injected intraperitoneally with 400 mg/kg VPA (#P4543, 

Sigma, St. Louis MO) in sterile-filtered phosphate buffered saline (PBS; x 138 mM 

NaCl/2.7 mM KCl/10 mM Na-phosphate, pH 7.4) or PBS alone and euthanized by cervical 

dislocation after 3 hr or 24 hr. Uterine horns were removed from the dams and placed in 

ice cold PBS for dissection.  Fetuses were determined to be at Theiler stage 20-21 with an 

average crown-rump measurement of 9.8 mm, consistent with E12.5 (Richardson et al., 

2014).  For all brain samples collected an additional sample of fetal tissue were collected, 

homogenized, and frozen in Zymo Quick gDNA lysis buffer for later sex determination 

(#D3025, Zymo Research, Irvine, CA).   

CHROMATIN IMMUNOPRECIPITATION (CHIP):   

Whole fetal brains, from the telencephalon through the metencephalon, were dissected in 

in ice cold PBS with 5mM sodium butyrate. Tissue was frozen on dry ice and stored 

at -80°C until use.   

WHOLE BRAIN MRNA ANALYSIS:  
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Whole fetal brains were dissected in ice cold PBS and homogenized in Qiazol (Qiagen, 

Valencia, CA) and then frozen on dry ice and stored at -80°C for later processing. 

BRAIN REGION-SPECIFIC RNA ANALYSIS:  

Whole fetal heads were removed in ice cold PBS and placed in methacarn (60% methanol 

(SIG-M1775-1GA), 30% chloroform (Sigma #C2432), and 10% glacial acetic acid (QBI-

A611-0714-186)) at 4°C for 2 hours.  The methacarn was then removed, replaced with 

100% ethanol and stored overnight at 4°C.  The dissection proceeded in 100% ethanol, 

sectioning the brain into metencephalon, mesencephalon, diencephalon, and the dorsal and 

ventral telencephalon; See Figure 4.  The sections were homogenized in Lysis Buffer from 

the RNAqueous Micro Kit (INV-AM1931), frozen on dry ice and stored at -80°C for later 

processing. 

 

. 

FETAL SEX DETERMINATION 

DNA was extracted from a somatic tissue sample using the Quick gDNA Mini-Prep kit 

(#D3025, Zymo Research, Irvine, CA) and analyzed by PCR using primers for Gapdh and 

Sry; See Table 1. Sry is a gene on the Y chromosome that has no homolog on the X. DNA 

from an adult male mouse was used as a positive control.   PCR products were run on a 

Figure 4: Sections of the fetal 

brain used for each designated 

brain region.  After the lobes of the 

telencephalon were removed, they 

were laid flat and were cut 

coronally through the middle to 

obtain dorsal and ventral sections. 
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1.5% agarose gel.  Samples with two bands (one for Sry and one for Gapdh were 

determined to be males, and samples with one band were determined to be females, See 

Figure 5. 

 

  

Sry 

Gapdh 

 M        M        M        M        M         F           F          F        Blank     M+ 

Figure 5: Sample of agarose gel used for sex determination. 
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Table 1: Mouse PCR primers used in this study. 

        Gene                          Primer Sequence (5' - 3') 

A. Sex Determination 

   Sry 
F -  TTG TCT AGA GAG CAT GGA GGG CCA TGT C 

R -  CCA CTC CTC TGT GAC ACT TTA GCC CTC CG 

   Gapdh 
F -  TGG CCA AGG TCA TCC ATG AC 

R -  GTC CAC CAC CCT GTT GCT GTA G 

B. ChIP qRT-PCR primers 

   Bdnf Promoter 1 
F -  GTC CGC TGG AGA CCC TTA GT 

R -  CTG AGC CAG TTA CGT GAC CA 

   Bdnf Exon 1 
F -  GCA ATT GGA CAG TCA TTG GTA ACC 

R -  ACG CAA ACG CCC TCA TTC TG 

   Bdnf Exon 2 
F -  GGG CTG GAG AGA GAG TCA GA 

R -  CAG CCT ACA CCG CTA GGA AG 

   Bdnf Promoter 4 
F -  CTA TTT CGA GGC AGA GGA GGT A 

R -  ATG GGA AAG TGG GTG GGA 

   Bdnf Exon 4 
F -  CCC TCC CCC TTT TAA CTG AA 

R -  CAG CTG CTC TGG GGA AGA C 

   Bdnf Promoter 6 
F -  CTT TAA GCA GCC ACC CCA AT 

R -  CTC TTC GGT TGA GCT TCG AT 

   Bdnf Exon 6 
F -  CTT GGG GCA GAC GAG AAA GC 

R -  GGC AGT GGA GTC ACA TTG TTG TC 

C. BDNF exon transcript qRT-PCR primers 

   Bdnf Exon 1 F -  GAG TCT CCA GGA CAG CAA AG 

   Bdnf Exon 2 F -  GGA TTT GTC CGA GGT GGT AGT A 

   Bdnf Exon 4 F -  CTC TGC CTA GAT CAA ATG GAG CTT C 

   Bdnf Exon 6 F -  ATC CGA GAG CTT TGT GTG G 

   Bdnf All Exons R -  CTT CAT GCA ACC GAA GTA TGA AAT A 

   β-actin 

 

F - 

R - 

GGC TGT ATT CCC CTC CAT CG 

CCA GTT GGT AAC AAT GCC ATG T 

D. Methylation (bisulfite converted) PCR primers (forward/reverse M13 tags italicized) 

   Bdnf Promoter 1 
F -  GTA AAA CGA CGG CCA GTG ATT TAY GTA GTT GTT TTT TAG AAT AAG TTA TTT T 

R -  CAG GAA ACA GCT ATGAC CAA TAA CTA TCC AAT TAC CCT ACT ATA TAA 

   Bdnf Exon 1 
F -  GTA AAA CGA CGG CCA GTG GTT GGT GTA GAA AAG TAA TAA GTT TTT TAG 

R -  CAG GAA ACA GCT ATGAC CTT AAC GAC TAC AAA AAA CAA AAC AAC TAA 

   Bdnf Promoter 4 
F -  GTA AAA CGA CGG CCA GTG TTG TTT AGA TAA TGA TAG GTT TGG TTT T 

R -  CAG GAA ACA GCT ATGAC AAT CTA AAC AAA AAC TAA AAA ATT TCA TAC TAA 

   Bdnf Exon 4 
F -  GTA AAA CGA CGG CCA GTG GAG TTT TTT YGT GGA TTT TTA TTT ATT TTT TT 

R -  CAG GAA ACA GCT ATGAC CTA AAA AAA ACC RAT CCC CAA AAT TC 

   Bdnf Promoter 6 
F -  GTA AAA CGA CGG CCA GTG ATT ATT TTT TTT AGT AAA GGG TAT TTT G 

R -  CAG GAA ACA GCT ATGAC CA CTA AAA TCA AAC ATT ATT TAA CTC TTC 

   Bdnf Exon 6 
F -  GTA AAA CGA CGG CCA GTG TYG TTT TTT TTA AGT AGT TAT TTT AAT GGT AT 

R -  CAG GAA ACA GCT ATGAC CTA CCC CAA AAC AAT AAT AAC AAT TAA AAA 
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NATIVE CHROMATIN IMMUNOPRECIPITATION 

This protocol was modified from the Epigenome Network of Excellence (NoE) protocol 

(54) for reduced tissue sample size, changes noted below.  Volumes of reagents used at 

1/10 of the original protocol amounts, unless otherwise noted.  For each ChIP reaction, two 

sex-matched fetal brains were pooled from different litters. This pooled sample was lysed, 

broken down using a Mini-BeadBeater (Biospec Products Bartlesville, OK) and nuclei 

were isolated on a sucrose gradient.  Nuclear DNA was sheared by micrococcal nuclease 

(MNase #M0247S, New England Biolabs, Ipswich, MA) for 3 minutes and stopped by 

addition at 6ul 0.5M EGTA.  Following centrifugation, the supernatant (S1) was collected 

and the pellet was resuspended and dialyzed overnight in a Tube-O-Dialyzer (G-

Biosciences, St. Louis, MO). The dialyzed sample (S2) was combined with S1.  This 

combined sample was used for both immunoprecipitation and to verify shearing efficiency 

by agarose gel electrophoresis; see Figure 6.  Five µg was of sample were added to DNA-

LoBind tubes (#022431021, Eppendorf, Hauppauge, NY) for each antibody. Samples were 

incubated overnight with magnetic protein A coated beads (Millipore, cat # 16-661) and 

antibodies against H3K9/14ac (#17-615, Millipore, Temecula CA /#C154100200 

Diagenode, Denville NJ), H3K27ac (Diagenode #C15410196), H3K27me3 (Diagenode 

#C15410195), H3K4me3 (Diagenode #15410003) and H4K5/8/12/16ac (Millipore #06-

866) or IgG (#02612, Invitrogen, Waltham MA), used as a negative control. The beads 

were then subjected to three salt washes of increasing concentrations (150, 250 and 500 

mM NaCl in 10mM EDTA and 50mM Tris-HcL, pH 7.5).  Due to observed indiscriminate 

chromatin binding to the internal surface of the tube, the beads and final salt wash were 

moved to a new tube before final elution to increase the specificity and accuracy of the 
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results.  Chromatin was eluted using an SDS-containing buffer with proteinase K (Qiagen 

#19131) at 55° for 1 hour. DNA was purified from the eluted sample using the MinElute 

PCR Purification Kit (#28004, Qiagen). Covalent histone modifications at each location of 

interest on the Bdnf gene were quantified by qRT-PCR; primers (Table 1B) were located 

within the promoters or exons of the Bdnf gene (Figure 3B). All qRT-PCR reactions had 

an efficiency of >98%.  Less than 0.05% of the starting amount of target DNA was detected 

by ChIP using IgG. 

AGAROSE GEL ELECTROPHORESIS 

To verify the efficiency of MNase digestion during ChIP, the combined S1 and S2 sample 

was run on an agarose gel. 0.1% SDS was added to 2 µg of sample and gels were run at 

100V for 1.5 hours and post-stained in 1 µg/ml ethidium bromide for 30 min. The majority 

of chromatin fragments were between 100 to 300 bp; see Figure 6. 

Figure 6: Chromatin shearing by micrococcal endonuclease. Chromatin was prepared 

from male and female fetal brains and was treated with micrococcal nuclease as described in 

Experimental Procedures. A portion of each sample was analyzed by gel electrophoresis prior 

to ChIP; the gel was stained with ethidium bromide. Figure shows a representative gel 

analyzing two male and two female fragmented chromatin samples with and without VPA 

exposure at E12.5. All chromatin samples were consistently reduced to one- (147 bp) and 

two- (294 bp) nucleosome fragments. The actual chromatin fragments are somewhat larger 

due to the inclusion of inter-nucleosomal, linker sequences.  
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Bdnf mRNA Expression Whole Brains 

RNA was extracted from brain samples collected 3 hours after in utero exposure to VPA, 

or 1.5, 3, or 6 hours for the time course study.  This was done using the RNeasy Mini Kit 

(#74104, Qiagen), including the on-column DNase step. The mRNA was then reverse 

transcribed using the High-Capacity cDNA Reverse Transcription Kit (# 4368814, Applied 

Biosystems, Carlsbad CA) with RNase Inhibitor (#N8080119, Applied Biosystems). The 

expression level of each 5’UTE was analyzed by qRT-PCR (ViiA 7, Applied Biosystems) 

using primers listed in Table 1C.  The forward primer was located in the 5’ exon and the 

reverse primer in the Bdnf coding region to only amplify spliced RNA (c.f., Figure 3A). 

Brain Regions 

RNA was extracted from lysed, stored brain section samples using the RNAqueous Micro 

kit (Ambion, #INV-AM1931) with the following change.  Instead of DNase digestion after 

elution, we performed an on-column DNase step.  After the first wash with Wash Solution 

1, we added 21 ul of the DNase mixture (19 parts RNase free water, 2 parts DNase buffer, 

1 part rDNase I) with a 15 minute incubation, followed by an additional wash with Wash 

Solution 1.  The protocol was followed as directed from that point, skipping the final DNase 

step.  The expression level of each 5’UTE was analyzed by qRT-PCR (ViiA 7, Applied 

Biosystems) using primers listed in Table 1C.  The forward primer was located in the 5’ 

exon and the reverse primer in the Bdnf coding region to only amplify spliced RNA (c.f., 

Figure 3A). 

BISULFITE SEQUENCING 

DNA was extracted from individual fetal brains using the Quick gDNA Mini-Prep kit 

(#D3024, Zymo Research). The DNA underwent bisulfite conversion using the EZ DNA 
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Methylation Lightning kit (#D5020, Zymo Research).  DNA was PCR amplified using 

primers constructed with an M13 tag attached to primers to the converted sequence (Table 

1D). Converted primers were designed using MethPrimer. DNA was then sequenced using 

the M13 tag to maximize read length. Chromatograms were analyzed using Mutation 

Surveyor (SoftGenetics, State College, PA), which compares peak heights of converted 

and unconverted cytosines to quantify methylation at each location.  

