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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.,
1

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
2

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 (γaminobutyric 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
3

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
4

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
6

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 (BaronCohen 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 autisticspectrum 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 non8

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
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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,
11

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 ASDlike 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 multiprotein complexes which can include transcription factors or repressor complexes
13

Figure 1: Structure of relevant HDAC inhibitors. A) Valproic Acid (VPA). B) Valpromide
(VPM) C) Trichostatin A (TSA) (Royal Society of Chemistry).

(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,
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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 Cterminal 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).

16

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
17

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.
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Figure 2: Tails of the primary core histone proteins and some known
modifications (Mariuswalter, 2015; Rodríguez-Paredes and Esteller, 2011),
Wikicommons

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; LeviMontalcini 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-immunoglobinlike 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 midgestation. 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 Ca 2+ 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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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.

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
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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 (QBIA611-0714-186)) 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.

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.

.

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
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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.

M

M

M

M

M

F

F

F

Blank

M+

Gapdh
Sry

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
Gapdh

F-

TTG TCT AGA GAG CAT GGA GGG CCA TGT C

R-

CCA CTC CTC TGT GAC ACT TTA GCC CTC CG

F-

TGG CCA AGG TCA TCC ATG AC

R-

GTC CAC CAC CCT GTT GCT GTA G

F-

GTC CGC TGG AGA CCC TTA GT

R-

CTG AGC CAG TTA CGT GAC CA

F-

GCA ATT GGA CAG TCA TTG GTA ACC

R-

ACG CAA ACG CCC TCA TTC TG

F-

GGG CTG GAG AGA GAG TCA GA

R-

CAG CCT ACA CCG CTA GGA AG

F-

CTA TTT CGA GGC AGA GGA GGT A

R-

ATG GGA AAG TGG GTG GGA

F-

CCC TCC CCC TTT TAA CTG AA

R-

CAG CTG CTC TGG GGA AGA C

F-

CTT TAA GCA GCC ACC CCA AT

R-

CTC TTC GGT TGA GCT TCG AT

F-

CTT GGG GCA GAC GAG AAA GC

R-

GGC AGT GGA GTC ACA TTG TTG TC

B. ChIP qRT-PCR primers
Bdnf Promoter 1
Bdnf Exon 1
Bdnf Exon 2
Bdnf Promoter 4
Bdnf Exon 4
Bdnf Promoter 6
Bdnf Exon 6

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-

GGC TGT ATT CCC CTC CAT CG

R-

CCA GTT GGT AAC AAT GCC ATG T

D. Methylation (bisulfite converted) PCR primers (forward/reverse M13 tags italicized)
Bdnf Promoter 1
Bdnf Exon 1
Bdnf Promoter 4
Bdnf Exon 4
Bdnf Promoter 6
Bdnf Exon 6

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

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

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

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

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

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 (GBiosciences, 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 DNALoBind 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 #06866) 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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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.

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.
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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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Pro 1
Ex1
Pro 4
Ex 4
Pro 6
Ex 6
Ex2

Sex
0.25
1.56
0.08
2.71
8.70
5.94
0.66

H3K9/14Ac
Treat
18.44
35.56
45.55
73.30
52.34
50.02
20.83

SxT
0.23
1.45
0.72
2.31
5.67
4.31
0.08

H4Ac
Treat
35.64
46.34
91.53
114.89
93.46
151.82
53.30

Sex
0.00
0.07
0.36
0.44
5.31
3.41
0.01

SxT
0.05
0.06
0.46
0.49
2.03
1.87
0.04

Sex
0.63
1.09
0.70
0.01
0.03
1.67
0.60

H3K27ac
Treat
52.42
59.60
95.03
131.30
81.16
190.68
55.46

SxT
0.14
0.16
0.02
0.38
1.51
6.60
0.02

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.

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).
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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 1.22.2 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.
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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.
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Pro 1
Ex1
Pro 4
Ex 4
Pro 6
Ex 6
Ex2

Sex
0.595
1.044
3.057
1.588
0.496
0.428
1.451

H3K27me3
Treat
SxT
0.167
0.491
0.404
2.317
0.0889
0.961
0.853
2.777
0.0855
2.209
0.837
2.492
0.134
0.913

Sex
1.788
1.152
2.045
2.511
2.318
1.743
1.527

H3K4me3
Treat
23.739
29.255
39.899
43.772
2.993
8.699
39.051

SxT
5.31
2.567
6.981
5.310
5.183
5.876
2.931

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.

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
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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 βactin 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 TwoWay 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. Twoway 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
Ventral
Telencephalon
Diencephalon
Telencephalon
Mesencephalon

27%
25%
17%
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.

58

59

Figure 14: Effect of VPA exposure on Bdnf exon 1 mRNA levels in fetal brain regions. RNA was
measured by RT-qPCR for samples collected 3 hours after in utero exposure to PBS or VPA. All levels
normalized to Control female Dorsal Telencephalon (see Table 1C for primer sequences). Two-way
ANOVA; *, p<0.05; **, p<0.01; ***, p<0.001.
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Figure 15: Effect of VPA exposure on Bdnf exon 4 mRNA levels in fetal brain regions. RNA was
measured by RT-qPCR for samples collected 3 hours after in utero exposure to PBS or VPA. All levels
normalized to Control female Dorsal Telencephalon (see Table 1C for primer sequences). Two-way
ANOVA; *, p<0.05; **, p<0.01; ***, p<0.001.
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Figure 16: Effect of VPA exposure on Bdnf exon 6 mRNA levels in fetal brain regions. RNA was
measured by RT-qPCR for samples collected 3 hours after in utero exposure to PBS or VPA. All
levels normalized to Control female Dorsal Telencephalon (see Table 1C for primer sequences). Twoway ANOVA; *, p<0.05; **, p<0.01; ***, p<0.001.

Bdnf1
Bdnf4

Sex
1.74

Di
Treat
9.967

0.0088
8
0.0272

74.402

Bdnf1
Bdnf4

Sex
1.81

DT
Treat
10.124

Bdnf6

0.0014
3
6.558

Bdnf6

2.072

SxT
0.68
2
0.87
0.63
4

11.79

SxT
1.86
9
0.31

150.79
3

2.45
9

Sex
2.845
32.70
7
76.64
2
Sex
0.584
0.012
2
1.92

Mes
Treat
17.998

Sex
0.595

Met
Treat
26.363

SxT
0.599

SxT
0.195

0.1

2.042

9.427

12.692

9.711

925.91
6
VT
Treat
29.779

35.19
9

0.423

670.8

1.311

12.445

0.037
4
0.159

147.87

SxT
0.234

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.

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.
62

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 codiagnosed 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.

75

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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Methylated CpG doublet in Pr4

Ex1
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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 nonCpGs, 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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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+/cAMPdependent 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).

79

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).
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Many

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 lowrisk 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 maternalfetal 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 ASDinducing 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).
93

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 multiprotein 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
94

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.

96

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 growthpromoting 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 1:2.5:16fold 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.
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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 Ex4containing 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 exonspecific 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 factordependent 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.

109

References
Aagaard-Tillery, K.M., Grove, K., Bishop, J., Ke, X., Fu, Q., McKnight, R., and Lane, R.H. (2008).
Developmental origins of disease and determinants of chromatin structure: maternal diet
modifies the primate fetal epigenome. J. Mol. Endocrinol. 41, 91–102.
Adachi, M., Zhang, Y., Zhao, X., Minami, T., Kawamura, R., Hinoda, Y., and Imai, K. (2004).
Synergistic Effect of Histone Deacetylase Inhibitors FK228 and m-Carboxycinnamic Acid BisHydroxamide with Proteasome Inhibitors PSI and PS-341 against Gastrointestinal
Adenocarcinoma Cells. Clin Cancer Res 10, 3853–3862.
Adedinsewo, D.A., Thurman, D.J., Luo, Y.-H., Williamson, R.S., Odewole, O.A., and Oakley, G.P.
(2013). Valproate prescriptions for nonepilepsy disorders in reproductive-age women. Birth
Defects Res. Part A Clin. Mol. Teratol. 97, 403–408.
Agam, Y., Joseph, R.M., Barton, J.J.S., and Manoach, D.S. (2010). Reduced cognitive control of
response inhibition by the anterior cingulate cortex in autism spectrum disorders. Neuroimage
52, 336–347.
Ahmed, S., Reynolds, B.A., and Weiss, S. (1995). BDNF enhances the differentiation but not the
survival of CNS stem cell-derived neuronal precursors. J. Neurosci. 15, 5765–5778.
Aid, T., Kazantseva, A., Piirsoo, M., Palm, K., and Timmusk, T. (2007). Mouse and rat BDNF gene
structure and expression revisited. J Neurosci Res 85, 525–535.
Akkers, R.C., van Heeringen, S.J., Jacobi, U.G., Janssen-Megens, E.M., Françoijs, K.-J.,
Stunnenberg, H.G., and Veenstra, G.J.C. (2009). A hierarchy of H3K4me3 and H3K27me3
acquisition in spatial gene regulation in Xenopus embryos. Dev Cell 17, 425–434.
Albert, J., López-Martín, S., Tapia, M., Montoya, D., and Carretié, L. (2012). The role of the
anterior cingulate cortex in emotional response inhibition. Hum Brain Mapp 33, 2147–2160.
Aldred, S., Moore, K.M., Fitzgerald, M., and Waring, R.H. (2003). Plasma amino acid levels in
children with autism and their families. J Autism Dev Disord 33, 93–97.
Almeida, L.E.F., Roby, C.D., and Krueger, B.K. (2014). Increased BDNF expression in fetal brain in
the valproic acid model of autism. Mol. Cell. Neurosci. 59, 57–62.
Alvarez Retuerto, A.I., Cantor, R.M., Gleeson, J.G., Ustaszewska, A., Schackwitz, W.S.,
Pennacchio, L.A., and Geschwind, D.H. (2008). Association of common variants in the Joubert
syndrome gene (AHI1) with autism. Hum. Mol. Genet. 17, 3887–3896.
Amaral, D.G., Schumann, C.M., and Nordahl, C.W. (2008). Neuroanatomy of autism. Trends
Neurosci. 31, 137–145.
American Psychiatric Association (2013). Diagnostic and Statistical Manual of Mental Disorders
(DSM-5®) (American Psychiatric Pub).