DATA ANALYSIS AND STATISTICS 

ChIP data with combined and separated sexes were analyzed by a one-way and two-way 

ANOVA with post-hoc Tukey test, respectively.  Transcript data from qRT-PCR was 

separated by sex and normalized to β-Actin.  β-Actin expression was not affected by VPA 

exposure or genetic sex.  The normalized data was analyzed by two-way ANOVA.  The 

extent of methylation of each cytosine was computed using Mutation Surveyor. For 

bisulfite-treated DNA, the program compares relative levels of methylated cytosines, read 

as cytosines, versus un-methylated cytosines, read as thymines.  Only cytosines with 

methylation that was detected by Mutation Surveyor were analyzed by t-test.  All statistical 

tests were performed on SigmaPlot (Systat Software, San Jose CA). 
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Chapter 3: COVALENT HISTONE MODIFICATIONS 

RESULTS 

Histone Acetylation 

Chromatin from fetal brains was subjected to native ChIP using antibodies to H3K9/14ac, 

H3K27ac and H4K5/8/12/16ac. The antibodies bind to the chromatin when any of the 

indicated lysines are acetylated.  The immunoprecipitated DNA was analyzed by qRT-PCR 

directed toward sequences in the promoter regions of Ex1, Ex4, and Ex6 (Pr1, Pr4, and 

Pr6) as well as sequences in the 5’UTEs themselves (Ex1, Ex2, Ex4 and Ex6) (see Figure 

3B). 

Data for changes in histone acetylation 3 hours after exposure to VPA or PBS (control) are 

shown independent of sex (Figure 7).  Data from equal numbers of male and female 

samples were combined (3 for each sex), each sample representing sex matched brains 

which were pooled to perform the ChIP experiment.  This was done to facilitate the analysis 

of results; the data is broken out by sex below.  At this time point, VPA increased 

acetylation of H3 at K9/14 and K27 and H4 at one or more of the 4 known acetylated 

lysines (K5/8/12/16). All data were normalized to the starting amount of target DNA (% 

Input) for each ChIP.  The average stimulation of histone acetylation by VPA across all 

targets in and just upstream of Bdnf exons 1, 4, and 6 was 4.0 ± 1.5-fold. Acetylation of all 

of the histone lysines in Ex2 is also substantially increased by VPA.  This suggests that the 

levels of acetylation detected on Ex2 was not sufficient to increase transcription. 
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Figure 7: VPA induced histone acetylation of Bdnf, independent of sex.  Data are expressed as 

the percent of total chromatin associated with the indicated histone modification (% input). Pr1, Pr4 

and Pr6 are promoter regions upstream from the TSS of exons 1, 4, and 6 respectively. Ex1, Ex2, 

Ex4 and Ex6 are the 5’UTEs of the Bdnf gene. The locations of the amplicons analyzed are shown in 

Figure 3B. HAc: H4K5/8/12/16ac. Each pair of data points (± VPA) was analyzed by one-way 

ANOVA. *, p<0.05; ***, p<0.001. n = 6 (3 male and 3 female samples for each bar). Hashed bars 

are from embryos exposed to PBS, filled bars are from VPA exposed samples.   
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Figure 8: VPA induced histone acetylation of Bdnf, sex separated. Data are expressed as the 

percent of total chromatin associated with the indicated histone modification (% input). Pr1, Pr4 

and Pr6 are promoter regions upstream from the TSS of exons 1, 4, and 6 respectively. Ex1, Ex2, 

Ex4 and Ex6 are the 5’UTEs of the Bdnf gene. The locations of the amplicons analyzed are 

shown in Figure 3B. HAc: H4K5/8/12/16ac.  Each set of 4 bars (male/female +/-VPA) are 

analyzed by Two-Way ANOVA.  n=3. . *, p<0.05; **,p<.01, ***, p<0.001. See Table 2 for F 

values. 
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 H3K9/14Ac H4Ac H3K27ac 

 Sex Treat SxT Sex Treat SxT Sex Treat SxT 

Pro 1 0.25 18.44 0.23 0.00 35.64 0.05 0.63 52.42 0.14 

Ex1 1.56 35.56 1.45 0.07 46.34 0.06 1.09 59.60 0.16 

Pro 4 0.08 45.55 0.72 0.36 91.53 0.46 0.70 95.03 0.02 

Ex 4 2.71 73.30 2.31 0.44 114.89 0.49 0.01 131.30 0.38 

Pro 6 8.70 52.34 5.67 5.31 93.46 2.03 0.03 81.16 1.51 

Ex 6 5.94 50.02 4.31 3.41 151.82 1.87 1.67 190.68 6.60 

Ex2 0.66 20.83 0.08 0.01 53.30 0.04 0.60 55.46 0.02 

 

When this data is analyzed by sex, a few interesting features emerge.  Locations around 

exons 4 and 6 show interaction differences between sex and drug treatment with females 

showing a greater increase in lysine acetylation than males (see see Figure 9 & Table 2). 

Specifically, H3K9/14ac shows modest, but significant sex differences at promoter and 

exon 4 and promoter 6.  Additionally, H3K27ac shows similar sex differences at exon 6.  

There was no effect of sex on H3 and H4 acetylation at Pr/Ex1 and Ex2. 

Since the half-life of VPA in the mouse is 55 minutes and previous research in the Krueger 

lab found that the increase in Bdnf mRNA and protein returned to baseline by 24 hours, we 

examined the duration of the observed epigenetic changes (Almeida et al., 2014; Nau and 

Zierer, 1982).   We therefore examined H3K27ac and H4K5/8/12/16ac levels 24 hr after 

VPA exposure.  We found that acetylation levels returned to baseline at this time point in 

both males and females, paralleling mRNA expression (see Figure 9A).  Examining the 

data with sexes separated did not show a differential effect (see Figure 9B). 

Table 2: F values for Two-Way ANOVA in Figure 8.  Sources of variation: Sex = Difference 

between Male & Female. Treat = Difference between Control & VPA. SxT = Interation 

between Sex & Treatment groups. 
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Histone Methylation 

Histone lysine trimethylation was analyzed by ChIP using antibodies against H3K27me3 

and H3K4me3.  Data for histone H3K27me3, without taking into account fetal sex, are 

shown in Figure 10.  VPA had no effect on H3K27me3 at any of the sites examined.  When 

these data are broken out by sex (Figure 11A), the lack of effect is maintained. 

In contrast to the results with H3K27me3 (Figure 10A), VPA significantly increased 

H3K4me3 at each of the seven Bdnf sites studied (Figure 10B).  The increases in 

trimethylation at H3K4, independent of sex, were more modest than acetylation with a 1.2-

2.2 fold increase after VPA exposure.  However, when the data is separated by sex, a 

pattern emerges.  As shown in Figure 11B, there was a greater impact of VPA in females 

than males, with an average fold change of 2.7 (range: 1.9 - 3.4) for females and an average 

of 1.8-fold change (range 1.1 - 2.48) for males.  These sex differences were seen at exons 

1, 4, and 6 (but not 2) with the greatest sex differences observed at exon 6, where males 

did not show a change in H3K4me3 with VPA exposure. 
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A 

B 

Figure 9: Effect of VPA on Bdnf H3K27ac and H4Kac at 

24 hr. Stimulation of histone acetylation at Pr4 and Ex4 is 

reversed by 24 hr following VPA administration.  Control and 

VPA levels are equivalent. HAc: H4K5/8/12/16ac. A) Sex 

independent data, hatched bars are controls, filled bars are 

VPA. N=6 (3 female + 3 male). One-Way ANOVA. n.s. B) 

Sex dependent data does not reveal any differences in effect 

of VPA after 24 hours. Hatched bars are controls, filled bars 

are VPA; red is female, blue is male.  Two-Way ANOVA. 

n.s.  
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Figure 10: Histone Methylation of Bdnf, independent of sex. Data are expressed as 

the percent of total chromatin associated with the indicated histone modification (% 

input). A) H3K27me3 B) H3K4me3. Pr1, Pr4 and Pr6 are promoter regions upstream 

from the TSS of exons 1, 4, and 6 respectively. Ex1, Ex2, Ex4 and Ex6 are the 5’UTEs 

of the Bdnf gene. The locations of the amplicons analyzed are shown in Figure 3B Each 

pair of data points (± VPA) was analyzed by one-way ANOVA. *, p<0.05; ***, 

p<0.001. n = 6 (3 male and 3 female samples for each bar). Hashed bars are from 

embryos exposed to PBS, filled bars are from VPA exposed samples.   

A B 
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Figure 11: VPA induced histone methylation of Bdnf, sex separated. Data are expressed as 

the percent of total chromatin associated with the indicated histone modification (% input). A) 

H3K27me3 B) H3K4me3. Pr1, Pr4 and Pr6 are promoter regions upstream from the TSS of 

exons 1, 4, and 6 respectively. Ex1, Ex2, Ex4 and Ex6 are the 5’UTEs of the Bdnf gene. The 

locations of the amplicons analyzed are shown in Figure 3B. Each set of 4 bars (male/female 

+/-VPA) are analyzed by Two-Way ANOVA.  n=3. 

A B 
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 H3K27me3 H3K4me3 

 Sex Treat SxT Sex Treat SxT 

Pro 1 0.595 0.167 0.491 1.788 23.739 5.31 

Ex1 1.044 0.404 2.317 1.152 29.255 2.567 

Pro 4 3.057 0.0889 0.961 2.045 39.899 6.981 

Ex 4 1.588 0.853 2.777 2.511 43.772 5.310 

Pro 6 0.496 0.0855 2.209 2.318 2.993 5.183 

Ex 6 0.428 0.837 2.492 1.743 8.699 5.876 

Ex2 1.451 0.134 0.913 1.527 39.051 2.931 

 

DISCUSSION 

 

Histone Acetylation 

As shown in Figure 7, VPA administered to the pregnant dam at E12.5 induced a robust 

increase in H3K9/14ac, H3K27ac and H4K5/8/12/16ac at every site examined. Thus, VPA 

promoted the acetylation of histones indiscriminately at Bdnf exons expressed in the E12.5 

brain (Pr1, Ex1, Pr4, Ex4, Pr6 and Ex6) and one (Ex2) that is not. The observed global 

increase in histone acetylation across the Bdnf gene 5’UTE region after VPA exposure is 

consistent with the known inhibition of HDACs by VPA (Kao et al., 2013).  As the addition 

of an acetyl- group to a histone tail is generally a transcriptionally activating mark, one of 

the working hypotheses for this research has been that an increase in histone acetylation is 

the driving force behind the upregulation of Bdnf expression.   

However, Bdnf Ex2 mRNA levels were unchanged by VPA treatment in previous 

experiments (Almeida et al., 2014).  Compared to the activated exons, it showed 

proportional increases in the acetylation of the histone 3 lysines analyzed (H3K9/14ac and 

Table 3: F values for Two-Way ANOVA in Figure 11.  Sources 

of variation: Sex = Difference between Male & Female. Treat = 

Difference between Control & VPA. SxT = Interation between 

Sex & Treatment groups. 
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H3K27ac), and it obtained quantitatively similar levels on H4 acetylation and H3K4 

trimethylation (Figures 7 & 10).  It is possible that acetylation on histone 3 tails has more 

influence on transcription than histone 4, and the absolute level of that modification was 

below a threshold for transcriptional activation.  Alternatively, this low level of H3 

acetylation at Ex2 could indicate that VPA might impact only a small subset of cells in the 

fetal brain.  If acetylation at Ex2 stimulated transcription in only a small fraction of the 

brain or cells (either regional, or cell type specific), then the qPCR method that was utilized 

might not have picked up that increase.  Additionally, if VPA’s effect on histone 

acetylation is cell-type specific, that could explain why Almeida et al. found Ex2 was 

expressed, but not stimulated by VPA when applied to cultured neuroblasts.  Furthermore, 

Ex2 might require additional transcription factors that were not present in E12.5 brains.  

This indicates that increased histone acetylation is not sufficient to induce Bdnf exon 

expression, i.e., one or more other factors (e.g., transcription factors, other histone 

modifications, DNA CpG methylation) are likely to be required. 

Three modest differences were observed in the interaction between treatment and sex on 

histone 3 acetylation.  VPA stimulated a greater increase in acetylation at the promoter and 

5’UTE of exons 4 and 6.  While this effect was relatively small, it was consistent across all 

4 sites where sex differences were observed.   

qRT-PCR primers against both the promoter and exon regions were used to analyze these 

elements separately.  Micrococcal nuclease digestion of the chromatin proceeded until 

approximately 80% of the genetic material was broken down into single nucleosomes 

(Figure 6), which are approximately 147 base pairs in length (Richmond and Davey, 2003).  

While the spacing between the primers should allow for separate analysis of these regions, 
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histone acetylation can spread across multiple adjacent nucleosomes (Schlissel, 2004; Zhao 

and Dean, 2004).  Therefore, this may cause the similar levels of histone acetylation seen 

at both the promoter and transcribed regions (Figure 7). 

The increased levels of H3K27ac and H4K5/8/12/16ac at Pr4 and Ex4 returned to baseline 

within 24 hr (Figure 9) tracking the time course of Bdnf mRNA and protein (Figure 13, 

Figure 14, and Figure 15) (Almeida et al., 2014).  Histone lysine acetylation is a covalent 

modification that can have a half-life ranging from 2 minutes to 6 hours (Waterborg, 2002) 

and the half-life of VPA is 55 minutes in the mouse.  Thus, a rapid return of histone 

acetylation levels to baseline after VPA is degraded to below its effective dose is to be 

expected (Nau and Zierer, 1982).  However, this does inform us that early developmental 

exposure to VPA does not result in a lasting change in histone acetylation at the Bdnf gene.  

Therefore, if the increase in transcription of Bdnf is responsible for the ASD phenotype in 

the VPA model, the effect would be due to the long term impacts of the transient increase 

in transcription during a critical period in fetal brain development rather than a long term 

epigenetic change. 