110

Amodio, D.M., and Frith, C.D. (2006). Meeting of minds: the medial frontal cortex and social
cognition. Nat Rev Neurosci 7, 268–277.
Andersen, S.L. (2003). Trajectories of brain development: point of vulnerability or window of
opportunity? Neuroscience & Biobehavioral Reviews 27, 3–18.
Antal, M.C., Samama, B., Ghandour, M.S., and Boehm, N. (2015). Human Neural Cells Transiently
Express Reelin during Olfactory Placode Development. PLoS ONE 10, e0135710.
Ariffin, J.K., das Gupta, K., Kapetanovic, R., Iyer, A., Reid, R.C., Fairlie, D.P., and Sweet, M.J.
(2015). Histone Deacetylase Inhibitors Promote Mitochondrial Reactive Oxygen Species
Production and Bacterial Clearance by Human Macrophages. Antimicrob. Agents Chemother. 60,
1521–1529.
Arking, D.E., Cutler, D.J., Brune, C.W., Teslovich, T.M., West, K., Ikeda, M., Rea, A., Guy, M., Lin,
S., Cook Jr., E.H., et al. (2008). A Common Genetic Variant in the Neurexin Superfamily Member
CNTNAP2 Increases Familial Risk of Autism. The American Journal of Human Genetics 82, 160–
164.
Arndt, T.L., Stodgell, C.J., and Rodier, P.M. (2005). The teratology of autism. Int. J. Dev. Neurosci.
23, 189–199.
Arnold, A.P. (2004). Sex chromosomes and brain gender. Nat Rev Neurosci 5, 701–708.
Athanasakis, E., Licastro, D., Faletra, F., Fabretto, A., Dipresa, S., Vozzi, D., Morgan, A., d’Adamo,
A.P., Pecile, V., Biarnés, X., et al. (2014). Next generation sequencing in nonsyndromic
intellectual disability: from a negative molecular karyotype to a possible causative mutation
detection. Am. J. Med. Genet. A 164A, 170–176.
Atladóttir, H.Ó., Henriksen, T.B., Schendel, D.E., and Parner, E.T. (2012). Autism after infection,
febrile episodes, and antibiotic use during pregnancy: an exploratory study. Pediatrics 130,
e1447-1454.
Aungst, S., England, P.M., and Thompson, S.M. (2013). Critical role of trkB receptors in reactive
axonal sprouting and hyperexcitability after axonal injury. J. Neurophysiol. 109, 813–824.
Aureli, A., Del Beato, T., Sebastiani, P., Marimpietri, A., Melillo, C.V., Sechi, E., and Di Loreto, S.
(2010). Attention-Deficit Hyperactivity Disorder and Intellectual Disability: A Study of Association
with Brain-Derived Neurotrophic Factor Gene Polymorphisms. Int J Immunopathol Pharmacol
23, 873–880.
Autism Research Institute (2016). Related Disorders.
Auyeung, B., Baron-Cohen, S., Ashwin, E., Knickmeyer, R., Taylor, K., and Hackett, G. (2009).
Fetal testosterone and autistic traits. Br J Psychol 100, 1–22.
Avery, L.B., and Bumpus, N.N. (2014). Valproic acid is a novel activator of AMP-activated protein
kinase and decreases liver mass, hepatic fat accumulation, and serum glucose in obese mice.
Mol. Pharmacol. 85, 1–10.
111

Baj, G., Leone, E., Chao, M.V., and Tongiorgi, E. (2011). Spatial segregation of BDNF transcripts
enables BDNF to differentially shape distinct dendritic compartments. Proc. Natl. Acad. Sci.
U.S.A. 108, 16813–16818.
Baj, G., Del Turco, D., Schlaudraff, J., Torelli, L., Deller, T., and Tongiorgi, E. (2013). Regulation of
the spatial code for BDNF mRNA isoforms in the rat hippocampus following pilocarpinetreatment: A systematic analysis using laser microdissection and quantitative real-time PCR.
Hippocampus 23, 413–423.
Barabási, A.-L., Gulbahce, N., and Loscalzo, J. (2011). Network medicine: a network-based
approach to human disease. Nat. Rev. Genet. 12, 56–68.
Barbetti, V., Gozzini, A., Cheloni, G., Marzi, I., Fabiani, E., Santini, V., Dello Sbarba, P., and Rovida,
E. (2013). Time- and residue-specific differences in histone acetylation induced by VPA and SAHA
in AML1/ETO-positive leukemia cells. Epigenetics 8, 210–219.
Barde, Y.A., Edgar, D., and Thoenen, H. (1982). Purification of a new neurotrophic factor from
mammalian brain. EMBO J. 1, 549–553.
Barker, D.J.P. (2004). The developmental origins of adult disease. J Am Coll Nutr 23, 588S–595S.
Baron-Cohen, S. (2002). The extreme male brain theory of autism. Trends in Cognitive Sciences
6, 248–254.
Baron-Cohen, S., Cassidy, S., Auyeung, B., Allison, C., Achoukhi, M., Robertson, S., Pohl, A., and
Lai, M.-C. (2014). Attenuation of Typical Sex Differences in 800 Adults with Autism vs. 3,900
Controls. PLOS ONE 9, e102251.
Bartkowska, K., Paquin, A., Gauthier, A.S., Kaplan, D.R., and Miller, F.D. (2007). Trk signaling
regulates neural precursor cell proliferation and differentiation during cortical. Development
134, 4369–4380.
Basu, S.N., Kollu, R., and Banerjee-Basu, S. (2009). AutDB: a gene reference resource for autism
research. Nucleic Acids Res. 37, D832-836.
Bayer, S.A., Altman, J., Russo, R.J., and Zhang, X. (1993). Timetables of neurogenesis in the
human brain based on experimentally determined patterns in the rat. Neurotoxicology 14, 83–
144.
Bellis, D., D, M., Keshavan, M.S., Beers, S.R., Hall, J., Frustaci, K., Masalehdan, A., Noll, J., and
Boring, A.M. (2001). Sex Differences in Brain Maturation during Childhood and Adolescence.
Cereb Cortex 11, 552–557.
Belmonte, M.K., and Bourgeron, T. (2006). Fragile X syndrome and autism at the intersection of
genetic and neural networks. Nat Neurosci 9, 1221–1225.
Bennett, D., Bellinger, D.C., Birnbaum, L.S., Bradman, A., Chen, A., Cory-Slechta, D.A., Engel,
S.M., Fallin, M.D., Halladay, A., Hauser, R., et al. (2016). Project TENDR: Targeting Environmental

112

Neuro-Developmental Risks The TENDR Consensus Statement. Environ. Health Perspect. 124,
A118-122.
Benraiss, A., Chmielnicki, E., Lerner, K., Roh, D., and Goldman, S.A. (2001). Adenoviral brainderived neurotrophic factor induces both neostriatal and olfactory neuronal recruitment from
endogenous progenitor cells in the adult forebrain. J. Neurosci. 21, 6718–6731.
Bersten, D.C., Bruning, J.B., Peet, D.J., and Whitelaw, M.L. (2014). Human Variants in the
Neuronal Basic Helix-Loop-Helix/Per-Arnt-Sim (bHLH/PAS) Transcription Factor Complex
NPAS4/ARNT2 Disrupt Function. PLOS ONE 9, e85768.
Bigler, E.D., Mortensen, S., Neeley, E.S., Ozonoff, S., Krasny, L., Johnson, M., Lu, J., Provencal,
S.L., McMahon, W., and Lainhart, J.E. (2007). Superior temporal gyrus, language function, and
autism. Dev Neuropsychol 31, 217–238.
Bitsika, V., Sharpley, C.F., Andronicos, N.M., and Agnew, L.L. (2015). Hypothalamus-pituitaryadrenal axis daily fluctuation, anxiety and age interact to predict cortisol concentrations in boys
with an autism spectrum disorder. Physiol. Behav. 138, 200–207.
Blatt, G.J., and Fatemi, S.H. (2011). Alterations in GABAergic biomarkers in the autism brain:
research findings and clinical implications. Anat Rec (Hoboken) 294, 1646–1652.
Bloss, C.S., and Courchesne, E. (2007). MRI neuroanatomy in young girls with autism: a
preliminary study. J Am Acad Child Adolesc Psychiatry 46, 515–523.
Blotnik, S., Bergman, F., and Bialer, M. (1996). Disposition of valpromide, valproic acid, and
valnoctamide in the brain, liver, plasma, and urine of rats. Drug Metab Dispos 24, 560–564.
Boeckeler, K., Adley, K., Xu, X., Jenkins, A., Jin, T., and Williams, R.S.B. (2006). The
neuroprotective agent, valproic acid, regulates the mitogen-activated protein kinase pathway
through modulation of protein kinase A signalling in Dictyostelium discoideum. Eur. J. Cell Biol.
85, 1047–1057.
Boks, M.P., Derks, E.M., Weisenberger, D.J., Strengman, E., Janson, E., Sommer, I.E., Kahn, R.S.,
and Ophoff, R.A. (2009). The relationship of DNA methylation with age, gender and genotype in
twins and healthy controls. PLoS ONE 4, e6767.
Bose, S.K., Mackinnon, T., Mehta, M.A., Turkheimer, F.E., Howes, O.D., Selvaraj, S., Kempton,
M.J., and Grasby, P.M. (2009). The effect of ageing on grey and white matter reductions in
schizophrenia. Schizophrenia Research 112, 7–13.
Boyer, L.A., Plath, K., Zeitlinger, J., Brambrink, T., Medeiros, L.A., Lee, T.I., Levine, S.S., Wernig,
M., Tajonar, A., Ray, M.K., et al. (2006). Polycomb complexes repress developmental regulators
in murine embryonic stem cells. Nature 441, 349–353.
Boyes, J., and Bird, A. (1991). DNA methylation inhibits transcription indirectly via a methyl-CpG
binding protein. Cell 64, 1123–1134.

113

Bromley, R.L., Mawer, G., Clayton-Smith, J., and Baker, G.A. (2008). Autism Spectrum Disorders
Following in Utero Exposure to Antiepileptic Drugs. Neurology 71, 1923–1924.
Brown, A.S., Sourander, A., Hinkka-Yli-Salomäki, S., McKeague, I.W., Sundvall, J., and Surcel, H.M. (2014). Elevated maternal C-reactive protein and autism in a national birth cohort. Mol.
Psychiatry 19, 259–264.
Brunmeir, R., Lagger, S., and Seiser, C. (2009). Histone deacetylase 1 and 2-controlled embryonic
development and cell differentiation. Int. J. Dev. Biol. 53, 275–289.
Büdefeld, T., Grgurevic, N., Tobet, S.A., and Majdic, G. (2008). Sex differences in brain
developing in the presence or absence of gonads. Dev Neurobiol 68, 981–995.
Buescher, A.V.S., Cidav, Z., Knapp, M., and Mandell, D.S. (2014). Costs of autism spectrum
disorders in the United Kingdom and the United States. JAMA Pediatr 168, 721–728.
Buggy, J.J., Sideris, M.L., Mak, P., Lorimer, D.D., McIntosh, B., and Clark, J.M. (2000). Cloning and
characterization of a novel human histone deacetylase, HDAC8. Biochem. J. 350 Pt 1, 199–205.
Burbach, J.P.H., and van der Zwaag, B. (2009). Contact in the genetics of autism and
schizophrenia. Trends in Neurosciences 32, 69–72.
Burgoyne, P.S., and Arnold, A.P. (2016). A primer on the use of mouse models for identifying
direct sex chromosome effects that cause sex differences in non-gonadal tissues. Biol Sex Differ
7.
Burgoyne, P.S., Mahadevaiah, S.K., Perry, J., Palmer, S.J., and Ashworth, A. (1998). The Y*
rearrangement in mice: new insights into a perplexing PAR. Cytogenet. Cell Genet. 80, 37–40.
Buxbaum, J.D. (2009). Multiple rare variants in the etiology of autism spectrum disorders.
Dialogues Clin Neurosci 11, 35–43.
Byars, S.G., Stearns, S.C., and Boomsma, J.J. (2014). Opposite risk patterns for autism and
schizophrenia are associated with normal variation in birth size: phenotypic support for
hypothesized diametric gene-dosage effects. Proc. Biol. Sci. 281, 20140604.
Cao, R., Wang, L., Wang, H., Xia, L., Erdjument-Bromage, H., Tempst, P., Jones, R.S., and Zhang,
Y. (2002). Role of Histone H3 Lysine 27 Methylation in Polycomb-Group Silencing. Science 298,
1039–1043.
Cardenas, I., Means, R.E., Aldo, P., Koga, K., Lang, S.M., Booth, C.J., Booth, C., Manzur, A.,
Oyarzun, E., Romero, R., et al. (2010). Viral infection of the placenta leads to fetal inflammation
and sensitization to bacterial products predisposing to preterm labor. J. Immunol. 185, 1248–
1257.
Carper, R.A., Moses, P., Tigue, Z.D., and Courchesne, E. (2002). Cerebral lobes in autism: early
hyperplasia and abnormal age effects. Neuroimage 16, 1038–1051.

114

Carrel, L., Hunt, P.A., and Willard, H.F. (1996). Tissue and Lineage-Specific Variation in Inactive X
Chromosome Expression of the Murine Smcx Gene. Hum. Mol. Genet. 5, 1361–1366.
Carvalho, A.L., Caldeira, M.V., Santos, S.D., and Duarte, C.B. (2008). Role of the brain-derived
neurotrophic factor at glutamatergic synapses. Br. J. Pharmacol. 153 Suppl 1, S310-324.
Casanova, M.F., Buxhoeveden, D.P., Switala, A.E., and Roy, E. (2002). Minicolumnar pathology in
autism. Neurology 58, 428–432.
Casanova, M.F., van Kooten, I.A.J., Switala, A.E., van Engeland, H., Heinsen, H., Steinbusch,
H.W.M., Hof, P.R., Trippe, J., Stone, J., and Schmitz, C. (2006). Minicolumnar abnormalities in
autism. Acta Neuropathol. 112, 287–303.
Casanova, M.F., El-Baz, A., Vanbogaert, E., Narahari, P., and Switala, A. (2010). A topographic
study of minicolumnar core width by lamina comparison between autistic subjects and controls:
possible minicolumnar disruption due to an anatomical element in-common to multiple
laminae. Brain Pathol. 20, 451–458.
Cattaneo, E., Zuccato, C., and Tartari, M. (2005). Normal huntingtin function: an alternative
approach to Huntington’s disease. Nat Rev Neurosci 6, 919–930.
Centers for Disease Control and Prevention (CDC) (2004). Spina bifida and anencephaly before
and after folic acid mandate--United States, 1995-1996 and 1999-2000. MMWR Morb. Mortal.
Wkly. Rep. 53, 362–365.
Chao, S.L., Moss, J.M., and Harry, G.J. (2007). Lead-induced alterations of apoptosis and
neurotrophic factor mRNA in the developing rat cortex, hippocampus, and cerebellum. J.
Biochem. Mol. Toxicol. 21, 265–272.
Chaste, P., and Leboyer, M. (2012). Autism risk factors: genes, environment, and geneenvironment interactions. Dialogues Clin Neurosci 14, 281–292.
Chauhan, A., and Chauhan, V. (2006). Oxidative stress in autism. Pathophysiology 13, 171–181.
Chauhan, A., Gu, F., Essa, M.M., Wegiel, J., Kaur, K., Brown, W.T., and Chauhan, V. (2011). Brain
region-specific deficit in mitochondrial electron transport chain complexes in children with
autism. J. Neurochem. 117, 209–220.
Chauhan, A., Audhya, T., and Chauhan, V. (2012). Brain region-specific glutathione redox
imbalance in autism. Neurochem. Res. 37, 1681–1689.
Chen, W.G., West, A.E., Tao, X., Corfas, G., Szentirmay, M.N., Sawadogo, M., Vinson, C., and
Greenberg, M.E. (2003). Upstream stimulatory factors are mediators of Ca2+-responsive
transcription in neurons. J. Neurosci. 23, 2572–2581.
Cheng, P.-L., Song, A.-H., Wong, Y.-H., Wang, S., Zhang, X., and Poo, M.-M. (2011). Selfamplifying autocrine actions of BDNF in axon development. Proc Natl Acad Sci U S A 108, 18430–
18435.

115

Chez, M.G., Chang, M., Krasne, V., Coughlan, C., Kominsky, M., and Schwartz, A. (2006).
Frequency of epileptiform EEG abnormalities in a sequential screening of autistic patients with
no known clinical epilepsy from 1996 to 2005. Epilepsy Behav 8, 267–271.
Chicas, A., Kapoor, A., Wang, X., Aksoy, O., Evertts, A.G., Zhang, M.Q., Garcia, B.A., Bernstein, E.,
and Lowe, S.W. (2012). H3K4 demethylation by Jarid1a and Jarid1b contributes to
retinoblastoma-mediated gene silencing during cellular senescence. Proc Natl Acad Sci U S A
109, 8971–8976.
Chomiak, T., and Hu, B. (2013). Alterations of neocortical development and maturation in
autism: insight from valproic acid exposure and animal models of autism. Neurotoxicol Teratol
36, 57–66.
Chomiak, T., Turner, N., and Hu, B. (2013). What We Have Learned about Autism Spectrum
Disorder from Valproic Acid. Patholog Res Int 2013.
Christensen, D.L. (2016). Prevalence and Characteristics of Autism Spectrum Disorder Among
Children Aged 8 Years — Autism and Developmental Disabilities Monitoring Network, 11 Sites,
United States, 2012. MMWR Surveill Summ 65.
Christensen, J., Grønborg, T.K., Sørensen, M.J., Schendel, D., Parner, E.T., Pedersen, L.H., and
Vestergaard, M. (2013). Prenatal valproate exposure and risk of autism spectrum disorders and
childhood autism. JAMA 309, 1696–1703.
Christianson, A.L., Chesler, N., and Kromberg, J.G. (1994). Fetal valproate syndrome: clinical and
neuro-developmental features in two sibling pairs. Dev Med Child Neurol 36, 361–369.
Ciernia, A.V., and LaSalle, J. (2016). The landscape of DNA methylation amid a perfect storm of
autism aetiologies. Nat Rev Neurosci 17, 411–423.
Clifton, V.L. (2010). Review: Sex and the Human Placenta: Mediating Differential Strategies of
Fetal Growth and Survival. Placenta 31, Supplement, S33–S39.
Clifton, V.L., Hodyl, N.A., Murphy, V.E., Giles, W.B., Baxter, R.C., and Smith, R. (2010). Effect of
maternal asthma, inhaled glucocorticoids and cigarette use during pregnancy on the newborn
insulin-like growth factor axis. Growth Horm. IGF Res. 20, 39–48.
Cohen, S., Levi-Montalcini, R., and Hamburger, V. (1954). A NERVE GROWTH-STIMULATING
FACTOR ISOLATED FROM SARCOM AS 37 AND 180*. Proc Natl Acad Sci U S A 40, 1014–1018.
Cohen-Cory, S., and Fraser, S.E. (1995). Effects of brain-derived neurotrophic factor on optic
axon branching and remodelling in vivo. Nature 378, 192–196.
Cohen-Cory, S., Kidane, A.H., Shirkey, N.J., and Marshak, S. (2010). Brain-derived neurotrophic
factor and the development of structural neuronal connectivity. Devel Neurobio 70, 271–288.
Colvert, E., Tick, B., McEwen, F., Stewart, C., Curran, S.R., Woodhouse, E., Gillan, N., Hallett, V.,
Lietz, S., Garnett, T., et al. (2015). Heritability of Autism Spectrum Disorder in a UK PopulationBased Twin Sample. JAMA Psychiatry 72, 415–423.
116

Connolly, A.M., Chez, M., Streif, E.M., Keeling, R.M., Golumbek, P.T., Kwon, J.M., Riviello, J.J.,
Robinson, R.G., Neuman, R.J., and Deuel, R.M.K. (2006). Brain-Derived Neurotrophic Factor and
Autoantibodies to Neural Antigens in Sera of Children with Autistic Spectrum Disorders, LandauKleffner Syndrome, and Epilepsy. Biological Psychiatry 59, 354–363.
Corbett, B.A., Schupp, C.W., and Lanni, K.E. (2012). Comparing biobehavioral profiles across two
social stress paradigms in children with and without autism spectrum disorders. Molecular
Autism 3, 13.
Costello, E.J., Mustillo, S., Erkanli, A., Keeler, G., and Angold, A. (2003). Prevalence and
Development of Psychiatric Disorders in Childhood and Adolescence. Arch Gen Psychiatry 60,
837–844.
Courchesne, E., and Pierce, K. (2005). Brain overgrowth in autism during a critical time in
development: implications for frontal pyramidal neuron and interneuron development and
connectivity. Int. J. Dev. Neurosci. 23, 153–170.
Courchesne, E., Carper, R., and Akshoomoff, N. (2003). Evidence of brain overgrowth in the first
year of life in autism. JAMA 290, 337–344.
Courchesne, E., Mouton, P.R., Calhoun, M.E., Semendeferi, K., Ahrens-Barbeau, C., Hallet, M.J.,
Barnes, C.C., and Pierce, K. (2011a). Neuron number and size in prefrontal cortex of children
with autism. JAMA 306, 2001–2010.
Courchesne, E., Campbell, K., and Solso, S. (2011b). Brain growth across the life span in autism:
Age-specific changes in anatomical pathology. Brain Research 1380, 138–145.
Cournoyer, P., and Desrosiers, R.R. (2009). Valproic acid enhances protein L-isoaspartyl
methyltransferase expression by stimulating extracellular signal-regulated kinase signaling
pathway. Neuropharmacology 56, 839–848.
Crespi, B., Stead, P., and Elliot, M. (2010). Comparative genomics of autism and schizophrenia.
PNAS 107, 1736–1741.
Crespin, S., Bourrel, R., Hurault-Delarue, C., Lapeyre-Mestre, M., Montastruc, J.-L., and DamaseMichel, C. (2011). Drug prescribing before and during pregnancy in south west France: a
retrolective study. Drug Saf 34, 595–604.
Crosson, B. (1984). Role of the dominant thalamus in language: a review. Psychol Bull 96, 491–
517.
Cukier, H.N., Dueker, N.D., Slifer, S.H., Lee, J.M., Whitehead, P.L., Lalanne, E., Leyva, N., Konidari,
I., Gentry, R.C., Hulme, W.F., et al. (2014). Exome sequencing of extended families with autism
reveals genes shared across neurodevelopmental and neuropsychiatric disorders. Mol Autism 5,
1.
Cuscó, I., Medrano, A., Gener, B., Vilardell, M., Gallastegui, F., Villa, O., González, E., RodríguezSantiago, B., Vilella, E., Del Campo, M., et al. (2009). Autism-specific copy number variants

117

further implicate the phosphatidylinositol signaling pathway and the glutamatergic synapse in
the etiology of the disorder. Hum Mol Genet 18, 1795–1804.
De Rubeis, S., He, X., Goldberg, A.P., Poultney, C.S., Samocha, K., Cicek, A.E., Kou, Y., Liu, L.,
Fromer, M., Walker, S., et al. (2014). Synaptic, transcriptional and chromatin genes disrupted in
autism. Nature 515, 209–215.
Dendrinos, G., Hemelt, M., and Keller, A. (2011). Prenatal VPA exposure and changes in sensory
processing by the superior colliculus. Front. Integr. Neurosci. 5, 68.
Deth, R., Muratore, C., Benzecry, J., Power-Charnitsky, V.-A., and Waly, M. (2008). How
environmental and genetic factors combine to cause autism: A redox/methylation hypothesis.
Neurotoxicology 29, 190–201.
Dey, B.K., Stalker, L., Schnerch, A., Bhatia, M., Taylor-Papidimitriou, J., and Wynder, C. (2008).
The histone demethylase KDM5b/JARID1b plays a role in cell fate decisions by blocking terminal
differentiation. Mol. Cell. Biol. 28, 5312–5327.
Dickinson, A., Jones, M., and Milne, E. (2016). Measuring neural excitation and inhibition in
autism: Different approaches, different findings and different interpretations. Brain Res. 1648,
277–289.
Dieni, S., Matsumoto, T., Dekkers, M., Rauskolb, S., Ionescu, M.S., Deogracias, R., Gundelfinger,
E.D., Kojima, M., Nestel, S., Frotscher, M., et al. (2012). BDNF and its pro-peptide are stored in
presynaptic dense core vesicles in brain neurons. J. Cell Biol. 196, 775–788.
Dinstein, I., Pierce, K., Eyler, L., Solso, S., Malach, R., Behrmann, M., and Courchesne, E. (2011).
Disrupted neural synchronization in toddlers with autism. Neuron 70, 1218–1225.
Dokmanovic, M., Clarke, C., and Marks, P.A. (2007). Histone Deacetylase Inhibitors: Overview
and Perspectives. Mol Cancer Res 5, 981–989.
Dolinoy, D.C., Weidman, J.R., Waterland, R.A., and Jirtle, R.L. (2006). Maternal genistein alters
coat color and protects Avy mouse offspring from obesity by modifying the fetal epigenome.
Environ. Health Perspect. 114, 567–572.
Donaldson, Z.R., and Young, L.J. (2008). Oxytocin, Vasopressin, and the Neurogenetics of
Sociality. Science 322, 900–904.
Du, J., and Patel, D.J. (2014). Structural biology-based insights into combinatorial readout and
crosstalk among epigenetic marks. Biochimica et Biophysica Acta (BBA) - Gene Regulatory
Mechanisms 1839, 719–727.
Du, J., Feng, L., Zaitsev, E., Je, H.-S., Liu, X.-W., and Lu, B. (2003). Regulation of TrkB receptor
tyrosine kinase and its internalization by neuronal activity and Ca2+ influx. J. Cell Biol. 163, 385–
395.