Histone Trimethylation 

Substantial sex differences were seen in the interaction between sex and treatment when 

analyzing H3K4me3.  While there was overall increase in H3K4me3 (Figure 10), females 

showed a greater increase in this activating mark than males.  The strongest differences 

were observed in Pr4, and both Pr6 & Ex6.  In these genomic regions, no effect of VPA 

was found in males, but there was an average of approximately a 2-fold increase in 

methylation in females (Figure 11B).  This result is surprising based on our provisional 

hypothesis that an increase in Bdnf transcription during a critical brain developmental 
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period, E12.5, results in brain developmental abnormalities that manifest as an ASD.  Since 

an increase in histone acetylation and H3K4 trimethylation predicts an increase in 

transcription, this would suggest that females have a greater increase in Bdnf transcription 

(tested below) and would thus have a more severe response to drug exposure.  However, 

fetal exposure to VPA is more likely to result in an ASD phenotype in males than in females 

in both humans and rodent models (Christensen et al., 2013; Kataoka et al., 2013; 

Schneider et al., 2008).  The implications of this apparent paradox are further discussed 

below. 

H3K27 trimethylation of Bdnf was not impacted by VPA exposure, even when sex was 

accounted for (Figure 11A).  This has several implications.  The first is that the predicted 

Set1 complex-mediated removal of this transcription inhibiting mark was not induced by 

HDAC inhibition by VPA.  This is interesting because H3K4me3 did increase due to VPA 

exposure, which was also predicted to be mediated by the Set1 complex.  However, Set1 

binding was not examined H3K4 methylation could have been induced by some other 

mechanism.  Second, H3K27 acetylation was increased by VPA while H3K27 

trimethylation was not affected, suggesting that de novo acetylation does not displace 

existing trimethylation marks.   

Finally, the increase in H3K4me3 and stable level of H3K27me3 after VPA exposure 

impacts the activating/inhibiting balance of bivalent genomic regions (Harikumar and 

Meshorer, 2015).  For example, there were no significant differences between control and 

VPA groups or between sexes in Pr4 for H3K27me3 with an average input of 13%.  On 

the other hand, in the same region for H3K4me3, males showed no significant effect of 

VPA with an average % input of 10%, but females exhibited a 2.3-fold increase in 
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H3K4me3 going from 7% to over 16% (Figure 11B).  Notably, in males, this keeps the 

balance in favor of the inhibitory H3K27me3 mark (15% inhibitory vs 10% excitatory).  

However, in females, the balance switches from inhibitory (8.5% H3K27me3 and 7% 

H3K4me3 in controls) to excitatory (12% H3K27me3 and 16% H3K4me3 in VPA exposed 

brains).  In the “bivalent” mode of H3K27me3 and H3K4me3, greater H3K27me3 of these 

two marks generally represents transcriptionally inactive genes.  However, once the 

balance switches to greater H3K4me3, transcription is initiated (Akkers et al., 2009).  This 

could help to explain observed changes in Bdnf transcript expression, discussed in Chapter 

4. 
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Chapter 4: BDNF TRANSCRIPTS 

RESULTS 

Previous work by Almeida, et al., showed that, independent of sex, expression of Bdnf 

exons 1, 4, and 6  are increased at 3 hours after VPA exposure in the fetal brain (Almeida 

et al., 2014).  Since there were modest sex differences in histone lysine acetylation and 

substantial sex differences in H3K4 trimethylation, both activating marks, the results 

shown in Figures 8 and 11B predict that the magnitude of the VPA-induced increase in 

exon-specific Bdnf mRNAs should be greater in females than in males.   

Effect of VPA of Bdnf Transcript Levels in the Fetal Brain 

The results for the experiment to examine the sex differences in Bdnf transcripts are shown 

in Figure 12 in terms of fold change as compared to female control samples.  While we did 

not quantify the RNA determinations by doping each qRT-PCR reaction with internal 

cDNA standards, the relative expression levels among the transcripts (normalized to β-

actin in each sample) was determined.  Expression levels of the exons were approximately 

3:1:35 for control samples in Ex1:Ex4:Ex6, respectively, so while there was substantially 

more stimulation in females of exon 4, it does not reach the levels of exon 6.  VPA has, by 

far, the greatest impact on exon 4 in females in terms of fold change.  Interestingly, VPA 

induces a much larger stimulation of exons 1 and 4 Bdnf transcripts in females than in 

males, but there were no sex differences in exon 6.  The Tukey post-hoc test in the Two-

Way ANOVA for the change in Bdnf4 exon expression in males did not show a significance 

between control and VPA exposed brains (p=0.151).  However, when examined by t-test, 

the difference between VPA and control exposed males in Bdnf4 was found to be 

significant at p=0.002.  The anomalous difference between these statistical tests is due to 
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the high level of variance in the VPA exposed females, which impacts the sensitivity of the 

two-way ANOVA across all groups. 

Time Course of Bdnf Transcript Levels 

In order to determine if the sex differences in transcript expression reflected different time 

courses of transcription stimulated by VPA, VPA-induced Ex1, Ex4 and Ex6 transcript 

levels were measured at 1.5, 3, and 6 hours (Figure 13).  For example, it could be possible 

that transcription peaked before or after 3 hours in males, resulting in no difference between 

the sexes in the maximum transcription fold change.  Alternatively Ex6 values could show 

sex differences when examined at a different time point.  However, the results show that 

the greater increase in Bdnf expression in exons 1 and 4 observed in females at 3 hours 

after VPA exposure is not due to timing. 

Brain Region Localization 

All experiments described so far were conducted with whole fetal brain, rostral to and 

including the metencephalon. To determine if the change in Bdnf exon expression varies 

by brain region, E12.5 brains were collected 3 hours after exposure to PBS or VPA.  After 

fixation and RNA preservation in methacarn and ethanol, brains were dissected into 5 

regions: dorsal telencephalon, ventral telencephalon, diencephalon, mesencephalon and 

metencephalon (see Figure 4 for a diagram of fetal brain dissection).  The dorsal and ventral 

telencephalon were examined separately because most excitatory neurons arise from 

progenitors in the dorsal telencephalon while most inhibitory neurons, including the 

medium spiny neurons of the basal ganglia, originate in the ventral telencephalon 

(Martynoga et al., 2012; Ross et al., 2003). RNA was extracted and Bdnf exon expression 

was quantified using qRT-PCR accounting for region, transcript and sex.  The results for 
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Ex1 transcripts are summarized in Figure 14, Ex4 in Figure 15, and Ex6 in Figure 16.  

Consistent with our previous findings (Almeida et al., 2014), Ex2-specific transcripts were 

not detectable in either sex, even following VPA exposure (data not shown).  Ex2 requires 

Huntingtin for transcriptional activation (Zuccato et al., 2001).  Huntingtin releases the 

CoREST complex in the promoter of Ex2, allowing for transcription.  Notably, HDAC1/2 

is a part of the CoREST complex (Cattaneo et al., 2005; Zuccato et al., 2003).  It is possible 

that VPA does not release its inhibition or another transcription factor is required.  For Bdnf 

1, the region that had the greatest contribution to overall VPA-stimulated expression was 

the mesencephalon with the dorsal and ventral telencephalon showing the lowest levels of 

expression after VPA exposure (Figure 14).  Interestingly, when examined by brain region, 

the overall 2-way ANOVA interaction effect between sex and VPA exposure is not 

detectable in any one region.   

For Bdnf transcripts containing Ex4 (Figure 15), the highest levels of expression were in 

the mes- and metencephalon.  Surprisingly, in contrast to whole brain expression levels 

(Figure 12), control males showed substantial levels of Ex4 in the mesencephalon.  

However, that result may not contradict whole brain observations as the mesencephalon is 

the smallest contributor of RNA in the brain (15%, see Table 5) so its impact on total brain 

levels is small compared to that of the telencephalon, for example. 
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Figure 12: Effect of VPA exposure on Bdnf mRNA levels in fetal brain. RNA was 

measured by qRT-PCR for samples collected 3 hours after in utero exposure to PBS or 

VPA (see Table 1C for primer sequences). Values set as ratios of Control Females.  Two-

way ANOVA; *, p<0.05; **, p<0.01; ***, p<0.001. T-test; ††, p<.01. 

 Sex Treat SxT 

Bdnf1 0.661 44.029 6.61 

Bdnf4 10.367 28.969 10.688 

Bdnf6 0.104 362.232 1.688 
Table 4: F values for Two-Way ANOVA in Figure 12.  Sources of variation: Sex = 

Difference between Male & Female. Treat = Difference between Control & VPA. SxT = 

Interation between Sex & Treatment groups. 
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Figure 13: Time course for Bdnf transcript expression by sex. RNA was measured by qRT-PCR 

from samples collected 1.5, 3, and 6 hours after in utero exposure to PBS or VPA (see Table 1C for 

primer sequences). Two-way ANOVA; *, p<0.05; **, p<0.01; ***, p<0.001. 

Brain Region Contributing RNA 

Dorsal 

Telencephalon 

27% 

Ventral 

Telencephalon 

25% 

Diencephalon 17% 

Mesencephalon 15% 

Metencephalon 16% 

Table 5 : Brain region contributions to overall levels of RNA. RNA was extracted from dissected tissue and 

quantified using the NanoDrop1000.  Averages were taken of the recorded nanograms/microliter for each 

region.  These averages were used to determine the approximate contribution of each region to total quantity of 

RNA in the whole brain. 
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 Di Mes Met 

 Sex Treat SxT Sex Treat SxT Sex Treat SxT 

Bdnf1 1.74 9.967 0.68
2 

2.845 17.998 0.599 0.595 26.363 0.195 

Bdnf4 0.0088
8 

2.072 0.87 32.70
7 

0.1 2.042 9.427 12.692 9.711 

Bdnf6 0.0272 74.402 0.63
4 

76.64
2 

925.91
6 

35.19
9 

0.423 670.8 1.311 

 DT VT    

Bdnf1 Sex Treat SxT Sex Treat SxT    

Bdnf4 1.81 10.124 1.86
9 

0.584 29.779 0.234    

Bdnf6 0.0014
3 

11.79 0.31 0.012
2 

12.445 0.037
4 

   

 6.558 150.79
3 

2.45
9 

1.92 147.87 0.159    

 

Bdnf 6, which exhibits the greatest overall expression in the fetal brain (Figure 12), shows 

the most substantial increase in mRNA after VPA exposure in the mes- and metencephalon, 

with a considerable amount in the diencephalon as well.  Interestingly, sex differences in 

the interaction between VPA and sex for Ex 6 are found in both the dorsal telencephalon 

and the mesencephalon.  The sex differences in Ex6 mRNA expression found in the 

mesencephalon mirror the differences observed in whole brain H3K9/14 acetylation and 

H3K27 acetylation (Figure 8) as well as those observed in H3K4 trimethylation (Figure 

11B), showing a greater increase in expression after VPA exposure in females as compared 

males.  Conversely, in the dorsal telencephalon, the opposite was found:  VPA exposure 

resulted in a modest, but still greater increase in Ex6 mRNA in males than in females.  The 

more substantial proportion of overall mRNA contribution of the dorsal telencephalon as 

compared to the mesencephalon may have helped to quantitatively offset the sex 

differences observed when analyzing the whole brain. 

Table 6: F values for Two-Way ANOVA in Figures 14-6.  Sources of variation: Sex = 

Difference between Male & Female. Treat = Difference between Control & VPA. SxT = 

Interation between Sex & Treatment groups. 
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DISCUSSION 

Sex Differences in Bdnf Exon Expression  

The original study on which this dissertation project was based, showed that there is an 

increase in Bdnf mRNA from Exons 1, 4 & 6, three hours after in utero VPA exposure in 

the fetal brain (Almeida et al., 2014).  Here, that result was replicated and further 

investigated by analyzing the effect of sex (Figure 12).  The sex differences in transcript 

expression that we discovered are of particular interest in relation to the sex differences 

uncovered in the histone 3 acetylation and H3K4 trimethylation results shown in Figure 8 

and Figure 11B.  At all sites examined, there was a greater increase in activating histone 

modifications in female brains around the three upregulated Bdnf exons, but only a female 

biased increase of mRNA from Ex1 and Ex4.  While the H3K4me3 sex differences were 

found across all three exons, exon 6 showed the most robust difference in H3K4me3, where 

there were 70 and 90% increases at Pr6 and Ex6, in females but no significant effect of 

VPA in males.  If H3K4me3 has a controlling influence on transcription levels, Bdnf 

mRNA from all three 5’UTEs should show sex differences with Ex6 having the largest sex 

difference. 

Comparison of H3K4me3 and Bdnf mRNA expression data by sex revealed that H3K4me3 

is not sufficient to determine transcription levels.  Ex1 and 4 showed the expected effect of 

sex consistent with the sex differences observed in H3K4me3: In Ex1, females exhibited a 

6-fold increase in expression, whereas males only increased 2-fold.  In Ex4, females 

increased 41-fold, whereas males only increased 9-fold.  However, in Ex6, females and 

males increased 7 and 5-fold respectively with no significant effect of sex.  Therefore, 

while Ex1 and 4 expression does correlate with H3K4me3 levels, Ex6 does not (Figure 
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10).  Additionally, there were modest sex differences in histone acetylation at Ex4 and 6, 

but not 1.  Taken together, this suggests that no single modification among those we 

examined is responsible for the sex differences observed in Bdnf transcripts after VPA 

exposure.  However, it is noteworthy that Bdnf  exon 6 is the most abundant transcript at 

this time point, whereas exons 1 and 4 dominate in the adult brain (Koppel et al., 2009).  

This may reflect the calcium dependence of  Ex1 and 4, activated by neuronal electrical 

activity, which is very low at this time point (Spitzer, 2006; West et al., 2001). 

Effect of Fetal Sex on VPA Rate of Action 

While initial results at 3 hours after injection suggest that there are sex differences in the 

expression of Ex1 and Ex4, it was necessary to make sure that difference was not due to 

different time courses of VPA-induced expression for the three exons.  Sex differences in 

pharmacokinetics, pharmacodynamics, drug response, and brain growth rates could affect 

the timing of the peak VPA response in males and females.  Additionally, differences in 

the timing of brain development between the sexes could play a role, affecting gene 

expression, as male and female brains may be at different points in development at the time 

of VPA exposure.  While there is considerable evidence of differential responses to drugs 

after the onset of sex hormone production between males and females, no research has been 

done on this subject prior to gonadal differentiation.  Additionally, many of those studies 

point to direct or indirect influences of sex hormones in these observed differences 

(Franconi and Campesi, 2014; Kokras et al., 2011; Marazziti et al., 2013; Ueno and Sato, 

2012).  However, E12.5 is onset of gonadal differentiation and is the first time that 

testosterone is at a detectable level in the testes.  At this time, it is 3.5% of the peak level 

seen at E16.5. Thus, these low levels suggest that it is not likely to have a substantial 
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influence on the pharmacodynamics or pharmacokinetics (Steinberger and Steinberger, 

1980).   

Most research on differential rates of brain development between the sexes is conducted 

after the onset of sex hormones (Bellis et al., 2001; Good et al., 2001; Lenroot et al., 2007).  

One study correlated grey matter volumes with circulating sex hormone levels in humans 

during puberty; hippocampal and diencephalic volume increased with testosterone and 

estrogen levels correlated with parahippocampal grey matter volumes (Neufang et al., 

2009).  However, there is a substantial impact of genetic sex on brain development both 

before and after the appearance of sex hormones.  Sex chromosomes contribute a unique 

set of genes, and even homologous genes are often slightly altered in sequence, suggesting 

modified functionality. Furthermore, cells containing an XX or XY chromosomal 

complement differ in gene dosage, X inactivation or escape in females, mosaicism and 

parental imprinting (Arnold, 2004).  A study examining sex differences in the brain of adult 

agonadal mice,  found differences in cell numbers in the anteroventral periventricular 

nucleus of the POA (Büdefeld et al., 2008).  Wolstenholme et al used the Y* mouse model 

to tease out the effects of gonads vs sex chromosomes (Burgoyne et al., 1998).  This model 

adds or removes key, sex determining genes from X or Y chromosomes to result in 4 sexes.  

This allows for the examining the effects of hormones, non sex determining genes, and 

gene dosage (Burgoyne and Arnold, 2016).  In that study, gene expression was analyzed 

before the onset of sex hormone production (E11.5) and around the time of peak fetal 

hormone production (E18.5) just before birth.  While that study did not examine differential 

rates of brain development between the sexes prior to hormone production, it did show that 

there are a substantial number of genes expressed at different levels in males and females 
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in the mouse brain by E12.5.  Notable among these are several autosomal, neuron-specific 

genes with differential expression including syntaxin 5A (Stx5A), neuronal pentraxin 2 

(Nptx2), and neural precursor cell expressed, developmentally downregulated gene 9 

(Nedd9). Furthermore, Kdm5c and Kdm5d, the X and Y-linked H3K4 demethylase genes 

previously mentioned are differentially expressed at this time.  Together, this suggests that 

not only are male and female brains biochemically different prior to production of sex 

hormones, but that the transcriptomic landscape supports the idea that an epigenetic 

disruptor, such as VPA, can have differential effects.  Therefore, while there is no direct 

evidence that the observed developmental sex differences prior to E12.5 can impact the 

timing of VPA’s effect, it does not discount the idea either.   

To directly affect the fetal brain, VPA would have to pass through the placenta, which is 

the maternal-fetal interface, and is another potential source of developmental brain sex 

differences in development and rate of exposure to the drug.  The placenta dynamically 

responds to the maternal environment by altering nutrition and information signals to the 

fetus (Cardenas et al., 2010; Gheorghe et al., 2010; Pereira et al., 2013; Vonnahme et al., 

2015; Watkins et al., 2015).  Acting in this manner gives the placenta some control over 

fetal brain development.  The placenta is of materno-fetal original, which means that part 

of the placenta shares the genetic sex of the fetus, allowing the placenta to differ its 

response to the maternal environment based on its chromosomal content (Rosenfeld, 2015).  

Complicating these sex differences is the observation that X inactivation in the female 

placenta is dynamic, meaning that inactivation can be lifted depending upon the maternal 

environment (Migeon et al., 2005).  Indeed, the placenta itself can have altered pathology 

based on fetal sex and maternal obesity rates, which can differentially impact the health 
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and development of the fetus (Leon-Garcia et al., 2016).  Many of these differing responses 

can impact brain development via placental immune response and nutrient allocation 

(Eriksson et al., 2010; Nugent and Bale, 2015; Sandman et al., 2013; Sood et al., 2006).   

Most importantly, when discussing the possible role of the placenta in orchestrating sex 

differences in the response time of gene expression due to VPA exposure, this organ has 

been shown to differentially affect methamphetamine pharmacokinetics between males 

and female fetuses.  While the rate of transfer was unaffected, the female placenta allowed 

more methamphetamine and its psychoactive metabolite to pass through, resulting in 

higher concentrations in the brain of the fetus (Rambousek et al., 2014).   One way in which 

drugs cross the placenta is via solute carrier proteins on the interface between the maternal 

and fetal circulatory system (Prouillac and Lecoeur, 2010).  Variations in the quantity and 

type of these proteins could impact the rate in which VPA can enter the fetus.  

Transplacental transfer of VPA has been studied, however, none have examined the 

differences in terms of fetal sex (Nau et al., 1981). 

Timing of Induction and Relation to Transcription Factors 

The effect of VPA on Bdnf exon expression levels at 1.5, 3 and 6 hours suggests that, while 

there are sex differences in the impact of VPA on Bdnf expression of exons 1 and 4, the 

difference is in magnitude rather than in timing (Figure 13).  Maximal expression and sex 

differences are not seen until 3 hours and levels have returned to baseline by 6 hours. 

Interestingly, the magnitude of expression at 1.5 hours differed among exons. At 1.5 hr, 

Exon 1 expression was unaffected by VPA, but Exon 4 had reached its 3 hour-level in 
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males, but is only about 20% of its 3 hour-level in females.  By 1.5 hours after VPA 

exposure, Exon 6 is about 70% of its maximal 3 hour level for both sexes.   

A possible explanation for these results could be differences in the availability and quantity 

of the transcription factors required to initiate transcription at each exon and the difference 

in stringency of the requirement for transcription factors (Aid et al., 2007; Riva, 2012) to 

activate transcription.  Upstream stimulatory factors 1/2 (USF1/2) and cAMP-responsive 

element binding protein (CREB) both regulate Exons 1 and 4 (Chen et al., 2003; Shieh et 

al., 1998; Tabuchi et al., 2002; Tao et al., 1998).  Therefore, both of these exons are 

regulated by neuronal activity mediated by calcium influx (West et al., 2001).  Both Exons 

1 and 4 require binding of the PAS transcription factor complex (Bersten et al., 2014; 

Pruunsild et al., 2011).  Exon1 is directly regulated by AP-1 through the Fos-Jun pathway.  

Although AP-1 also seems to regulate exon 6, the regulation is indirect as it does not bind 

to the exon 6 promoter (Tuvikene et al., 2016).  Exon 4 is further regulated by the calcium 

responsive transcription factor and a known MeCP2 binding site (Martinowich et al., 2003; 

Tao et al., 2002).  In contextual fear learning in adult mice, an increase in acetylated H3 

occurs concurrently with an upregulation of Ex4 expression (Lubin et al., 2008).  As Ex4 

shows maximal activation for males at 1.5 hours, but continues to rise for females, it is 

possible that one of these transcription factors is only increased in females.   

Exon 6 activation seems to be independent of transcription factor binding and is generally 

highly expressed (Aid et al., 2007; Pruunsild et al., 2007).  Exon 6 expression is commonly 

controlled by neuronal activation in adults, but requires the acetylation of H3K27 to release 

inhibition by PRC2 (Hong et al., 2008; Palomer et al., 2016).  Exposure to VPA likely also 

accomplishes this (Figure 7).  PRC2 is an inhibitory protein complex made up of polycomb 
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group proteins, the cores of which are highly evolutionarily conserved (Boyer et al., 2006).  

PRC2 contains several epigenetic reader, writer and eraser proteins including Su(Z)12 

which is required for histone methylation, EZH1/2, which is an H3K27 methyltransferase, 

and HDAC1/2 in addition to sequence specific DNA binding proteins and H3K27 methyl 

binding proteins containing a chromodomain (Cao et al., 2002; Kuzmichev et al., 2004; 

Levine et al., 2004).  With the known role of PRC2 in controlling Ex6 expression and the 

epigenetic changes observed concurrent with an increase in expression, it seems likely that 

as VPA inhibits the HDACs in PRC2, it disrupts the multiprotein complex, leading to the 

release of inhibition and increased expression of this Bdnf isoform. 

Brain Regions Implicated in ASD 

In this study, the di-, mes-, and metencephalon showed the greatest response to VA in terms 

of change in Bdnf expression (Figure 14Figure 15Figure 16).  This may be partially due to 

the caudal to rostral direction of development; if these posterior regions are at a later stage 

of development than the telencephalon, it may make them more or differently responsive 

to VPA exposure.  This has implications beyond Bdnf and regional expression patterns 

should be analyzed in the future.  Each of these affected brain regions is the developmental 

origin for one or more structures known to be important in ASDs. 

We expected to see substantial effects of VPA on Bdnf expression in the telencephalon, as 

it is a major site of abnormalities in autistic brains and comprises more than half of the 

mRNA in the E12.5 fetal brain (Table 5). Sex differences of Bdnf expression have been 

reported in the hippocampus (telencephalic origin) of postnatal rats not exposed to VPA. 

However, in the present study, no sex differences were observed in any of the control 

samples in either whole brain (Figure 12) or in any brain region (Figure 14, Figure 15, and 
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Figure 16).  The above mentioned hippocampal study pointed to estrogen as the source of 

this difference, which could explain the different results here, as E12.5 is at the initial stage 

of gonadal differentiation, suggesting a minimal presence of this hormone (Kight and 

McCarthy, 2017; Menke and Page, 2002).  Additionally, the telencephalon had the lowest 

overall expression of Bdnf per ng total RNA. 

The greatest impact of VPA on Bdnf expression was within subcortical regions, many of 

which have roles in the pathophysiology of autism.  Therefore, it seems likely that the 

primary impact of VPA is alteration of expression of many genes in these rostral brain 

regions, leading to downstream alterations in brain development.   

Diencephalon 

The diencephalon develops into the thalamus, hypothalamus, and the region containing the 

pineal gland, (Lim and Golden, 2007).  This region contains principal components of the 

hypothalamic-pituitary-adrenal (HPA) axis which has been reported to be dysregulated in 

autism (Edmiston et al., 2016; Hardiman and Bratt, 2016; Sharpley et al., 2016).  The HPA 

axis is one of the main regulators of the stress response.  The hypothalamus responds to 

stress by secreting corticotropin releasing hormone which stimulates the pituitary gland to 

release adrenocorticotropic hormone, which leads to the release of cortisol by the adrenal 

glands (Roberts et al., 2009).  There is considerable comorbidity between ASDs and 

anxiety disorders.  Children with ASD have rates of anxiety disorders around 40%, whereas 

typically developing children show a prevalence between 3 and 8% (Costello et al., 2003; 

Merikangas et al., 2010; Steensel et al., 2011).  Boys with Fragile X syndrome show 

abnormally high levels of cortisol on their saliva in response to stressful stimuli  (Hessl et 

al., 2002, 2006).  In addition to dysregulated HPA stress response, boys with Fragile X 
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syndrome have higher baseline cortisol levels (Roberts et al., 2009).  In a social stress 

paradigm, members of the autistic group maintained a high level of cortisol, whereas the 

typically developing group showed reduced levels over time during the stressful experience 

(Corbett et al., 2012).  In an interesting relationship to the previously mentioned study that 

found opposing changes in brain connectivity in severe and mild cases of autism, a study 

that focused on high functioning autism versus typically developing individuals found a 

blunted cortisol response to social stressors (Keown et al., 2013; Levine et al., 2012).  

However, a study by Hollocks et al. examined cortisol levels in three groups: controls, 

individuals with ASD without an anxiety disorder and ASD with an anxiety disorder.  In 

this study, they found that under a stressful situation, normally developing individuals 

showed the highest levels of cortisol, followed by those with ASD without anxiety and the 

lowest cortisol response was shown by the ASD with anxiety disorder group (Hollocks et 

al., 2014).  Two studies that separately examined HPA axis response in boys and girls again 

showed that ASD is most consistent in its inconsistency.  For both males and females two 

subgroups formed in HPA response, showing changes in cortisol levels in either the 

expected or unexpected direction (Bitsika et al., 2015; Sharpley et al., 2016). This adds to 

the evidence that the disorders under the ASD umbrella are a group of separate, but related 

neurodevelopmental issues.  It can become difficult when looking for overarching changes 

among all ASD patients when there are multiple subgroups.  Real differences among ASD 

subgroups become statistical variance when read as a whole, concealing meaningful data; 

as statistician Daniel Levitin famously said, “On average, humans have one testicle” 

(Levitin, 2017). 
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Beyond regulation of the stress response, the hypothalamus is important in social cognition 

and behavioral regulation.  Reduced hypothalamic volume has been observed in ASD 

brains, which correlated with enlargement of the third ventricle (Kurth et al., 2011; Wolfe 

et al., 2015).  More specifically, reduced gray matter has been observed in a region that 

synthesizes the neuropeptides, oxytocin and arginine vasopressin (Kurth et al., 2011).  This 

observation is functionally relevant since the oxytocin/vasopressin system is also 

dysregulated in autism (Donaldson and Young, 2008; Modahl et al., 1992).    

The thalamus has been implicated in autism due to its roles in emotional processing, 

language, and social cognition (Amodio and Frith, 2006; Crosson, 1984; Hardan et al., 

2008; Johnson and Ojemann, 2000; Vertes, 2006).  The volume of the thalamus is also 

different in autism.  In one volumetric study, the total brain volume to thalamic nuclei size 

ratio was increased in autism.  The study also sought find signal in the noise of autistic 

brain volume variability and analyzed thalamic nuclei size in relation to clinical features.  