118

Du, J., Zhong, X., Bernatavichute, Y.V., Stroud, H., Feng, S., Caro, E., Vashisht, A.A., Terragni, J.,
Chin, H.G., Tu, A., et al. (2012). Dual binding of chromomethylase domains to H3K9me2containing nucleosomes directs DNA methylation in plants. Cell 151, 167–180.
Dudakovic, A., Evans, J.M., Li, Y., Middha, S., McGee-Lawrence, M.E., Wijnen, A.J. van, and
Westendorf, J.J. (2013). Histone Deacetylase Inhibition Promotes Osteoblast Maturation by
Altering the Histone H4 Epigenome and Reduces Akt Phosphorylation. J. Biol. Chem. 288,
28783–28791.
Edmiston, E.K., Blain, S.D., and Corbett, B.A. (2016). Salivary cortisol and behavioral response to
social evaluative threat in adolescents with autism spectrum disorder. Autism Res.
Egan, M.F., Kojima, M., Callicott, J.H., Goldberg, T.E., Kolachana, B.S., Bertolino, A., Zaitsev, E.,
Gold, B., Goldman, D., Dean, M., et al. (2003). The BDNF val66met polymorphism affects
activity-dependent secretion of BDNF and human memory and hippocampal function. Cell 112,
257–269.
Ehlers, K., Stürje, H., Merker, H.-J., and Nau, H. (1992). Valproic acid-induced spina bifida: A
mouse model. Teratology 45, 145–154.
Elder, L.M., Dawson, G., Toth, K., Fein, D., and Munson, J. (2008). Head Circumference as an
Early Predictor of Autism Symptoms in Younger Siblings of Children with Autism Spectrum
Disorder. J Autism Dev Disord 38, 1104–1111.
Eluvathingal, T.J., Behen, M.E., Chugani, H.T., Janisse, J., Bernardi, B., Chakraborty, P., Juhasz, C.,
Muzik, O., and Chugani, D.C. (2006). Cerebellar lesions in tuberous sclerosis complex:
neurobehavioral and neuroimaging correlates. J. Child Neurol. 21, 846–851.
Emamian, E.S., Hall, D., Birnbaum, M.J., Karayiorgou, M., and Gogos, J.A. (2004). Convergent
evidence for impaired AKT1-GSK3β signaling in schizophrenia. Nat Genet 36, 131–137.
ENCODE Project Consortium (2012). An integrated encyclopedia of DNA elements in the human
genome. Nature 489, 57–74.
Erben, V., Waldhuber, M., Langer, D., Fetka, I., Jansen, R.P., and Petritsch, C. (2008). Asymmetric
localization of the adaptor protein Miranda in neuroblasts is achieved by diffusion and
sequential interaction of Myosin II and VI. Journal of Cell Science 121, 1403–1414.
Eriksson, J.G., Kajantie, E., Osmond, C., Thornburg, K., and Barker, D.J.P. (2010). Boys live
dangerously in the womb. Am. J. Hum. Biol. 22, 330–335.
Evans, B. (2013). How autism became autism. Hist Human Sci 26, 3–31.
Eyal, S., Yagen, B., Sobol, E., Altschuler, Y., Shmuel, M., and Bialer, M. (2004). The activity of
antiepileptic drugs as histone deacetylase inhibitors. Epilepsia 45, 737–744.
Fandl, J.P., Tobkes, N.J., McDonald, N.Q., Hendrickson, W.A., Ryan, T.E., Nigam, S., Acheson, A.,
Cudny, H., and Panayotatos, N. (1994). Characterization and crystallization of recombinant
human neurotrophin-4. J. Biol. Chem. 269, 755–759.
119

Farber, N.B., Jiang, X.-P., Heinkel, C., and Nemmers, B. (2002). Antiepileptic drugs and agents
that inhibit voltage-gated sodium channels prevent NMDA antagonist neurotoxicity. Mol.
Psychiatry 7, 726–733.
Fassio, A., Patry, L., Congia, S., Onofri, F., Piton, A., Gauthier, J., Pozzi, D., Messa, M., Defranchi,
E., Fadda, M., et al. (2011). SYN1 loss-of-function mutations in autism and partial epilepsy cause
impaired synaptic function. Hum. Mol. Genet. 20, 2297–2307.
Fatemi, S.H. (2010). Co-occurrence of neurodevelopmental genes in etiopathogenesis of autism
and schizophrenia. Schizophrenia Research 118, 303–304.
Fatemi, S.H., Halt, A.R., Stary, J.M., Kanodia, R., Schulz, S.C., and Realmuto, G.R. (2002). Glutamic
acid decarboxylase 65 and 67 kDa proteins are reduced in autistic parietal and cerebellar
cortices. Biol. Psychiatry 52, 805–810.
Fatemi, S.H., Reutiman, T.J., Folsom, T.D., and Thuras, P.D. (2009a). GABA(A) receptor
downregulation in brains of subjects with autism. J Autism Dev Disord 39, 223–230.
Fatemi, S.H., Folsom, T.D., Reutiman, T.J., and Thuras, P.D. (2009b). Expression of GABA(B)
receptors is altered in brains of subjects with autism. Cerebellum 8, 64–69.
Fatemi, S.H., Aldinger, K.A., Ashwood, P., Bauman, M.L., Blaha, C.D., Blatt, G.J., Chauhan, A.,
Chauhan, V., Dager, S.R., Dickson, P.E., et al. (2012). Consensus paper: pathological role of the
cerebellum in autism. Cerebellum 11, 777–807.
Feinberg, J.I., Bakulski, K.M., Jaffe, A.E., Tryggvadottir, R., Brown, S.C., Goldman, L.R., Croen, L.A.,
Hertz-Picciotto, I., Newschaffer, C.J., Daniele Fallin, M., et al. (2015). Paternal sperm DNA
methylation associated with early signs of autism risk in an autism-enriched cohort. Int J
Epidemiol 44, 1199–1210.
Ferreira, P.G., Patalano, S., Chauhan, R., Ffrench-Constant, R., Gabaldón, T., Guigó, R., and
Sumner, S. (2013). Transcriptome analyses of primitively eusocial wasps reveal novel insights
into the evolution of sociality and the origin of alternative phenotypes. Genome Biology 14, R20.
Fine, C. (2010). Delusions of gender: How our minds, society, and neurosexism create difference
(WW Norton & Company).
Finlay, B.L., and Darlington, R.B. (1995). Linked regularities in the development and evolution of
mammalian brains. Science 268, 1578–1584.
Fombonne, E. (2009). Epidemiology of Pervasive Developmental Disorders. Pediatr Res 65, 591–
598.
Fradin, D., Cheslack-Postava, K., Ladd-Acosta, C., Newschaffer, C., Chakravarti, A., Arking, D.E.,
Feinberg, A., and Fallin, M.D. (2010). Parent-Of-Origin Effects in Autism Identified through
Genome-Wide Linkage Analysis of 16,000 SNPs. PLOS ONE 5, e12513.

120

Franconi, F., and Campesi, I. (2014). Pharmacogenomics, pharmacokinetics and
pharmacodynamics: interaction with biological differences between men and women. Br. J.
Pharmacol. 171, 580–594.
Fukumitsu, H., Ohtsuka, M., Murai, R., Nakamura, H., Itoh, K., and Furukawa, S. (2006). BrainDerived Neurotrophic Factor Participates in Determination of Neuronal Laminar Fate in the
Developing Mouse Cerebral Cortex. J. Neurosci. 26, 13218–13230.
Gabory, A., Roseboom, T.J., Moore, T., Moore, L.G., and Junien, C. (2013). Placental contribution
to the origins of sexual dimorphism in health and diseases: sex chromosomes and epigenetics.
Biology of Sex Differences 4, 5.
Gandal, M.J., Edgar, J.C., Ehrlichman, R.S., Mehta, M., Roberts, T.P.L., and Siegel, S.J. (2010).
Validating γ oscillations and delayed auditory responses as translational biomarkers of autism.
Biol. Psychiatry 68, 1100–1106.
Gean, P.W., Huang, C.C., Hung, C.R., and Tsai, J.J. (1994). Valproic acid suppresses the synaptic
response mediated by the NMDA receptors in rat amygdalar slices. Brain Res. Bull. 33, 333–336.
Geary, M.P.P., Pringle, P.J., Rodeck, C.H., Kingdom, J.C.P., and Hindmarsh, P.C. (2003). Sexual
Dimorphism in the Growth Hormone and Insulin-Like Growth Factor Axis at Birth. The Journal of
Clinical Endocrinology & Metabolism 88, 3708–3714.
Gehler, S., Shaw, A.E., Sarmiere, P.D., Bamburg, J.R., and Letourneau, P.C. (2004). Brain-derived
neurotrophic factor regulation of retinal growth cone filopodial dynamics is mediated through
actin depolymerizing factor/cofilin. J. Neurosci. 24, 10741–10749.
Gerard, E.E., and Meador, K.J. (2015). An Update on Maternal Use of Antiepileptic Medications
in Pregnancy and Neurodevelopment Outcomes. J Pediatr Genet 4, 94–110.
Gheorghe, C.P., Goyal, R., Mittal, A., and Longo, L.D. (2010). Gene expression in the placenta:
maternal stress and epigenetic responses. Int. J. Dev. Biol. 54, 507–523.
Gilliland, F.D., Li, Y.-F., and Peters, J.M. (2001). Effects of Maternal Smoking during Pregnancy
and Environmental Tobacco Smoke on Asthma and Wheezing in Children. Am J Respir Crit Care
Med 163, 429–436.
Gilman, S.R., Iossifov, I., Levy, D., Ronemus, M., Wigler, M., and Vitkup, D. (2011). Rare De Novo
Variants Associated with Autism Implicate a Large Functional Network of Genes Involved in
Formation and Function of Synapses. Neuron 70, 898–907.
Go, H.S., Kim, K.C., Choi, C.S., Jeon, S.J., Kwon, K.J., Han, S.-H., Lee, J., Cheong, J.H., Ryu, J.H.,
Kim, C.-H., et al. (2012). Prenatal exposure to valproic acid increases the neural progenitor cell
pool and induces macrocephaly in rat brain via a mechanism involving the GSK-3β/β-catenin
pathway. Neuropharmacology 63, 1028–1041.
Goghari, V.M., Rehm, K., Carter, C.S., and MacDonald, A.W. (2007). Regionally Specific Cortical
Thinning and Gray Matter Abnormalities in the Healthy Relatives of Schizophrenia Patients.
Cereb Cortex 17, 415–424.
121

Good, C.D., Johnsrude, I., Ashburner, J., Henson, R.N.A., Friston, K.J., and Frackowiak, R.S.J.
(2001). Cerebral Asymmetry and the Effects of Sex and Handedness on Brain Structure: A VoxelBased Morphometric Analysis of 465 Normal Adult Human Brains. NeuroImage 14, 685–700.
Gräff, J., and Tsai, L.-H. (2013). Histone acetylation: molecular mnemonics on the chromatin. Nat
Rev Neurosci 14, 97–111.
Green, L., Fein, D., Modahl, C., Feinstein, C., Waterhouse, L., and Morris, M. (2001). Oxytocin
and autistic disorder: alterations in peptide forms. Biol. Psychiatry 50, 609–613.
Grove, R., Hoekstra, R.A., Wierda, M., and Begeer, S. (2016). Exploring sex differences in autistic
traits: A factor analytic study of adults with autism. Autism 1362361316667283.
Grozinger, C.M., Hassig, C.A., and Schreiber, S.L. (1999). Three proteins define a class of human
histone deacetylases related to yeast Hda1p. Proc. Natl. Acad. Sci. U.S.A. 96, 4868–4873.
Grunstein, M. (1997). Histone acetylation in chromatin structure and transcription. Nature 389,
349–352.
Guastella, A.J., Einfeld, S.L., Gray, K.M., Rinehart, N.J., Tonge, B.J., Lambert, T.J., and Hickie, I.B.
(2010). Intranasal Oxytocin Improves Emotion Recognition for Youth with Autism Spectrum
Disorders. Biological Psychiatry 67, 692–694.
Guo, H., Zhu, P., Yan, L., Li, R., Hu, B., Lian, Y., Yan, J., Ren, X., Lin, S., Li, J., et al. (2014). The DNA
methylation landscape of human early embryos. Nature 511, 606–610.
Haberland, M., Mokalled, M.H., Montgomery, R.L., and Olson, E.N. (2009). Epigenetic control of
skull morphogenesis by histone deacetylase 8. Genes Dev. 23, 1625–1630.
Häfner, H. (2003). Gender differences in schizophrenia. Psychoneuroendocrinology 28,
Supplement 2, 17–54.
Halepoto, D.M., Bashir, S., and A L-Ayadhi, L. (2014). Possible role of brain-derived neurotrophic
factor (BDNF) in autism spectrum disorder: current status. J Coll Physicians Surg Pak 24, 274–
278.
Hallböök, F. (1999). Evolution of the vertebrate neurotrophin and Trk receptor gene families.
Curr. Opin. Neurobiol. 9, 616–621.
Hamilton, S.M., Green, J.R., Veeraragavan, S., Yuva, L., McCoy, A., Wu, Y., Warren, J., Little, L., Ji,
D., Cui, X., et al. (2014). Fmr1 and Nlgn3 knockout rats: novel tools for investigating autism
spectrum disorders. Behav. Neurosci. 128, 103–109.
Hanrahan, J.P., Tager, I.B., Segal, M.R., Tosteson, T.D., Castile, R.G., Van Vunakis, H., Weiss, S.T.,
and Speizer, F.E. (1992). The Effect of Maternal Smoking during Pregnancy on Early Infant Lung
Function. Am Rev Respir Dis 145, 1129–1135.
Harbison, R.D., and Becker, B.A. (1969). Relation of dosage and time of administration of
diphenylhydantoin to its teratogenic effect in mice. Teratology 2, 305–311.
122

Hardan, A.Y., Girgis, R.R., Adams, J., Gilbert, A.R., Keshavan, M.S., and Minshew, N.J. (2006a).
Abnormal brain size effect on the thalamus in autism. Psychiatry Res 147, 145–151.
Hardan, A.Y., Muddasani, S., Vemulapalli, M., Keshavan, M.S., and Minshew, N.J. (2006b). An
MRI Study of Increased Cortical Thickness in Autism. AJP 163, 1290–1292.
Hardan, A.Y., Minshew, N.J., Melhem, N.M., Srihari, S., Jo, B., Bansal, R., Keshavan, M.S., and
Stanley, J.A. (2008). An MRI and proton spectroscopy study of the thalamus in children with
autism. Psychiatry Res 163, 97–105.
Hardiman, R.L., and Bratt, A. (2016). Hypothalamic-pituitary-adrenal axis function in Fragile X
Syndrome and its relationship to behaviour: A systematic review. Physiol. Behav. 167, 341–353.
Harikumar, A., and Meshorer, E. (2015). Chromatin remodeling and bivalent histone
modifications in embryonic stem cells. EMBO Rep.
Hayakawa, T., and Nakayama, J. (2010). Physiological roles of class I HDAC complex and histone
demethylase. BioMed Research International 2011.
Hazlett, H.C., Poe, M., Gerig, G., Smith, R.G., Provenzale, J., Ross, A., Gilmore, J., and Piven, J.
(2005). Magnetic Resonance Imaging and Head Circumference Study of Brain Size in Autism:
Birth Through Age 2 Years. Arch Gen Psychiatry 62, 1366–1376.
Hazlett, H.C., Gu, H., Munsell, B.C., Kim, S.H., Styner, M., Wolff, J.J., Elison, J.T., Swanson, M.R.,
Zhu, H., Botteron, K.N., et al. (2017). Early brain development in infants at high risk for autism
spectrum disorder. Nature 542, 348–351.
Hendrich, B., and Bird, A. (1998). Identification and Characterization of a Family of Mammalian
Methyl-CpG Binding Proteins. Mol. Cell. Biol. 18, 6538–6547.
Herlihy, L., Knoch, K., Vibert, B., and Fein, D. (2013). Parents’ first concerns about toddlers with
autism spectrum disorder: Effect of sibling status. Autism 19, 20–28.
Hertz-Picciotto, I., and Delwiche, L. (2009). The rise in autism and the role of age at diagnosis.
Epidemiology 20, 84–90.
Hertz-Picciotto, I., Croen, L.A., Hansen, R., Jones, C.R., van de Water, J., and Pessah, I.N. (2006).
The CHARGE study: an epidemiologic investigation of genetic and environmental factors
contributing to autism. Environ. Health Perspect. 114, 1119–1125.
Hessl, D., Glaser, B., Dyer-Friedman, J., Blasey, C., Hastie, T., Gunnar, M., and Reiss, A.L. (2002).
Cortisol and behavior in fragile X syndrome. Psychoneuroendocrinology 27, 855–872.
Hessl, D., Glaser, B., Dyer-Friedman, J., and Reiss, A.L. (2006). Social behavior and cortisol
reactivity in children with fragile X syndrome. J Child Psychol Psychiatry 47, 602–610.
Hezroni, H., Sailaja, B.S., and Meshorer, E. (2011). Pluripotency-related, valproic acid (VPA)induced genome-wide histone H3 lysine 9 (H3K9) acetylation patterns in embryonic stem cells. J.
Biol. Chem. 286, 35977–35988.
123

Hill, D.S., Wlodarczyk, B.J., Palacios, A.M., and Finnell, R.H. (2010). Teratogenic effects of
antiepileptic drugs. Expert Rev Neurother 10, 943–959.
Hiller, R.M., Young, R.L., and Weber, N. (2014). Sex differences in autism spectrum disorder
based on DSM-5 criteria: evidence from clinician and teacher reporting. J Abnorm Child Psychol
42, 1381–1393.
Hoeffer, C.A., Tang, W., Wong, H., Santillan, A., Patterson, R.J., Martinez, L.A., Tejada-Simon,
M.V., Paylor, R., Hamilton, S.L., and Klann, E. (2008). Removal of FKBP12 Enhances mTOR-Raptor
Interactions, LTP, Memory, and Perseverative/Repetitive Behavior. Neuron 60, 832–845.
Holden, P.H., Asopa, V., Robertson, A.G., Clarke, A.R., Tyler, S., Bennett, G.S., Brain, S.D.,
Wilcock, G.K., Allen, S.J., Smith, S.K., et al. (1997). Immunoglobulin-like domains define the nerve
growth factor binding site of the TrkA receptor. Nat. Biotechnol. 15, 668–672.
Hollander, E., Bartz, J., Chaplin, W., Phillips, A., Sumner, J., Soorya, L., Anagnostou, E., and
Wasserman, S. (2007). Oxytocin Increases Retention of Social Cognition in Autism. Biological
Psychiatry 61, 498–503.
Hollocks, M.J., Howlin, P., Papadopoulos, A.S., Khondoker, M., and Simonoff, E. (2014).
Differences in HPA-axis and heart rate responsiveness to psychosocial stress in children with
autism spectrum disorders with and without co-morbid anxiety. Psychoneuroendocrinology 46,
32–45.
Holt, C.E., and Bullock, S.L. (2009). Subcellular mRNA Localization in Animal Cells and Why It
Matters. Science 326, 1212–1216.
Holt, R., Barnby, G., Maestrini, E., Bacchelli, E., Brocklebank, D., Sousa, I., Mulder, E.J.,
Kantojärvi, K., Järvelä, I., Klauck, S.M., et al. (2010). Linkage and candidate gene studies of
autism spectrum disorders in European populations. Eur. J. Hum. Genet. 18, 1013–1019.
Hong, E.J., McCord, A.E., and Greenberg, M.E. (2008). A biological function for the neuronal
activity-dependent component of Bdnf transcription in the development of cortical inhibition.
Neuron 60, 610–624.
Hosang, G.M., Shiles, C., Tansey, K.E., McGuffin, P., and Uher, R. (2014). Interaction between
stress and the BDNFVal66Met polymorphism in depression: a systematic review and metaanalysis. BMC Medicine 12, 7.
Howe, F.S., Boubriak, I., Sale, M.J., Nair, A., Clynes, D., Grijzenhout, A., Murray, S.C., Woloszczuk,
R., and Mellor, J. (2014). Lysine Acetylation Controls Local Protein Conformation by Influencing
Proline Isomerization. Mol Cell 55, 733–744.
Hranilovic, D., Bujas-Petkovic, Z., Vragovic, R., Vuk, T., Hock, K., and Jernej, B. (2007).
Hyperserotonemia in adults with autistic disorder. J Autism Dev Disord 37, 1934–1940.
Hsieh, L.-P., and Huang, C.-Y. (2009). Antiepileptic drug utilization in Taiwan: analysis of
prescription using National Health Insurance database. Epilepsy Res. 84, 21–27.