However, they found no relationship between thalamic nuclei volume and behavioral 

measures (Hardan et al., 2006a).  Another study, which did not control for total brain 

volume, did not find any differences in thalamic size, but did find alteration in certain 

neuronal metabolites (particularly N-Acetylaspartate, and glycerophosphocholine & 

phosphocholine in the left hemisphere) which correlated with behavioral differences 

(Hardan et al., 2008). 

Mesencephalon 

At time of exposure to VPA, the majority of the cells in the mesencephalon are neuroblasts 

and neural progenitor cells with some post-mitotic neurons (La Manno et al., 2016).  The 

mesencephalon contains the superior colliculus, which is best known as a processing center 
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for facial recognition and may also play a role in eye contact, both of which are impaired 

in ASD (Senju and Johnson, 2009; Senju et al., 2011).  When shown images of faces, 

individuals with ASD show reduced activation of the superior colliculus (Kleinhans et al., 

2011).  Interestingly, an eye tracking study did not find a difference between autistic and 

typically developing groups on saccade frequency on upright faces, however, autistic 

individuals did not spend less time looking at upside down faces, as did controls.  This 

suggests impairment of facial processing structures, such as the superior colliculus (Senju 

et al., 2011).  Indeed, in rats exposed prenatally to VPA, colliculus dependent behaviors 

were disordered and the excitation/inhibition balance appeared to be skewed as there were 

more GABAergic cells (Dendrinos et al., 2011).  This observed increase in GABAergic 

cells could be mediated by a targeted increase in Bdnf, as observed in this study. 

Metencephalon 

The metencephalon is gives rise to the cerebellum, a structure has which been found to be 

abnormal in autism.  At E12.5 there are substantial numbers of post mitotic neurons which 

are undergoing migration (White and Sillitoe, 2013).  In children with autism, neurons in 

the cerebellum and in the inferior olive were abnormally large and numerous, however in 

adults, they were decreased in both size and number (Kemper and Bauman, 1998).  This is 

reminiscent of early brain overgrowth followed by a period of undergrowth in autistic 

cortex, a phenotype which an overexpression of Bdnf  could mimic (Courchesne et al., 

2003).  Since in utero exposure to VPA has been shown to alter expression of genes 

important to synapse development and maintenance into adulthood, VPA could have the 

ability to induce similar effects in the fetal brain (Kolozsi et al., 2009).  Increased cerebellar 

size is often found in ASD brains, but this increase is size is consistent with overall increase 
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in cerebral size in these individuals (Scott et al., 2009a).  In tuberous sclerosis patients co-

diagnosed with ASD, the existence of cerebellar lesions increases the likelihood of more 

severe ASD behavioral abnormalities (Eluvathingal et al., 2006).  Interestingly, Joubert 

Syndrome, a disease characterized by malformation of the cerebellar vermis which, itself, 

does not fall under the ASD umbrella has a 40% co-diagnosis rate with ASD (Alvarez 

Retuerto et al., 2008).  An increase in Bdnf expression can alter neuronal differentiation 

and proliferation, and thus could result in altered morphology of the vermis. 

In the cerebellum, several markers of oxidative damage are increased in individuals with 

ASD (Chauhan et al., 2011; Sajdel-Sulkowska et al., 2008, 2009).  Further, some enzymes 

involved in neutralizing reactive oxygen were reduced in the cerebella of autistic patients 

(Chauhan et al., 2012).  And this redox imbalance may play a role in the late stage slowing 

of growth seen in ASD (Fatemi et al., 2012).  Oxidative stress has been observed in autistic 

children and is believed to be a possibly causative environmental factor in the disorder 

(Chauhan and Chauhan, 2006; Deth et al., 2008).  This may be particularly relevant in the 

VPA model as HDAC inhibitors, including VPA, are known to increase reactive oxygen 

species (Adachi et al., 2004; Na et al., 2003; Tung and Winn, 2011).  The 

excitation/inhibition theory of autism is also in play in this structure.  Many genes 

important to glutamate and GABA are dysregulated in the autistic brain (Fatemi et al., 

2002, 2009b). Outside of the cerebral cortex, the cerebellum is one of the hotspots of 

alterations seen in autistic brains. 

Bdnf plays a major role in brain development, neuronal differentiation and survival.  

Therefore, a substantial increase in Bdnf expression could result in abnormal brain 

development and could explain increases in brain region volume, gray matter volume, and 
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regional connectivity seen in these regions in autism.  However, since females show a 

greater increase in Bdnf expression than males, BDNF may not be the pathogenic factor; 

rather, it may serve as a compensatory mechanism, particularly for females, to make up for 

changes in other genes that could negatively impact brain development.   
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Chapter 5: DNA CYTOSINE METHYLATION 

RESULTS 

Fetal brains were obtained 3 hrs after administration of VPA to the pregnant dam. DNA 

was then extracted and subjected to bisulfite modification. Overlapping amplicons 

covering the promoter regions and 5’UTEs, Ex1, Ex4 and Ex6 (Figure 17A) were amplified 

by PCR using primers specific for bisulfite-converted DNA (Table 1).  PCR products were 

sequenced and the extent to which each unmethylated CpG cytosine was converted to uracil 

(and thus thymine after PCR amplification) was quantified. After bisulfite conversion, 

methylated Cs continue to be read as Cs. A typical sequencing chromatogram illustrating 

both unmethylated (C1) and partially methylated (C2,3) Cs in Pr4 is shown in Figure 17B. 

No non-CpG (CpH) cytosines had detectable levels of methylation.  All 117 CpGs in the 

vicinity of Ex1, Ex4 and Ex6 were analyzed and only four of them were significantly 

methylated (Figure 17C).  Each of these 4 CpGs were methylated in both control and VPA 

conditions.  Figure 18A shows the DNA sequence surrounding this 4-CpG cluster (arrows) 

which is located just upstream from the Ca2+-regulatory elements in the promoter region 

of Ex4. These elements were designated CaRE1 – 3 (Chen et al., 2003) and include the 

CREB-binding element, cre (CaRE3), shown in red highlighting. While there was no 

significant change in methylation at any individual site, there was an 8% aggregate 

decrease across all four sites (p=.049, Figure 18B).  However, this observed reduction in 
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overall methylation was mostly due to overall lower values from a single sample.  This 

difference was not due to sex (data not shown).   

Hypermethylation of an Elk-1 response element 

Three of the four hyper-methylated CpGs comprise the upstream component of the same 

sequence (cggaattct) (Figure 18A, blue highlighting), which is 80% homologous to a 

regulatory element that binds the transcription factor, Elk1 (Matys et al., 2006).   
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Ex1                        Ex4                    Ex6 
C 

B Methylated CpG doublet in Pr4 

A 

Figure 17: DNA CpG methylation in the vicinity of Bdnf exon 1, 4 and 6 TSSs. A) Overlapping 

amplicons of bisulfite-modified DNA from control and VPA-treated fetal brains. See Table 1D for primer 

sequences. B) Typical results showing the Sanger sequencing chromatogram of the sequence in Bdnf P4 

indicated by * in A. The original and bisulfite-converted sequences are shown. Cytosines −111 (C2) and 

−109 (C3) were read as 39% and 55% cytosine (methylated).  Number indicates distance upstream from 

TSS. With the exception of cytosines −205, −148, −111- and −109, all cytosines, both in CpGs and non-

CpGs, read as >90% T indicating that they were not significantly methylated (e.g., C1). C)  Summary of 

the locations of the CpGs examined, which comprise all of the CpGs in the indicated sequences. Black 

ticks represent unmethylated (<10%) CpGs; red ticks represent CpGs −205, −148, −111 and −109 in P4, 

which were 30 − 60% methylated (see B). 
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A –148 –205 –111/–109 

B 

Figure 18: Hyper-methylated CpG cluster in Bdnf P4.  A. CpGs are indicated in yellow. 

The four a CpGs in the hyper-methylated cluster are indicated in bold. The Ca2+/cAMP-

dependent regulatory element (cre), designated CaRE3 in Bdnf Pr4, is highlighted in red. Blue 

highlighting indicates the downstream sequence of two putative Elk-1 binding sites 

(cggaattct). The 5’UTE (Ex4) is indicated in green highlighting. B. Effects of VPA exposure 

on E12.5 on the level of cytosine methylation is shown for each CpG in the cluster. Control 

methylation ranged from 32% to 58%. There was no significant effect of VPA on any single 

CpG; the aggregate level of CpG methylation across the cluster was reduced by 8%. *, p<.05 

(t-test). 
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DISCUSSION 

There is considerable evidence that methylation plays an increasingly important role later 

in development and in the adult brain.  However, the present results demonstrate that 

changes in CpG methylation are not likely to be involved in mediating the effects of VPA 

on Bdnf expression in the E12.5 fetal brain.   

Targeting of Methylation 

Exons 1 and 6 both contain CpG islands, regions that contain a high concentration of CpG 

dinucleotides.  CpG islands generally show low methylation when located near a gene 

promoter, whereas methylation outside of CpG islands is more dynamic (Numata et al., 

2012).  However, changes in methylation within islands are associated with aberrant gene 

expression in tumors (Jia et al., 2016).   Furthermore, DNA methylation is generally very 

low in the brain during fetal development overall (Numata et al., 2012).  There is a phase 

of active demethylation in the fetus that begins around E11.5.  Due to the partial role of 

hydroxymethylcytosine as the first step in the removal of the methyl group from the 

cytosine, there is a brief rise in this mark (Messerschmidt et al., 2014).  However, the way 

that the bisulfite modification assay functions, hydroxymethylcytosines would be detected 

as well as methylated cystosines.  All of the conditions within our samples lead to an 

expectation of minimal overall methylation.  This correlates well with the exceptionally 

low level detected across all areas examined and the only substantial methylation found 

was in a non CpG island promoter region of Ex4.   The regions flanking CpG islands, 

known as CpG island shores, have been shown to regulate gene expression in 

developmentally important genes in brain development (Spiers et al., 2015).  A preliminary 

examination of the CpG island shores flanking Ex1 and 6 was performed.  While there was 
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greater overall methylation in these locations, no effect of VPA was observed (data not 

shown).  However, it has been noted that methylation of distal regulatory regions may play 

a greater role in the control in gene expression than direct methylation of the immediate 

promoter or gene body (Stadler et al., 2011). 

The DNA methylation found in the genomic areas of interest, were almost exclusively 

found at sites containing a 9 base pair consensus sequence.  This sequence has an 80% 

homology with an Elk-1/ETS binding site (Matys et al., 2006).  Therefore the ostensible 

targeting of methylation to this sequence could be to control the binding of a transcription 

factor.  An alternate, but not mutually exclusive explanation is they could be the consensus 

sequence for the binding site of a DNA methylating enzyme.  Thus, while VPA does not 

significantly change the methylation level at the individual sites, the study may have 

uncovered a genetic locus of interest in fetal brain development. 

VPA’s Effect on DNA Methylation at Other Loci 

While this analysis, which focused on CpG methylation of the Bdnf gene, found generally 

low levels of DNA methylation and little effect of VPA, that may not be the case across 

the genome.  A collaboration between our lab and Zymo Research of Irvine, CA is 

completing a limited, genome-wide DNA methylation study in the brains of male and 

female E12.5 mice exposed to VPA in utero.  While only male data has been produced thus 

far, there are many sites that seem to show significant differences between control and 

VPA exposed brains.  These sites exist both within genes and promoters as well as in 

intragenic spaces.  This study seeks to examine both the effects of VPA exposure and sex 

on DNA methylation of CpG and CpH cytosines.  Gene ontology and specific gene analysis 
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will hopefully yield new target genes worth examining as mechanistic within the VPA 

model. 

The rationale for the current study as well as the collaboration in progress with Zymo, 

despite our initial findings on the Bdnf gene is due to the known role of DNA methylation 

in autism and fetal development.  Transcriptional machinery can respond quickly to 

environmental signals by altering DNA methylation.  The addition of a methyl group to a 

cytosine is reversible, but can remain for long periods, across mitosis and even across 

generations (Trerotola et al., 2015).  As a number of environmental signals have been 

implicated in the etiology of autism, DNA methylation has been considered as a 

mechanistic link between environmental signals and altered physiology.   

DNA Methylation and Autism 

Changes in methylation and methylation-related transcriptional regulation have been 

associated with autism.  Despite the fact that overall levels of DNA methylation change 

over the age of an individual, methylation is consistently higher in leukocytes from 

peripheral blood samples from autistic children (Tsang et al., 2016).  Many copy number 

variants associated with autism are within parentally imprinted regions (Schanen, 2006).  

A genome-wide linkage study found substantial parent-of-origin differences in inherited 

mutations, contributing to the importance of imprinted genes in heritability of the disease 

(Arking et al., 2008; Fradin et al., 2010). Feinberg et al. found nearly 200 differentially 

methylated regions in the sperm of fathers of children with autistic behaviors.  In fact, many 

of these regions clustered around genes of developmental importance (Feinberg et al., 

2015).  One study examined genome wide methylation differences in post mortem brain 

samples, particularly the prefrontal cortex (Brodmann area 10), and in the cingulate gyrus, 
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both regions shown to be over activated in autistic patients during certain tasks and with 

differential cytoarchitecture (Albert et al., 2012; Minshew and Keller, 2010; Nardone et 

al., 2014; Simms et al., 2009).  Both regions contained thousands of differentially 

methylated loci between autistic and control brains.  However, another study that looked 

across multiple regions with a smaller sample size found only four differentially 

methylated regions after statistical adjustments (Ladd-Acosta et al., 2014).  However, this 

may be affected by the lack of differentiation in methylation of sites between different 

brain regions.  The study examining the prefrontal cortex and cingulate gyrus found that 

there were 52,000 differentially methylated sites between those locations in control 

samples, but only 10,000 differentially methylated sites in ASD brains (Nardone et al., 

2014).  This mirrors transcriptional profiling of these and other regions in ASD and control 

brains (Voineagu et al., 2011; Ziats and Rennert, 2013). 

Several environmental factors that can impact the level of DNA methylation can also alter 

the risk of autism.  Advanced paternal age is one environmental factor tied to autism.  It is 

believed that in addition to accumulation of de novo mutations, the sperm from older males 

has dysregulated DNA methylation which may contribute to an increased risk of autism in 

their offspring (Menezo et al., 2015).  Maternal infection during pregnancy increases the 

risk of autism in offspring as well as other neurodevelopmental disorders (Atladóttir et al., 

2012; Brown et al., 2014; Richetto et al., 2017).  A study that analyzed maternal immune 

activation at embryonic day 9 or 17 found approximately 10,000 differentially methylated 

genomic regions as compared to controls.  Additionally, they found that the mice exposed 

to the viral mimetic during gestation showed signs of neurodevelopmental disorders 

including anxiety and reduced social interactions (Richetto et al., 2017).  Many 
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environmental factors that can cross the placenta including air pollution, smoking and 

factors in the mother’s diet have been shown to affect methylation of the fetal genome.  For 

example, maternal smoking impacts methylation of both BDNF and CNTNAP2, genes well 

known for their roles in autism (Vaiserman, 2015).  Mothers who took folic acid 

supplementation peri-conceptionally were less likely to have offspring with autism (Surén 

et al., 2013). As folate is an important methyl-donor, this may be due to folate’s role in 

epigenetic modifications.  This is particularly relevant in light of the demethylation and 

remethylation that occurs in the embryo in the pre-implantation period (Messerschmidt et 

al., 2014).  Like histone modification, DNA methylation can enhance the impact of low-

risk mutations or alter gene expression sufficiently on its own to disrupt normal 

neurodevelopment. 

Mutations in genes related to methylation also play a role in ASD.  Missense mutations in 

DNMT3A, a DNA methyltransferase, have been associated with intellectual disability and 

ASD (Sanders et al., 2015; Tatton-Brown et al., 2014). Rett syndrome, a disease previously 

under the ASD umbrella due to certain ASD-like behavioral and cytostructural 

abnormalities, results from a mutation in the X-linked MeCP2 gene (LaSalle and Yasui, 

2009, 2009).  MeCP2 is a protein that is highly expressed in the brain that binds to 

methylated cytosines and, in complex with corepressors or coactivators, modulates gene 

transcription (Nugent and McCarthy, 2011; Tanaka et al., 2014).   

MeCP2 expression is dysregulated in the VPA rodent model with some findings that tie 

into the excitation/inhibition imbalance theory of autism with males more affected than 

females.  Prenatal VPA exposure increased the post synaptic density in males more than 

females and glutamatergic postsynaptic proteins were more upregulated in VPA exposed 
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males than females.  Furthermore, MeCP2 expression was suppressed for longer in males. 

Kim et al. were also able to connect the decrease in MeCP2 expression to the increase in 

postsynaptic density proteins, connecting the sex difference to a DNA methylation-related 

expression change (Kim et al., 2014b). 

Bdnf Expression and DNA Methylation 

Bdnf expression in particular has been associated with reduced CpG methylation in the 

promoter region of exon 4 along with the dissociation of Mecp2, allowing for the initiation 

of transcription (Martinowich et al., 2003).  Bdnf promoter methylation correlates with 

lower expression of the gene both in the periphery and in the brain (Kordi-Tamandani et 

al., 2012; Roth et al., 2014).  Furthermore, prenatal BPA exposure induces male biased 

long term DNA methylation increases of CpGs in the promoter region of Bdnf Exon 4.  

This epigenetic change is concurrent with a male specific decrease in Bdnf expression 

(Kundakovic et al., 2013, 2014). 

Sexual Dimorphism in DNA Methylation 

DNA methylation differs between the sexes in humans (Boks et al., 2009; Zhang et al., 

2011). Estradiol plays a role in brain sexual dimorphism in the rat by inhibiting DNA 

methyltransferase (DNMT) activity.  Female rats show greater DNMT activity and higher 

levels of methylation than males, with inhibitory methylation on masculinizing genes in 

the highly sexually dimorphic POA (Nugent et al., 2015).  Males show a related pattern 

with higher levels of methylation on the estrogen receptor alpha (ERα) promoter in the 

POA (Kurian et al., 2010).   
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Chapter 6: CONCLUSION 

DEVELOPMENTAL ORIGINS OF HEALTH AND DISEASE 

Barker’s fetal origins of health and disease hypothesis changed the way that the maternal-

fetal relationship was viewed (Barker, 2004).  The fetus had previously been viewed as a 

“perfect parasite” taking everything it needed from the mother, with the placenta protecting 

it from most environmental insults (Peacock, 1991).  In this sense, maternal stress, 

infection, diet, exercise, smoking and even most medication could not impact the fetus.  

However, Barker observed that the epiphenomenon of low fetal birth weight correlated 

with later ischemic heart disease and fetal undernutrition was correlated with changes to 

metabolic processes leading to obesity in adults (Barker, 2004).  Evidence began to 

accumulate suggesting that the fetal environment plays an important role in lifelong health 

and patterning. 

Today, the “perfect parasite” concept has been fully rejected.  We recognize that stressful 

events during gestation increase the risk for schizophrenia, the lack of dietary folate 

increases the risk for spina bifida, and maternal smoking during pregnancy increases risk 

for ADHD, obesity and asthma in her offspring (Centers for Disease Control and 

Prevention (CDC), 2004; Gilliland et al., 2001; Hanrahan et al., 1992; von Kries et al., 

2002; Malaspina et al., 2008; Oken et al., 2007; Thapar et al., 2003).  The use of VPA by 

a pregnant mother and resulting developmental abnormalities is another sign that the 

“perfect parasite” hypothesis was incorrect.  VPA and thalidomide are often considered to 

be teratogens in terms of their impacts on brain development (Miyazaki et al., 2005; Narita 

et al., 2010).  While many of these fetal developmental responses to the maternal 

environment are considered to be adaptive (i.e., maternal undernutrition signals to the fetus 
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that food is scarce and it is favorable to store excess calories as fat), in many cases the fetal 

and postnatal environment mismatch resulting in a maladaptive response.  Further, the 

teratogenicity caused by fetal exposure to environmental compounds cannot be viewed in 

terms of adaptation, but is rather the result of the fetus as an imperfect parasite within the 

feto-placental unit. 

The Barker hypothesis also discusses the importance of the timing of the insult on different 

organs depending upon what critical window of development was open.  One famous 

example is the impact of the Dutch Hunger Winter on the fetus.  Fetuses exposed to extreme 

maternal undernutrition early in gestation tended to have high levels of cholesterol and 

coronary heart disease later in life.  However, those conceived before the famine and thus 

had the insult later in gestation had dysregulated insulin and glucose intolerance 

(Roseboom et al., 2001).  This mirrors the importance of the timing of VPA exposure in 

this mouse model.  If VPA is given at E9, the offspring show high levels of malformations 

and spina bifida, however, when given at E12.5, after the period of neural tube closure, the 

offspring show behavioral abnormalities that fall within ASDs.  However, if given at E15, 

no significant effect of exposure is seen on behavior; presumably the critical window has 

closed at this stage as most cells in the caudal parts of the brain are fully differentiated 

(Ehlers et al., 1992; Kim et al., 2011; La Manno et al., 2016).  

Studies of the developmental origins of health and disease from an epidemiological 

viewpoint often use epiphenomena such as birth weight to make predictions about the 

child’s future chance of certain diseases.  However, these measures are rarely causative, 

but are rather a further symptom of the same original insult.  It is because of this that 

scientists studying this phenomenon, such as in Project VIVA, are turning to epigenetic 
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biomarkers to increase the accuracy of their predictions and also to look for a mechanism 

(Oken et al., 2015; Waterland and Michels, 2007).  

There is evidence of an epigenetic basis to the Barker hypothesis from animal studies of 

maternal diet.  Changes in maternal diet can alter the offspring’s epigenome and thus its 

physiology.  One prominent example is that of the agouti mouse.  A pregnant yellow agouti 

mouse was fed a diet high in methyl- donors, causing her pups to have both higher levels 

of DNA methylation and a different coat color (Dolinoy et al., 2006; Waterland and Jirtle, 

2004).  Furthermore, a high fat diet in primates during pregnancy was shown to both alter 

histone acetylation and induce obesity in the offspring (Aagaard-Tillery et al., 2008).  Both 

animal and large scale human studies, such as project VIVA, are helping to bring to light 

the impact of the maternal environment on the epigenetics of the offspring, and thus later 

life physiology. 

AUTISM & SCHIZOPHRENIA 

Autism has a substantial genetic and developmental insult overlap with schizophrenia.  In 

fact, Leo Kanner, who created autism’s diagnostic criteria in 1943, described autism as a 

subtype of schizophrenia, though he later repudiated that view (Evans, 2013; Kanner, 

1943).  Two primary models exist for the relationship between the two diseases: that they 

are related diseases with shared risk factors or they are diametrically opposed disorders on 

the opposite ends of the spectrum of normality  (Burbach and van der Zwaag, 2009; Crespi 

et al., 2010).  A number of genes have been implicated in both autism and schizophrenia.  

Copy number variants  of both NRXN1 and APBA2 have been connected to both disorders 

and as well as mutations in CNTNAP2 (Burbach and van der Zwaag, 2009; Kirov et al., 

2008).  Many of these genes fall into a few main functional clusters including cell cycle 
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and cell death, synapse and intercellular contacts, and brain growth and signal transduction 

(Iossifov et al., 2008).  Beyond identified genes, there is a small set of chromosomal loci 

around which many of the related mutations cluster (Burbach and van der Zwaag, 2009; 

Stefansson et al., 2008).  However, compelling evidence exists that these disorders are 

mostly related in that they are reciprocal.  For example, while copy number variants of 

certain genes are associated with both ASD and schizophrenia, deletions of a particular 

gene might be associated with one disorder, while duplications are associated with the other 

(Crespi et al., 2010).  There are a number of genes where the same mutations can result in 

either autism or schizophrenia. In contrast, different mutations within the same gene can 

lead to one disorder or the other.  Furthermore, in autism, there are loss-of-function 

mutations in genes that act as negative regulators of growth signaling pathways, possibly 

resulting in the brain overgrowth seen in the disorder.  However, schizophrenia is 

associated with loss of function mutations in upregulators of those same pathways, 

resulting in reduced brain size, reduced growth, and increased grey matter loss in that 

disorder (Belmonte and Bourgeron, 2006; Bose et al., 2009; Crespi et al., 2010; Cuscó et 

al., 2009; Elder et al., 2008; Emamian et al., 2004; Goghari et al., 2007; Hardan et al., 

2006b; Hoeffer et al., 2008; Kalkman, 2006; Kwon et al., 2006; Stanfield et al., 2008).  

These findings lead to the seemingly contradictory idea that autism and schizophrenia are 

both related and opposite disorders.  Understanding the relationship between these 

disorders, including the relationship to under and overdevelopment of certain systems, and 

dysregulation of particular molecular pathways, has strong implications for diagnosis, 

detection and treatment. Analysis of the effect of sex in cases where the same or opposing 
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mutations result in ASD and schizophrenia could add to our understanding of the 

relationship between the disorders. 

One possible source of both sex differences in these diseases and explanation of the 

relationship between them may be the placenta.  Female placentas are more responsive to 

changes in stress signals like glucocorticoid levels, resulting in sexually dimorphic growth 

patterns (Clifton, 2010).  In general, male fetuses live nutritionally “paycheck-to-

paycheck”, growing in size without conserving resources.  This results in limited ability to 

adjust to adverse in utero conditions, evidenced by higher infant and fetal morbidity and 

mortality rates (Wells, 2000).  On the other hand, female fetuses are the “savers”, allowing 

them to be more resilient with respect to changes in available resources (Sandman et al., 

2013). 

Schizophrenic disorders are generally more common in females with the exception of two 

subtypes (schizophrenia and schizophrenia-schizotypal-delusional disorders) which are 

more common in males (Byars et al., 2014). While it was previously believed that this 

disease also has a slight male bias, that was likely due to the low age cut off of the studies 

tied to the later age of onset in females (Häfner, 2003).  Furthermore, schizophrenia is 

associated with reduced gray matter volume (Goghari et al., 2007).  Females exposed to 

pregnancy-specific anxiety in early gestation were associated with gray matter volume 

reductions, while males showed no such effect (Sandman and Davis, 2012).  Females show 

reduced growth in response to untreated maternal asthma, where males do not (Murphy et 

al., 2003).  This correlated with a greater placental genetic and immune response to this 

insult, suggesting that females make more adjustments to their environment while males 

continue to grow (Clifton, 2010; Scott et al., 2009b).  Increased levels of maternal 
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circulating cortisol levels reduce female, but not male birth weight (Murphy et al., 2003).  

Furthermore, mild cases of pre-eclampsia showed the same sex bias in growth patterns, 

mediated by sexually dimorphic microvasculature (Stark et al., 2006, 2009).  This suggests 

that females may be more vulnerable to these sorts of insults.  Since females conserve 

resources over investing in growth, resulting in smaller female fetuses in adverse 

conditions, this may shift their neurodevelopmental vulnerability towards schizophrenia.   

Males, however, tend towards overgrowth.  Gestational diabetes is a predictor for 

macrosomia in male, but not female neonates (Ricart et al., 2009).  The plasma of neonatal 

males has a higher concentration of growth hormone than females (Geary et al., 2003). And 

insulin-like growth factor 1 which induces somatic cell growth and proliferation is 

increased in male, and reduced in female fetuses exposed to maternal asthma (Clifton et 

al., 2010). 