124

Huang, E.J., and Reichardt, L.F. (2001). Neurotrophins: Roles in Neuronal Development and
Function. Annu Rev Neurosci 24, 677–736.
Huang, P.-H., Plass, C., and Chen, C.-S. (2011). Effects of Histone Deacetylase Inhibitors on
Modulating H3K4 Methylation Marks – A Novel Cross-Talk Mechanism between HistoneModifying Enzymes. Mol Cell Pharmacol 3, 39–43.
Huang, Z.J., Kirkwood, A., Pizzorusso, T., Porciatti, V., Morales, B., Bear, M.F., Maffei, L., and
Tonegawa, S. (1999). BDNF Regulates the Maturation of Inhibition and the Critical Period of
Plasticity in Mouse Visual Cortex. Cell 98, 739–755.
Hutsler, J.J., and Zhang, H. (2010). Increased dendritic spine densities on cortical projection
neurons in autism spectrum disorders. Brain Res. 1309, 83–94.
Ilchibaeva, T.V., Kondaurova, E.M., Tsybko, A.S., Kozhemyakina, R.V., Popova, N.K., and
Naumenko, V.S. (2015). Brain-derived neurotrophic factor (BDNF) and its precursor (proBDNF) in
genetically defined fear-induced aggression. Behavioural Brain Research 290, 45–50.
Iossifov, I., Zheng, T., Baron, M., Gilliam, T.C., and Rzhetsky, A. (2008). Genetic-linkage mapping
of complex hereditary disorders to a whole-genome molecular-interaction network. Genome
Res. 18, 1150–1162.
Iossifov, I., O’Roak, B.J., Sanders, S.J., Ronemus, M., Krumm, N., Levy, D., Stessman, H.A.,
Witherspoon, K.T., Vives, L., Patterson, K.E., et al. (2014). The contribution of de novo coding
mutations to autism spectrum disorder. Nature 515, 216–221.
Ishizuka, T., and Lazar, M.A. (2003). The N-CoR/histone deacetylase 3 complex is required for
repression by thyroid hormone receptor. Mol. Cell. Biol. 23, 5122–5131.
Isidoro-García, M., Dávila-González, I., Pascual de Pedro, M., Sanz-Lozano, C., and LorenteToledano, F. (2007). Interactions between genes and the environment. Epigenetics in allergy.
Allergol Immunopathol (Madr) 35, 254–258.
Ito, S., Shen, L., Dai, Q., Wu, S.C., Collins, L.B., Swenberg, J.A., He, C., and Zhang, Y. (2011). Tet
proteins can convert 5-methylcytosine to 5-formylcytosine and 5-carboxylcytosine. Science 333,
1300–1303.
Jaffe, A.E., Gao, Y., Deep-Soboslay, A., Tao, R., Hyde, T.M., Weinberger, D.R., and Kleinman, J.E.
(2016). Mapping DNA methylation across development, genotype, and schizophrenia in the
human frontal cortex. Nat Neurosci 19, 40–47.
Jensen, L.R., Amende, M., Gurok, U., Moser, B., Gimmel, V., Tzschach, A., Janecke, A.R.,
Tariverdian, G., Chelly, J., Fryns, J.-P., et al. (2005). Mutations in the JARID1C gene, which is
involved in transcriptional regulation and chromatin remodeling, cause X-linked mental
retardation. Am. J. Hum. Genet. 76, 227–236.
Jerina, D.M., and Daly, J.W. (1974). Arene oxides: a new aspect of drug metabolism. Science 185,
573–582.

125

Jia, M., Gao, X., Zhang, Y., Hoffmeister, M., and Brenner, H. (2016). Different definitions of CpG
island methylator phenotype and outcomes of colorectal cancer: a systematic review. Clin
Epigenetics 8, 25.
Johnson, M.D., and Ojemann, G.A. (2000). The Role of the Human Thalamus in Language and
Memory: Evidence from Electrophysiological Studies. Brain and Cognition 42, 218–230.
Johnson, C.A., White, D.A., Lavender, J.S., O’Neill, L.P., and Turner, B.M. (2002). Human class I
histone deacetylase complexes show enhanced catalytic activity in the presence of ATP and coimmunoprecipitate with the ATP-dependent chaperone protein Hsp70. J. Biol. Chem. 277, 9590–
9597.
Jones, K.R., Fariñas, I., Backus, C., and Reichardt, L.F. (1994). Targeted Disruption of the BDNF
Gene Perturbs Brain and Sensory Neuron Development but Not Motor Neuron Development.
Cell 76, 989.
Jones, P.L., Jan Veenstra, G.C., Wade, P.A., Vermaak, D., Kass, S.U., Landsberger, N., Strouboulis,
J., and Wolffe, A.P. (1998). Methylated DNA and MeCP2 recruit histone deacetylase to repress
transcription. Nat Genet 19, 187–191.
Juriloff, D.M., and Harris, M.J. (2000). Mouse models for neural tube closure defects. Hum Mol
Genet 9, 993–1000.
Kalkman, H.O. (2006). The role of the phosphatidylinositide 3-kinase–protein kinase B pathway
in schizophrenia. Pharmacology & Therapeutics 110, 117–134.
Kana, R.K., Keller, T.A., Minshew, N.J., and Just, M.A. (2007). Inhibitory control in highfunctioning autism: decreased activation and underconnectivity in inhibition networks. Biol.
Psychiatry 62, 198–206.
Kane, M.J., Angoa-Peréz, M., Briggs, D.I., Sykes, C.E., Francescutti, D.M., Rosenberg, D.R., and
Kuhn, D.M. (2012). Mice genetically depleted of brain serotonin display social impairments,
communication deficits and repetitive behaviors: possible relevance to autism. PLoS ONE 7,
e48975.
Kanner, L. (1943). Autistic disturbances of affective contact. Nervous Child 2, 217–250.
Kao, C.-Y., Hsu, Y.-C., Liu, J.-W., Lee, D.-C., Chung, Y.-F., and Chiu, I.-M. (2013). The mood
stabilizer valproate activates human FGF1 gene promoter through inhibiting HDAC and GSK-3
activities. J. Neurochem. 126, 4–18.
Kataoka, S., Takuma, K., Hara, Y., Maeda, Y., Ago, Y., and Matsuda, T. (2013). Autism-like
behaviours with transient histone hyperacetylation in mice treated prenatally with valproic acid.
International Journal of Neuropsychopharmacology 16, 91–103.
Kawai, Y., and Arinze, I.J. (2006). Valproic Acid–Induced Gene Expression through Production of
Reactive Oxygen Species. Cancer Res 66, 6563–6569.

126

Kelly, R.D.W., and Cowley, S.M. (2013). The physiological roles of histone deacetylase (HDAC) 1
and 2: complex co-stars with multiple leading parts. Biochem. Soc. Trans. 41, 741–749.
Kelsey, G., and Feil, R. (2013). New insights into establishment and maintenance of DNA
methylation imprints in mammals. Phil. Trans. R. Soc. B 368, 20110336.
Kemper, T.L., and Bauman, M. (1998). Neuropathology of infantile autism. J. Neuropathol. Exp.
Neurol. 57, 645–652.
Kennedy, D.P., and Courchesne, E. (2008). Functional abnormalities of the default network
during self- and other-reflection in autism. Soc Cogn Affect Neurosci 3, 177–190.
Keown, C.L., Shih, P., Nair, A., Peterson, N., Mulvey, M.E., and Müller, R.-A. (2013). Local
Functional Overconnectivity in Posterior Brain Regions Is Associated with Symptom Severity in
Autism Spectrum Disorders. Cell Reports 5, 567–572.
Khan, N., Jeffers, M., Kumar, S., Hackett, C., Boldog, F., Khramtsov, N., Qian, X., Mills, E., Berghs,
S.C., Carey, N., et al. (2008). Determination of the class and isoform selectivity of small-molecule
histone deacetylase inhibitors. Biochemical Journal 409, 581.
Kight, K.E., and McCarthy, M.M. (2017). Sex differences and estrogen regulation of BDNF gene
expression, but not propeptide content, in the developing hippocampus. Journal of
Neuroscience Research 95, 345–354.
Kim, H.-J., and Bae, S.-C. (2011). Histone deacetylase inhibitors: molecular mechanisms of action
and clinical trials as anti-cancer drugs. Am J Transl Res 3, 166–179.
Kim, T., and Buratowski, S. (2009). Dimethylation of H3K4 by Set1 recruits the Set3 histone
deacetylase complex to 5′ transcribed regions. Cell 137, 259–272.
Kim, K.C., Kim, P., Go, H.S., Choi, C.S., Yang, S.-I., Cheong, J.H., Shin, C.Y., and Ko, K.H. (2011). The
critical period of valproate exposure to induce autistic symptoms in Sprague-Dawley rats.
Toxicol. Lett. 201, 137–142.
Kim, K.C., Kim, P., Go, H.S., Choi, C.S., Park, J.H., Kim, H.J., Jeon, S.J., Dela Pena, I.C., Han, S.-H.,
Cheong, J.H., et al. (2013). Male-specific alteration in excitatory post-synaptic development and
social interaction in pre-natal valproic acid exposure model of autism spectrum disorder. J.
Neurochem. 124, 832–843.
Kim, K.C., Lee, D.-K., Go, H.S., Kim, P., Choi, C.S., Kim, J.-W., Jeon, S.J., Song, M.-R., and Shin, C.Y.
(2014a). Pax6-dependent cortical glutamatergic neuronal differentiation regulates autism-like
behavior in prenatally valproic acid-exposed rat offspring. Mol. Neurobiol. 49, 512–528.
Kim, K.C., Choi, C.S., Kim, J.-W., Han, S.-H., Cheong, J.H., Ryu, J.H., and Shin, C.Y. (2014b). MeCP2
Modulates Sex Differences in the Postsynaptic Development of the Valproate Animal Model of
Autism. Mol. Neurobiol.

127

Kirov, G., Gumus, D., Chen, W., Norton, N., Georgieva, L., Sari, M., O’Donovan, M.C., Erdogan, F.,
Owen, M.J., Ropers, H.-H., et al. (2008). Comparative genome hybridization suggests a role for
NRXN1 and APBA2 in schizophrenia. Hum Mol Genet 17, 458–465.
Kleinhans, N.M., Richards, T., Johnson, L.C., Weaver, K.E., Greenson, J., Dawson, G., and
Aylward, E. (2011). fMRI evidence of neural abnormalities in the subcortical face processing
system in ASD. Neuroimage 54, 697–704.
Kloc, M., Zearfoss, N.R., and Etkin, L.D. (2002). Mechanisms of Subcellular mRNA Localization.
Cell 108, 533–544.
Klose, R.J., and Bird, A.P. (2006). Genomic DNA methylation: the mark and its mediators. Trends
in Biochemical Sciences 31, 89–97.
Ko, G.Y., Brown-Croyts, L.M., and Teyler, T.J. (1997). The effects of anticonvulsant drugs on
NMDA-EPSP, AMPA-EPSP, and GABA-IPSP in the rat hippocampus. Brain Res. Bull. 42, 297–302.
Kokras, N., Dalla, C., and Papadopoulou-Daifoti, Z. (2011). Sex differences in pharmacokinetics of
antidepressants. Expert Opin Drug Metab Toxicol 7, 213–226.
Kolozsi, E., Mackenzie, R.N., Roullet, F.I., Decatanzaro, D., and Foster, J.A. (2009). Prenatal
exposure to valproic acid leads to reduced expression of synaptic adhesion molecule neuroligin
3 in mice. Neuroscience 163, 1201–1210.
Koppel, I., and Timmusk, T. (2013). Differential regulation of Bdnf expression in cortical neurons
by class-selective histone deacetylase inhibitors. Neuropharmacology 75, 106–115.
Koppel, I., Aid-Pavlidis, T., Jaanson, K., Sepp, M., Pruunsild, P., Palm, K., and Timmusk, T. (2009).
Tissue-specific and neural activity-regulated expression of human BDNF gene in BAC transgenic
mice. BMC Neuroscience 10, 68.
Kordi-Tamandani, D.M., Sahranavard, R., and Torkamanzehi, A. (2012). DNA methylation and
expression profiles of the brain-derived neurotrophic factor (BDNF) and dopamine transporter
(DAT1) genes in patients with schizophrenia. Mol. Biol. Rep. 39, 10889–10893.
Kornberg, R.D., and Lorch, Y. (1999). Twenty-Five Years of the Nucleosome, Fundamental
Particle of the Eukaryote Chromosome. Cell 98, 285–294.
Kota, S.K., and Feil, R. (2010). Epigenetic Transitions in Germ Cell Development and Meiosis.
Developmental Cell 19, 675–686.
Krahn, T.M., and Fenton, A. (2012). The extreme male brain theory of autism and the potential
adverse effects for boys and girls with autism. J Bioeth Inq 9, 93–103.
Krämer, O.H., Zhu, P., Ostendorff, H.P., Golebiewski, M., Tiefenbach, J., Peters, M.A., Brill, B.,
Groner, B., Bach, I., Heinzel, T., et al. (2003). The histone deacetylase inhibitor valproic acid
selectively induces proteasomal degradation of HDAC2. EMBO J 22, 3411–3420.