Since females tend towards undergrowth in stressful in utero environments, upregulation 

of Bdnf might help to counteract this tendency and result in normal brain growth.  While 

an in utero upregulation of Bdnf could play a part in early brain overgrowth, head 

circumference differences are not generally seen at birth, but develop in early postnatal life 

(Courchesne et al., 2003; Hazlett et al., 2005).  However, head circumference measures are 

not as robust as previously believed (Raznahan et al., 2013).  A very large analysis done by 

Courchesne et al showed that when examining temporal brain growth patterns in ASD and 

control patients by sex, females show greater brain overgrowth around 2 years of age, 

followed by a more distinct period of undergrowth, starting around age 4 as compared to 

males.  This could be explained by a female biased early, but transient, rise in Bdnf, as seen 

in this study.  Compared to the neurodevelopmentally normal controls, the ASD brains, 
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particularly among females, displayed a much flatter growth curve. Unfortunately, age 2 is 

the earliest female data that was available due to age of diagnosis (Courchesne et al., 

2011b).  This result was supported by another previous volumetric MRI study by 

Courchesne which examined both sexes.  They found that males and females showed the 

same brain regions similarly affected in ASD between males and females with more 

reduction in cerebellar gray matter in females.  Females additionally showed these changed 

correlating with age, thus supporting the more severe autistic brain growth pattern in 

females (Bloss and Courchesne, 2007). 

IN UTERO ANTIEPILEPTIC EXPOSURE AND AUTISM 

While the most pathogenic, VPA is not the only antiepileptic drug that results in an 

increased risk of autism after in utero exposure.  Fetal exposure to phenytoin (PHE), 

lamotrigine (LTG), and carbamazepine (CBP) have also been tied to autism and other fetal 

defects (Bromley et al., 2008; Hill et al., 2010; Moore et al., 2000). 

Like VPA, LTG has been shown to increase histone acetylation, however PHE and CBP 

have no HDAC inhibiting qualities (Eyal et al., 2004; Lauterbach, 2013).  However, all of 

these drugs, including VPA, function via the inhibition of voltage gated sodium channels 

(Rogawski and Löscher, 2004).  Valpromide, a derivative of VPA, is not converted to VPA 

in rodents as it is in humans (Blotnik et al., 1996).  While valpromide does cross the 

placental barrier even more efficiently than VPA, it does not induce autism (Kataoka et al., 

2013; Nau and Löscher, 1986; Nau and Scott, 1987).  This derivative does not have HDAC 

inhibiting qualities, however it is still a powerful antiepileptic agent in rats (Blotnik et al., 

1996).  Therefore valpromide likely still inhibits voltage gated sodium channels.  All of 

these drugs have an antiepileptic effect via sodium channel blockade, but may induce 
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teratogenicity through a variety of mechanisms, though VPA has the strongest ASD-

inducing effect. 

In addition to its ties to autism, in utero PHE exposure produces a variety of teratogenic 

effects in rodents including retarded growth, changes in bone structure and renal 

hemorrhage (Harbison and Becker, 1969).  In both humans and mice, prenatal PHE 

exposure often results in cleft palette (Laganà et al., 2016; Sulik et al., 1979).  As PHE has 

no HDAC inhibiting qualities, it is believed that its teratogenic effects stem from one of its 

metabolites, arene oxide.  Arene oxides are highly reactive and have the capability to bind 

to macromolecules, including DNA and RNA, which could impair development (Jerina 

and Daly, 1974; Martz et al., 1977).  Alternatively, PHE could produce teratogenic effects 

in a similar manner as VPA via the production of oxidative stress.  Treatment of cultured 

embryos with PHE results in an increase in reactive oxygen species and a substantial 

increase in morphological abnormalities.  Treatment with antioxidant enzymes reversed 

these effects (Winn and Wells, 1995). 

LTG, which also increases the risk of autism, has been shown to cross the placental barrier 

and have particular impact on the brain in rodents.  In the neocortex and the hippocampus, 

prenatal LTG exposure resulted in altered layer morphology and areas of neuronal 

depletion (Manent et al., 2008).  Interestingly, LTG can also result in craniofacial 

malformations such as a cleft palate, but does not have significantly different rates of 

malformation in humans compared to offspring of untreated epileptic mothers 

(Padmanabhan et al., 2003; Vajda et al., 2014).  LTG is an HDAC inhibitor, and is also 

known to produce reactive oxygen species with impacts on brain and behavior (Eyal et al., 

2004; Sarangi et al., 2016).   
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CBP show limited increases in fetal malformations in mice, including cleft palate (Paulson 

et al., 1979).  Since teratogenicity of CBP is low, its mechanisms have been left largely 

unstudied.  However, CBP has been known to induce oxidative damage, leading to 

cognitive impairment (Reeta et al., 2010).  While all of the anti-epileptic drugs known to 

induce autism work via inhibition of voltage gated sodium channels, they all also induce 

oxidative damage.  This suggests that reactive oxygen species may play a mechanistic role 

in the increased risk of ASD.  Of all of the teratogenic epilepsy drugs, VPA shows the most 

consistent increase in risk and it is also the most potent HDAC inhibitor. Therefore, while 

the generation of reactive oxygen species may be involved, VPA’s role as a Class 1 HDAC 

inhibitor is likely key to its teratogenicity.   

REGULATION OF HISTONE METHYLATION 

One of the most significant and unanticipated findings here is the sex differences in 

H3K4me3 on the Bdnf gene after HDAC inhibition (Figure 11). Sex differences in this 

epigenetic mark have been previously observed in the sexually dimorphic adult rat brain 

Preoptic Area, but an underlying mechanism has not been established (Shen et al., 2015).  

H3K4 trimethylation is partially regulated by the Jarid/Kdm family of lysine demethylase 

genes (Chicas et al., 2012; Sayegh et al., 2013).  The JARID proteins are involved in multi-

protein complexes containing HDAC1/2 (which are inhibited by VPA) (Hayakawa and 

Nakayama, 2010; de Ruijter et al., 2003).  Therefore, inhibition of HDACs can lessen 

H3K4 demethylation, consistent with the observed increase in Figure 10.  Considering that 

the most dramatic sex differences were observed in in H3K4me3, it is of note that two 

Jarid genes are located on the X and Y chromosomes.  Kdm5d, the gene encoding the 

H3K4-specific demethylase, JARID1D, is located on the Y-chromosome and is expressed 
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only in males, while its homolog Kdm5c/Smcx (also known as X-linked mental retardation 

gene) encoding JARID1C is located on the X-chromosome (Carrel et al., 1996; Jensen et 

al., 2005; Wolstenholme et al., 2013).  In adult females, Kdm5c escapes X-inactivation  due 

to the lack of coating by the X-inactivation protein, Xist (Murakami et al., 2009).  Indeed, 

the expression of Kdm5c is higher in female brains than male brains, as would be expected 

by an X-linked gene that escapes X-inactivation.  However, in male brains, the expression 

of the Y-linked gene, Kdm5d, does not compensate for the expression levels found in 

female brains or placentas (Gabory et al., 2013; Xu et al., 2008a).  Thus, it would be 

expected that there are sex differences in JARID1 (C and D) activity. It will be important 

in future studies to examine the activity differences between Kdm5b and Kdm5c to 

determine if they demethylate the same lysines at the same rate.  Additionally, mouse 

embryonic tissue exhibits varying expression of Kdm5c, suggesting only partial X 

inactivation during this period (Carrel et al., 1996; Lingenfelter et al., 1998; Sheardown et 

al., 1996).  Utx and Uty are also, respectively, X and Y linked histone lysine demethylases.  

However, they are specific to histone 3, lysine 27, at which we saw no effect of VPA 

(Figure 11) (Xu et al., 2008b). 

Mutations in KDM5C are known to be linked with epilepsy, intellectual disability and 

speech delay in males and mild cognitive impairment in female carriers (Jensen et al., 2005; 

Santos-Rebouças et al., 2011).  This suggests a non-redundant role for the KDM5C and 

KDM5D genes and that gene dosage effects may play a role in the differential pathogenicity 

of KDM5C mutations between the sexes (Simensen et al., 2012).  Analysis of the protein 

product of KDM5C finds that it co-immunoprecipitates with HDAC1/2, an H3K9 

methyltransferase and the transcriptional repressor, REST (Tahiliani et al., 2007).  
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Furthermore, RNA interference-mediated reduction of Kdm5c expression increases 

expression of, (de-represses) REST-targeted genes including sodium channel type 2A 

(SCN2A) and synapsin I (SYN1).  Single gene variants in both SCN2A and SYN1 are highly 

correlated with ASD (Cukier et al., 2014; Fassio et al., 2011; Tavassoli et al., 2014; Weiss 

et al., 2003).  It is therefore possible that VPA disrupts the HDAC1/2, KDM5C and REST 

complex, further impacting other autism related genes in a sex-specific manner; see Figure 

19.   

 

Figure 19: In both males and females, VPA (red star) inhibits HDACs (yellow ovals), leading 

to an increase in histone acetylation (yellow pentagons).  Additionally, VPA can inhibit HDACs 

that are part of multiprotein complexes, thereby disrupting the complexes and inhibiting the 

activity of the other members.  KDM5C (pink diamond) in females and KDM5D (blue diamond) 

in males are members of these complexes and may have different quantities or activity levels.  

This would result in sex differences in H3K4me3 (purple circles) and gene expression level 

after VPA exposure.  The gray circle stands in for other proteins in the complex. 
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In fact, mutations across other KDM5-family H3K4 demethylases result in human 

neurodevelopmental disorders.  In addition to KDM5C, KDM5A and B are also associated 

with neurodevelopmental disorders (Vallianatos and Iwase, 2015).  KDM5A is 

particularly important during early brain development with high levels of expression and 

roles cellular differentiation and senescence (Chicas et al., 2012; Lopez-Bigas et al., 

2008; Rössler and Marschalek, 2013; Vallianatos and Iwase, 2015). KDM5B mutations 

have been identified in individuals with intellectual disability and in a large cohort study 

of individuals with ASD (Athanasakis et al., 2014; De Rubeis et al., 2014; Iossifov et al., 

2014).  Both under- and overexpression of Kdm5b in mice leads to problems with 

neuronal differentiation (Dey et al., 2008; Schmitz et al., 2011).  This role seems to be 

due to this enzyme’s role in controlling transcription of several early developmental 

regulation genes (Schmitz et al., 2011).  Sexually dimorphic activity of the KDM5 family 

of histone demethylases thus provides a possible mechanism between fetal exposure to 

HDAC inhibition and sex differences in behavior in adulthood. 

BDNF, SEX DIFFERENCES, AND THE “FEMALE PROTECTIVE EFFECT” 

A widely-held hypothesis of the sex differences in autism is the idea of the “female 

protective effect” which differs from the concept of male-specific risk.  Male risk focuses 

on aspects that are specific to male development including Y-associated genes and sex 

hormones.  The female protective effect hypothesis stemmed from the fact that more 

impactful genetic insults seem to be required to induce autistic symptoms in females than 

in males; females with the same load of rare de novo genetic variants associated with ASD 

show more resistance than males (Gilman et al., 2011; Levy et al., 2011).  Further, an 

epidemiological study confirmed these results when they found that greater familial 
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etiological load is required for females to reach behavioral diagnostic threshold than males 

(Robinson et al., 2013).  

As we see a greater increase in Bdnf exons 1 and 4 mRNA in females than males, this could 

be playing a role in protecting the female brain rather than inducing autism.  As the 

promoters for each exon have been shown to be cell-type specific, the overexpression of 

these two transcripts could promote survival of neurons in certain brain structures that 

benefit the females over the males in this model (Timmusk et al., 1993).  Further, as 

previously mentioned, Bdnf transcripts have been shown to localize to certain parts of the 

mature neuron.  This could also occur in developing neurons and ultimately alter cellular 

morphology in a sex dependent manner.  Either of these mechanisms offer a possible 

hypothesis for a Bdnf-centric female protective effect within the VPA model. 

VPA induced autism, like genetic and idiopathic autism, induces early brain overgrowth 

(Go et al., 2012).  While an increase in Bdnf early in development might be expected to 

promote overgrowth, there is at least one scenario that would instead temper the growth-

promoting effect of VPA and that could be considered an alternative to the hypothesis 

proposed above.  BDNF protein is secreted as pro-BDNF and converted to the mature 

BDNF. Pro-BDNF does not activate the canonical receptor, trkB, but has been reported to 

promote cell death via the low-affinity neurotrophin receptor, p75NTR.  While Almeida et 

al. (2014) found that BDNF protein increases at 6 hours, they did not distinguish between 

the proBDNF and mature BDNF, which could also differ between males and females.  

Further, they also found that p75 NTR is upregulated by about 100% by VPA exposure.  This 

is consistent with VPA, as a broad HDAC class 1 inhibitor, affecting the expression of 

many genes in addition to Bdnf.  If the combinatorial impact of other, as yet unidentified, 
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upregulated genes results in pathogenic brain overgrowth, then it is possible that the female 

bias toward BDNF protein actually favors the pro-apoptotic proBDNF protein. This could 

counteract some of the overgrowth effects. In the future, it would be informative to analyze 

the levels of pro- and mature BDNF between males and females as well as sex differences 

in the upregulation of p75.  A sex difference in the pro- to mature-BDNF ratio could act as 

protective in females versus males by counteracting overgrowth.    

However, if proBDNF is not playing a role, it is also important to note that while there are 

sex differences in expression of exons 1 and 4, there is an approximate increase of 1:2.5:16-

fold of expression of exons 1, 4, and 6 after VPA exposure.  When mRNA expression is 

analyzed by sex in the whole brain only looking at the protein coding region, and thus 

taking into account all expressed exons, no sex differences are observed.  The overall 

dominance of exon 6 may mask sex differences in the other transcripts.  