128

von Kries, R., Toschke, A.M., Koletzko, B., and Slikker, W. (2002). Maternal Smoking during
Pregnancy and Childhood Obesity. Am J Epidemiol 156, 954–961.
Krüttgen, A., Möller, J.C., Heymach, J.V., and Shooter, E.M. (1998). Neurotrophins induce release
of neurotrophins by the regulated secretory pathway. PNAS 95, 9614–9619.
Kumamaru, E., Egashira, Y., Takenaka, R., and Takamori, S. (2014). Valproic acid selectively
suppresses the formation of inhibitory synapses in cultured cortical neurons. Neurosci. Lett. 569,
142–147.
Kundakovic, M., Gudsnuk, K., Franks, B., Madrid, J., Miller, R.L., Perera, F.P., and Champagne,
F.A. (2013). Sex-specific epigenetic disruption and behavioral changes following low-dose in
utero bisphenol A exposure. Proc. Natl. Acad. Sci. U.S.A. 110, 9956–9961.
Kundakovic, M., Gudsnuk, K., Herbstman, J.B., Tang, D., Perera, F.P., and Champagne, F.A.
(2014). DNA methylation of BDNF as a biomarker of early-life adversity. PNAS 201408355.
Kurian, J.R., Olesen, K.M., and Auger, A.P. (2010). Sex differences in epigenetic regulation of the
estrogen receptor-alpha promoter within the developing preoptic area. Endocrinology 151,
2297–2305.
Kurth, F., Narr, K.L., Woods, R.P., O’Neill, J., Alger, J.R., Caplan, R., McCracken, J.T., Toga, A.W.,
and Levitt, J.G. (2011). Diminished Gray Matter Within the Hypothalamus in Autism Disorder: A
Potential Link to Hormonal Effects? Biological Psychiatry 70, 278–282.
Kuzmichev, A., Jenuwein, T., Tempst, P., and Reinberg, D. (2004). Different Ezh2-Containing
Complexes Target Methylation of Histone H1 or Nucleosomal Histone H3. Molecular Cell 14,
183–193.
Kwon, C.-H., Luikart, B.W., Powell, C.M., Zhou, J., Matheny, S.A., Zhang, W., Li, Y., Baker, S.J., and
Parada, L.F. (2006). Pten Regulates Neuronal Arborization and Social Interaction in Mice. Neuron
50, 377–388.
Kyzar, E.J., Pham, M., Roth, A., Cachat, J., Green, J., Gaikwad, S., and Kalueff, A.V. (2012).
Alterations in grooming activity and syntax in heterozygous SERT and BDNF knockout mice: the
utility of behavior-recognition tools to characterize mutant mouse phenotypes. Brain Res. Bull.
89, 168–176.
Ladd-Acosta, C., Hansen, K.D., Briem, E., Fallin, M.D., Kaufmann, W.E., and Feinberg, A.P. (2014).
Common DNA methylation alterations in multiple brain regions in autism. Mol. Psychiatry 19,
862–871.
Laganà, A.S., Triolo, O., D’Amico, V., Cartella, S.M., Sofo, V., Salmeri, F.M., Vrtačnik Bokal, E., and
Spina, E. (2016). Management of women with epilepsy: from preconception to post-partum.
Arch. Gynecol. Obstet. 293, 493–503.
Lai, M.-C., Lombardo, M.V., Auyeung, B., Chakrabarti, B., and Baron-Cohen, S. (2015).
Sex/Gender Differences and Autism: Setting the Scene for Future Research. Journal of the
American Academy of Child & Adolescent Psychiatry 54, 11–24.
129

La Manno, G., Gyllborg, D., Codeluppi, S., Nishimura, K., Salto, C., Zeisel, A., Borm, L.E., Stott,
S.R.W., Toledo, E.M., Villaescusa, J.C., et al. (2016). Molecular Diversity of Midbrain
Development in Mouse, Human, and Stem Cells. Cell 167, 566–580.e19.
LaSalle, J.M., and Yasui, D.H. (2009). Evolving role of MeCP2 in Rett syndrome and autism.
Epigenomics 1, 119–130.
Lauterbach, E.C. (2013). Neuroprotective Effects of Psychotropic Drugs in Huntington’s Disease.
Int J Mol Sci 14, 22558–22603.
Lavelle, T.A., Weinstein, M.C., Newhouse, J.P., Munir, K., Kuhlthau, K.A., and Prosser, L.A. (2014).
Economic burden of childhood autism spectrum disorders. Pediatrics 133, e520-529.
Lenroot, R.K., Gogtay, N., Greenstein, D.K., Wells, E.M., Wallace, G.L., Clasen, L.S., Blumenthal,
J.D., Lerch, J., Zijdenbos, A.P., Evans, A.C., et al. (2007). Sexual dimorphism of brain
developmental trajectories during childhood and adolescence. NeuroImage 36, 1065–1073.
Leon-Garcia, S.M., Roeder, H.A., Nelson, K.K., Liao, X., Pizzo, D.P., Laurent, L.C., Parast, M.M.,
and LaCoursiere, D.Y. (2016). Maternal obesity and sex-specific differences in placental
pathology. Placenta 38, 33–40.
Lessmann, V., and Brigadski, T. (2009). Mechanisms, locations, and kinetics of synaptic BDNF
secretion: an update. Neurosci. Res. 65, 11–22.
Levi-Montalcini, R., and Hamburger, V. (1953). A diffusible agent of mouse sarcoma, producing
hyperplasia of sympathetic ganglia and hyperneurotization of viscera in the chick embryo. J. Exp.
Zool. 123, 233–287.
Levine, S.S., King, I.F.G., and Kingston, R.E. (2004). Division of labor in Polycomb group
repression. Trends in Biochemical Sciences 29, 478–485.
Levine, T.P., Sheinkopf, S.J., Pescosolido, M., Rodino, A., Elia, G., and Lester, B. (2012).
Physiologic arousal to social stress in children with Autism Spectrum Disorders: A pilot study.
Research in Autism Spectrum Disorders 6, 177–183.
Levitin, D.J. (2017). A field guide to lies and statistics: a neuroscientist on how to make sense of
a complex world.
Levy, N. (2004). Book review: Understanding blindness. Phenomenology and the Cognitive
Sciences 3, 315–324.
Levy, D., Ronemus, M., Yamrom, B., Lee, Y., Leotta, A., Kendall, J., Marks, S., Lakshmi, B., Pai, D.,
Ye, K., et al. (2011). Rare de novo and transmitted copy-number variation in autistic spectrum
disorders. Neuron 70, 886–897.
Lewin, G., and Carter, B.D. (2014). Neurotrophic Factors (Springer Science & Business Media).
Lim, Y., and Golden, J.A. (2007). Patterning the developing diencephalon. Brain Res Rev 53, 17–
26.
130

Lingenfelter, P.A., Adler, D.A., Poslinski, D., Thomas, S., Elliott, R.W., Chapman, V.M., and
Disteche, C.M. (1998). Escape from X inactivation of Smcx is preceded by silencing during mouse
development. Nat. Genet. 18, 212–213.
Lopez-Bigas, N., Kisiel, T.A., Dewaal, D.C., Holmes, K.B., Volkert, T.L., Gupta, S., Love, J., Murray,
H.L., Young, R.A., and Benevolenskaya, E.V. (2008). Genome-wide analysis of the H3K4 histone
demethylase RBP2 reveals a transcriptional program controlling differentiation. Mol. Cell 31,
520–530.
Löscher, W., and Vetter, M. (1984). Drug-induced changes in GABA content of nerve endings in
11 rat brain regions. Correlation to pharmacological effects. Neurosci. Lett. 47, 325–331.
Lu, B., Pang, P.T., and Woo, N.H. (2005). The yin and yang of neurotrophin action. Nat Rev
Neurosci 6, 603–614.
Lubin, F.D., Roth, T.L., and Sweatt, J.D. (2008). Epigenetic regulation of BDNF gene transcription
in the consolidation of fear memory. J. Neurosci. 28, 10576–10586.
Ma, P., and Schultz, R.M. (2016). HDAC1 and HDAC2 in mouse oocytes and preimplantation
embryos: Specificity versus compensation. Cell Death Differ 23, 1119–1127.
Ma, L., Merenmies, J., and Parada, L.F. (2000). Molecular characterization of the TrkA/NGF
receptor minimal enhancer reveals regulation by multiple cis elements to drive embryonic
neuron expression. Development 127, 3777–3788.
Mabunga, D.F.N., Gonzales, E.L.T., Kim, J., Kim, K.C., and Shin, C.Y. (2015). Exploring the Validity
of Valproic Acid Animal Model of Autism. Exp Neurobiol 24, 285–300.
Macfarlan, T., Kutney, S., Altman, B., Montross, R., Yu, J., and Chakravarti, D. (2005). Human
THAP7 is a chromatin-associated, histone tail-binding protein that represses transcription via
recruitment of HDAC3 and nuclear hormone receptor corepressor. J. Biol. Chem. 280, 7346–
7358.
Mahfouz, A., Ziats, M.N., Rennert, O.M., Lelieveldt, B.P.F., and Reinders, M.J.T. (2015). Shared
Pathways Among Autism Candidate Genes Determined by Co-expression Network Analysis of
the Developing Human Brain Transcriptome. J Mol Neurosci 57, 580–594.
Maisonpierre, P.C., Belluscio, L., Friedman, B., Alderson, R.F., Wiegand, S.J., Furth, M.E., Lindsay,
R.M., and Yancopoulos, G.D. (1990). NT-3, BDNF, and NGF in the developing rat nervous system:
Parallel as well as reciprocal patterns of expression. Neuron 5, 501–509.
Malaspina, D., Corcoran, C., Kleinhaus, K., Perrin, M., Fennig, S., Nahon, D., Friedlander, Y., and
Harlap, S. (2008). Acute maternal stress in pregnancy and schizophrenia in offspring: A cohort
prospective study. BMC Psychiatry 8, 71.
Mameza, M.G., Dvoretskova, E., Bamann, M., Hönck, H.-H., Güler, T., Boeckers, T.M., Schoen,
M., Verpelli, C., Sala, C., Barsukov, I., et al. (2013). SHANK3 gene mutations associated with
autism facilitate ligand binding to the Shank3 ankyrin repeat region. J. Biol. Chem. 288, 26697–
26708.
131