While only contributing a small amount to overall levels, the sex differences in these 

transcripts could have an impact if Bdnf exons are trafficked to different subcellular 

compartments in developing neurons (Baj et al., 2011, 2013; Kloc et al., 2002; Maynard et 

al., 2017; Pattabiraman et al., 2005).  This could result in different cell types or morphology 

between the sexes and different downstream developmental risks.   

Of course, VPA will impact the epigenetics and expression of a great number of genes.  

Examining sex differences in the epigenetics of VPA exposure and possible downstream 

transcription effects would bring to light valuable information that can be applied to the 

many other genes impacted by VPA. 
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SEX DIFFERENCES IN EARLY AND LATE BDNF EXPRESSION 

In these experiments, Bdnf expression was differentially increased by VPA exposure 

depending upon sex and 5’UTE.  Expression of exons 1 and 4 were increased more in 

females than males, but Ex6 expression was equally impacted in both sexes (Figure 12).  

The activating mark, H3K4me3, was increased in females more than males in the 

promoters and coding regions of all three exons.  In fact, the greatest sex differences were 

observed in the vicinity of exon 6 (Figure 11).  A clue to the possible cause may be found 

in the time course data, discussed in detail in Chapter 4 (Figure 13).  By 1.5 hours after 

VPA exposure, Ex6 is almost maximally activated for both sexes; Ex4 shows a small 

amount of activation, but this is almost the maximal level for males, but only a fraction of 

maximal for females; finally, Ex1 levels seem to be unchanged at 1.5 hours. What, then, is 

the cause of the differences in the rate of transcriptional initiation among these exons?  Any 

activation in Ex1 and Ex4 are known to require transcription factor binding, including the 

PAS complex, AP-1, CREB, and USF1/2 (Bersten et al., 2014; Chen et al., 2003; Pruunsild 

et al., 2011; Shieh et al., 1998; Tabuchi et al., 2002; Tao et al., 1998; Tuvikene et al., 2016).  

In contrast, Ex6 seems to be regulated by H3K27ac; a mark that is increased by VPA 

exposure (Figure 9).  We observed a female biased increase of H3K4me3 across Bdnf, 

(Figure 11).  In addition to the effect that this mark can have directly on Bdnf transcription, 

an important sex dependent change in H3K4me3 may be on key transcription factor genes 

that regulate expression of Bdnf Ex 1 and 4.  A more substantial shift in 

H3K4me3/H3K27me3 balance in females may be seen on the genes of those transcription 

factors, leading to an early rise in their transcription and a delayed rise in Ex1 and Ex4.  
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This would allow the sex differences in Bdnf exons 1 and 4 transcription to be seen at 3, 

but not 1.5 hours. 

Though highly speculative, these concepts lead to the following hypothesized mechanism: 

VPA functions via HDAC inhibition, increasing histone acetylation across the Bdnf gene, 

allowing for expression of Ex6 and a low level of Ex4, 1.5 hours after exposure. HDAC 

inhibition disrupts multiprotein complexes containing both HDACs and sex specific 

histone demethylases (KDM5C/D), resulting in sexually dimorphic levels of H3K4me3 on 

various genes, including both Bdnf and transcription factors involved in the expression of 

Ex1 and 4.  These key transcription factors are then expressed more highly in females than 

males due to VPA induced altered epigenetic regulation, leading increased expression and 

sex differences in Ex1 and 4 at 3 hours after exposure; see Figure 20. 
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SUMMARY AND SIGNIFICANCE 
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Summary of Novel Findings 

Predictions: 

 One or more epigenetic marks on Bdnf should be altered consistent with the 

activation of transcription by VPA. 

 Considering sex differences in the incidence of autism, one or more VPA-induced 

epigenetic marks should differ between males and females. 

 There should be sex differences in VPA-stimulated Bdnf transcript levels. 

Results: 

 Of six epigenetic marks examined at each of the active Bdnf 5'UTEs, four 

(H3K9/14ac, H3K27ac, H4Ac, H3K4me3) were stimulated by VPA while two 

(H3K27me3, DNA CpG methylation) were unaffected. 

 VPA stimulation of H3K4me3 was greater in females at Ex1, Ex4 and Ex6. 

 VPA stimulation of Ex1- and Ex4-, but not E6-containing Bdnf transcripts was 

greater in females. 

Conclusions: 

 Stimulation of Bdnf expression by VPA could be mediated by histone acetylation 

and/or H3K4 trimethylation but only H3K4me3 can explain the sex differences in 

Bdnf expression. 

 The delay in expression of Ex1- and Ex4-, but not E6-containing Bdnf transcripts 

suggests an intermediary between VPA-induced epigenetic changes and 

transcription. 



104 
 

 The presence of the genes encoding the enzymes that regulate H3K4me3 

demethylation (JARID1C/D) on the X and Y chromosomes leads a testable 

hypothesis for the sex differences in VPA stimulation of H3K4me3 and Bdnf 

transcripts. 

Epigenetic Changes Following VPA Exposure 

Previous research showed a substantial, but transient increase in Bdnf mRNA and protein 

in the fetal brain after in utero exposure to the HDAC inhibitor, VPA (Almeida et al., 

2014).  This prompted an examination of potential epigenetic underpinnings underlying 

this effect.  We analyzed changes in both activating and silencing epigenetic marks 

including stimulatory histone acetylation and H3K4 trimethylation as well as inhibitory 

H3K27 trimethylation and DNA CpG methylation.  As expected, the HDAC inhibitor, 

VPA, increased histone acetylation in all examined H3 and H4 marks (Figure 7).  The 

substantial increase in H3 and H4 acetylation likely acts as a permissive factor in 

transcription.  Acetylation of Ex2 was also significantly increased, but transcription did not 

increase to a detectable level. This suggests that acetylation alone may not be sufficient for 

initiating transcription of that exon.  A few loci showed a modest female-biased increase 

in histone acetylation which could contribute to the sex differences in Ex1- and Ex4-

containing Bdnf transcripts. (Figure 8).  Substantial female biased increases were found in 

H3K4me3 across all expressed Bdnf exons 1, 4 and 6 (Figure 11).  No significant changes 

were found in either of the inhibitory epigenetic marks examined (H3K27me3 and DNA 

CpG methylation) (Figures 11, 17, & 18).   
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Changes in Bdnf Expression Following VPA Exposure 

Since the observed sex differences in H3K4me3 would only be physiologically relevant if 

there were congruent changes in mRNAs, we used qRT-PCR to analyze the change exon-

specific Bdnf transcription by sex in the fetal brains, 3 hours after VPA exposure.  

Interestingly, as with H3K4me3 levels, we found a greater increase in females, but only in 

exons 1 and 4 (Figure 12).  This suggests that an increase in H3K4me3 in the promoter or 

coding region of the exon is not sufficient to induce a sex different in transcription, at least 

for Ex6. 

Finally, Bdnf expression was analyzed by brain region, examining the dorsal and ventral 

telencephalon, diencephalon, mesencephalon, and metencephalon (Figure 14-Figure 16).  

While our prediction that VPA would primarily affect Bdnf expression the developing 

cortex was not supported, very interesting information was obtained.  VPA seems to affect 

the mes- and metencephalon, which are more caudal, and thus are the more 

developmentally advanced regions of the fetal brain.  These embryonic subdivisions go on 

to become key brain regions implicated in autism in the mature brain including the 

cerebellum and the superior colliculus. 

Female Biased Increase in Bdnf Expression and Male Bias in Autism 

One question arising from this research is how to reconcile the greater VPA-induced 

increase in Bdnf in females than males with the male biased pathogenic effect of VPA.  

There are two possible explanations for this.  The first is that the greater increases in Ex1 

and 4 expression in females results in different subcellular localization of the transcripts 

between the sexes (Baj et al., 2013; Maynard et al., 2017).  Such increases in different 

subcellular regions could result in altered neuronal morphology (Gehler et al., 2004; Holt 
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and Bullock, 2009).  Though entirely speculative, this could result in a protective cellular 

phenotype for females.  Alternatively, the greater increase of Bdnf exons 1 and 4 in females 

may serve to be protective by selectively promoting survival of critical neurons that would 

otherwise die or stimulating apoptosis of supernumerary neurons that would underlie the 

overgrowth characteristic of postnatal ASD patients (Courchesne et al., 2011a).  There may 

be sex differences in the ratio of uncleaved (pro-) to cleaved (mature) BDNF, maybe 

stemming from the transcript of origin or expression of the enzyme responsible for 

cleavage.  An increase in proBDNF in females could help to ameliorate the brain 

overgrowth caused by VPA exposure (Go et al., 2012). 

Clues of Transcription Factor Involvement in the VPA Model 

While the levels of Bdnf mRNA in the fetal brain are not different between the sexes due 

to the preponderance of Ex6, this study may have brought to light some interesting 

functional mechanisms in the VPA model.  In utero VPA exposure results in sex 

differences of H3K4me3, likely via a crosstalk mechanism with class 1 HDACs.  The 

timing and differences in the stimulation of expression of the highly transcription factor-

dependent exons 1 and 4 suggest that there might be sex differences in the downstream 

expression of transcription factors.  If that is the case, it could impact a substantial number 

of genes.   

This mechanism would straightforward to examine.  First, one could use RNAseq to 

determine the impact of VPA on gene expression in male and female brains after in utero 

VPA exposure.  Protein levels of candidate genes, such as those involved in neuronal 

development or transcription factors, could be measured by Western blotting or ELISA.  

ChIP for histone acetylation and H3K4me3 should be performed on candidate genes or, 
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ideally, ChIP-seq to compare against RNA-seq.  Finally, VPA could be administered along 

with an inhibitory drug or siRNA to inhibit or knock down the expression of the identified 

transcription factors to see if that can explain the sex differences in Bdnf Ex1 and Ex4 

expression after VPA exposure. 

Significance 

Together, the results of this study show that the changes in gene expression downstream 

from HDAC inhibition rely on many factors in addition to histone acetylation.  Other 

factors that are likely involved are histone trimethylation and the availability of 

transcription factors.  DNA methylation and H3K27me3 were also rules out as impacting 

Bdnf expression.  This adds to the evidence that individual epigenetic marks should not be 

studied in isolation to fully understand the impact on transcription.  Further, this study 

shows how briefly a single dose of VPA directly impacts epigenetics and yet still has a 

substantial impact on brain development. 

FUTURE DIRECTIONS 

This research suggests at least five future lines of investigation.  These fall into two 

categories: a deeper pursuit of the mechanism and effects of Bdnf, and an examination of 

the epigenetic mechanism underlying VPA’s induction of autistic-like behavior.   

Three questions can be explored within the first category.  One follows up on the gross 

brain region localization study of transcript expression.  In situ hybridization could be 

conducted to get a better idea of the cell types and location in which the Bdnf increases are 

occurring.  While the study described here (Figure 14-Figure 16) revealed important areas 

to focus on, it could not identify affected brain nuclei or cell types.  An in situ hybridization 
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study could determine if VPA affects targeted regions which could impact functional 

connectivity and development later in development.  Next, sex differences in pro- vs 

mature BDNF as well as levels of trkB and p75 protein and mRNA could be examined to 

see if these might be playing a role in a possible female protective effect.  Finally, in order 

to provide further support for the hypothesis that Bdnf is a key player in the etiology of 

VPA-induced autism, behavioral experiments must be done.  One approach would be to 

utilize a transgenic mouse with a mutation in the Trkb gene (F616A) (Aungst et al., 2013).  

This mutation modifies the active site allowing the catalytic activity to be blocked by a 

drug.  Administration of the drug to the pregnant dams prior to VPA would be predicted to 

block the effect of the increased BDNF.  The offspring of these mice would be compared 

against controls to analyze ASD-like behaviors including vocalizations, stereotypic 

behavior and social preference tests (Silverman et al., 2010). 

In addition to the possible role of Bdnf, this research raises questions about crosstalk 

mechanisms involved in the sex differences in the VPA model of autism as well as other 

possible genes that may be involved.  One likely candidate for the sex differences in 

H3K4me3 are the X and Y linked JARID genes: Kdm5c and Kdm5d, respectively.  There 

is some debate as to whether Kdm5c fully escapes X inactivation in all tissues at all points 

in development (Gabory et al., 2013; Murakami et al., 2009; Xu et al., 2008a).  mRNA and 

protein levels of these genes should be measured in control and VPA conditions in both 

sexes. Additionally, both proteins should be analyzed for enzymatic activity to see if any 

difference in levels between sexes might be magnified or diminished by activity levels.  

ChIP should be performed on the Bdnf exons, using antibodies against the two JARIDs of 

interest to see if the inhibition of HDACs does correlate with a decreased binding of these 
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H3K4me3 demethylases.  Finally, ChIP-seq should be performed with H3K4me3 to see 

what other genes may be substantially impacted by this crosstalk mechanism.  Genes of 

particular interest are transcription factors, especially the ones involved in Bdnf Ex1 and 

Ex4 transcription, and enzymes involved in mitigating the impact of oxidative damage, as 

described in the Summary and Significance section.  

Many cases of autism may stem from a genetic basis, most of these genes are of low 

penetrance, leaving environmental factors, and consequently, epigenetic factors to play a 

role in most cases of autism (Ronemus et al., 2014).  VPA is one such known environmental 

factor, acting through HDAC inhibition.  As many compounds may act in this manner, 

examining VPA’s mechanism may help to elucidate the impact of other environmental 

HDACs.  In this research, sex differences in histone modifications, gene expression and 

brain regional localization were uncovered, providing clues to the complex underpinnings 

of the effect of VPA on the developing brain and opening several promising future lines of 

research.  
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