Mandy, W., and Lai, M.-C. (2016). Annual Research Review: The role of the environment in the
developmental psychopathology of autism spectrum condition. J Child Psychol Psychiatry 57,
271–292.
Manent, J.-B., Jorquera, I., Franco, V., Ben-Ari, Y., Perucca, E., and Represa, A. (2008).
Antiepileptic drugs and brain maturation: Fetal exposure to lamotrigine generates cortical
malformations in rats. Epilepsy Research 78, 131–139.
Mannion, R.J., Costigan, M., Decosterd, I., Amaya, F., Ma, Q.P., Holstege, J.C., Ji, R.R., Acheson,
A., Lindsay, R.M., Wilkinson, G.A., et al. (1999). Neurotrophins: peripherally and centrally acting
modulators of tactile stimulus-induced inflammatory pain hypersensitivity. Proc. Natl. Acad. Sci.
U.S.A. 96, 9385–9390.
Marazziti, D., Baroni, S., Picchetti, M., Piccinni, A., Carlini, M., Vatteroni, E., Falaschi, V.,
Lombardi, A., and Dell’Osso, L. (2013). Pharmacokinetics and pharmacodynamics of
psychotropic drugs: effect of sex. CNS Spectr 18, 118–127.
Margueron, R., Trojer, P., and Reinberg, D. (2005). The key to development: interpreting the
histone code? Current Opinion in Genetics & Development 15, 163–176.
Martinowich, K., Hattori, D., Wu, H., Fouse, S., He, F., Hu, Y., Fan, G., and Sun, Y.E. (2003). DNA
methylation-related chromatin remodeling in activity-dependent BDNF gene regulation. Science
302, 890–893.
Martynoga, B., Drechsel, D., and Guillemot, F. (2012). Molecular Control of Neurogenesis: A
View from the Mammalian Cerebral Cortex. Cold Spring Harb Perspect Biol 4, a008359.
Martz, F., Failinger, C., and Blake, D.A. (1977). Phenytoin teratogenesis: correlation between
embryopathic effect and covalent binding of putative arene oxide metabolite in gestational
tissue. J. Pharmacol. Exp. Ther. 203, 231–239.
Marx, C.E., Vance, B.J., Jarskog, L.F., Chescheir, N.C., and Gilmore, J.H. (1999). Nerve growth
factor, brain-derived neurotrophic factor, and neurotrophin-3 levels in human amniotic fluid.
Am. J. Obstet. Gynecol. 181, 1225–1230.
Mathews, T.J., and Hamilton, B.E. (2002). Mean age of mother, 1970-2000. Natl Vital Stat Rep
51, 1–13.
Mathews, T.J., and Hamilton, B.E. (2016). Mean Age of Mothers is on the Rise: United States,
2000–2014, NCHS Data Brief No. 232.
Matsuda, K.I., Mori, H., Nugent, B.M., Pfaff, D.W., McCarthy, M.M., and Kawata, M. (2011).
Histone deacetylation during brain development is essential for permanent masculinization of
sexual behavior. Endocrinology 152, 2760–2767.
Matys, V., Kel-Margoulis, O.V., Fricke, E., Liebich, I., Land, S., Barre-Dirrie, A., Reuter, I.,
Chekmenev, D., Krull, M., Hornischer, K., et al. (2006). TRANSFAC and its module TRANSCompel:
transcriptional gene regulation in eukaryotes. Nucleic Acids Res. 34, D108-110.

132

Maynard, K.R., Hill, J.L., Calcaterra, N.E., Palko, M.E., Kardian, A., Paredes, D., Sukumar, M.,
Adler, B.D., Jimenez, D.V., Schloesser, R.J., et al. (2016). Functional role of BDNF production from
unique promoters in aggression and serotonin signaling. Neuropsychopharmacology 41, 1943–
1955.
Maynard, K.R., Hobbs, J.W., Sukumar, M., Kardian, A.S., Jimenez, D.V., Schloesser, R.J., and
Martinowich, K. (2017). Bdnf mRNA splice variants differentially impact CA1 and CA3 dendrite
complexity and spine morphology in the hippocampus. Brain Struct Funct 1–13.
McAllister, A.K., Katz, L.C., and Lo, D.C. (1997). Opposing roles for endogenous BDNF and NT-3 in
regulating cortical dendritic growth. Neuron 18, 767–778.
McBride, K.L., Varga, E.A., Pastore, M.T., Prior, T.W., Manickam, K., Atkin, J.F., and Herman, G.E.
(2010). Confirmation study of PTEN mutations among individuals with autism or developmental
delays/mental retardation and macrocephaly. Autism Res 3, 137–141.
McDonald, N.Q., and Chao, M.V. (1995). Structural determinants of neurotrophin action. J. Biol.
Chem. 270, 19669–19672.
McDougle, C.J., Erickson, C.A., Stigler, K.A., and Posey, D.J. (2005). Neurochemistry in the
pathophysiology of autism. J Clin Psychiatry 66 Suppl 10, 9–18.
Menezo, Y.J.R., Elder, K., and Dale, B. (2015). Link Between Increased Prevalence of Autism
Spectrum Disorder Syndromes and Oxidative Stress, DNA Methylation, and Imprinting: The
Impact of the Environment. JAMA Pediatr 169, 1066–1067.
Menke, D.B., and Page, D.C. (2002). Sexually dimorphic gene expression in the developing
mouse gonad. Gene Expression Patterns 2, 359–367.
Merikangas, K.R., He, J., Burstein, M., Swanson, S.A., Avenevoli, S., Cui, L., Benjet, C., Georgiades,
K., and Swendsen, J. (2010). Lifetime Prevalence of Mental Disorders in U.S. Adolescents: Results
from the National Comorbidity Survey Replication–Adolescent Supplement (NCS-A). Journal of
the American Academy of Child & Adolescent Psychiatry 49, 980–989.
Messerschmidt, D.M., Knowles, B.B., and Solter, D. (2014). DNA methylation dynamics during
epigenetic reprogramming in the germline and preimplantation embryos. Genes Dev. 28, 812–
828.
Meunier, D., Seiser, C., and Verdin, E. (2006). Histone Deacetylace 1. In Histone Deacetylaces:
Transcriptional Regulation and Other Cellular Functions, pp. 3–22.
Migeon, B.R., Axelman, J., and Jeppesen, P. (2005). Differential X reactivation in human placental
cells: implications for reversal of X inactivation. Am. J. Hum. Genet. 77, 355–364.
Miller, C.A., Campbell, S.L., and Sweatt, J.D. (2008). DNA methylation and histone acetylation
work in concert to regulate memory formation and synaptic plasticity. Neurobiology of Learning
and Memory 89, 599–603.

133

Minshew, N.J., and Keller, T.A. (2010). “The Nature of Brain Dysfunction in Autism: Functional
Brain Imaging Studies.” Curr Opin Neurol 23, 124–130.
Miyazaki, K., Narita, N., and Narita, M. (2005). Maternal administration of thalidomide or
valproic acid causes abnormal serotonergic neurons in the offspring: implication for
pathogenesis of autism. Int. J. Dev. Neurosci. 23, 287–297.
Mizui, T., Ishikawa, Y., Kumanogoh, H., and Kojima, M. (2016). Neurobiological actions by three
distinct subtypes of brain-derived neurotrophic factor: Multi-ligand model of growth factor
signaling. Pharmacological Research 105, 93–98.
Modahl, C., Fein, D., Waterhouse, L., and Newton, N. (1992). Does oxytocin deficiency mediate
social deficits in autism? J Autism Dev Disord 22, 449–451.
Modahl, C., Green, L.A., Fein, D., Morris, M., Waterhouse, L., Feinstein, C., and Levin, H. (1998).
Plasma oxytocin levels in autistic children. Biological Psychiatry 43, 270–277.
Moldrich, R.X., Leanage, G., She, D., Dolan-Evans, E., Nelson, M., Reza, N., and Reutens, D.C.
(2013). Inhibition of histone deacetylase in utero causes sociability deficits in postnatal mice.
Behavioural Brain Research 257, 253–264.
Monti, B., Polazzi, E., and Contestabile, A. (2009). Biochemical, molecular and epigenetic
mechanisms of valproic acid neuroprotection. Curr Mol Pharmacol 2, 95–109.
Moore, S.J., Turnpenny, P., Quinn, A., Glover, S., Lloyd, D.J., Montgomery, T., and Dean, J.C.
(2000). A clinical study of 57 children with fetal anticonvulsant syndromes. J. Med. Genet. 37,
489–497.
Moreno-Fuenmayor, H., Borjas, L., Arrieta, A., Valera, V., and Socorro-Candanoza, L. (1996).
Plasma excitatory amino acids in autism. Invest Clin 37, 113–128.
Murakami, K., Ohhira, T., Oshiro, E., Qi, D., Oshimura, M., and Kugoh, H. (2009). Identification of
the Chromatin Regions Coated by Non-coding Xist RNA. Cytogenet Genome Res 125, 19–25.
Murer, M.G., Boissiere, F., Yan, Q., Hunot, S., Villares, J., Faucheux, B., Agid, Y., Hirsch, E., and
Raisman-Vozari, R. (1999). An immunohistochemical study of the distribution of brain-derived
neurotrophic factor in the adult human brain, with particular reference to Alzheimer’s disease.
Neuroscience 88, 1015–1032.
Murko, C., Lagger, S., Steiner, M., Seiser, C., Schoefer, C., and Pusch, O. (2010). Expression of
class I histone deacetylases during chick and mouse development. Int. J. Dev. Biol. 54, 1527–
1537.
Murphy, V.E., Gibson, P.G., Giles, W.B., Zakar, T., Smith, R., Bisits, A.M., Kessell, C.G., and Clifton,
V.L. (2003). Maternal Asthma Is Associated with Reduced Female Fetal Growth. Am J Respir Crit
Care Med 168, 1317–1323.
Na, L., Wartenberg, M., Nau, H., Hescheler, J., and Sauer, H. (2003). Anticonvulsant valproic acid
inhibits cardiomyocyte differentiation of embryonic stem cells by increasing intracellular levels
134

of reactive oxygen species. Birth Defects Research Part A: Clinical and Molecular Teratology 67,
174–180.
Nagappan, G., Zaitsev, E., Senatorov, V.V., Yang, J., Hempstead, B.L., and Lu, B. (2009). Control of
extracellular cleavage of ProBDNF by high frequency neuronal activity. Proc. Natl. Acad. Sci.
U.S.A. 106, 1267–1272.
Napoli, E., Wong, S., and Giulivi, C. (2013). Evidence of reactive oxygen species-mediated
damage to mitochondrial DNA in children with typical autism. Mol Autism 4, 2.
Nardone, S., Sams, D.S., Reuveni, E., Getselter, D., Oron, O., Karpuj, M., and Elliott, E. (2014).
DNA methylation analysis of the autistic brain reveals multiple dysregulated biological pathways.
Transl Psychiatry 4, e433.
Narita, M., Oyabu, A., Imura, Y., Kamada, N., Yokoyama, T., Tano, K., Uchida, A., and Narita, N.
(2010). Nonexploratory movement and behavioral alterations in a thalidomide or valproic acidinduced autism model rat. Neurosci. Res. 66, 2–6.
Nau, H., and Löscher, W. (1986). Pharmacologic evaluation of various metabolites and analogs of
valproic acid: teratogenic potencies in mice. Fundam Appl Toxicol 6, 669–676.
Nau, H., and Scott, W.J. (1987). Teratogenicity of valproic acid and related substances in the
mouse: drug accumulation and pHi in the embryo during organogenesis and structure-activity
considerations. Arch. Toxicol. Suppl. 11, 128–139.
Nau, H., and Zierer, R. (1982). Pharmacokinetics of valproic acid and metabolites in mouse
plasma and brain following constant-rate application of the drug and its unsaturated metabolite
with an osmotic delivery system. Biopharm Drug Dispos 3, 317–328.
Nau, H., Rating, D., Koch, S., Häuser, I., and Helge, H. (1981). Valproic acid and its metabolites:
placental transfer, neonatal pharmacokinetics, transfer via mother’s milk and clinical status in
neonates of epileptic mothers. J Pharmacol Exp Ther 219, 768–777.
Naushad, S.M., Jain, J.M.N., Prasad, C.K., Naik, U., and Akella, R.R.D. (2013). Autistic children
exhibit distinct plasma amino acid profile. Indian J. Biochem. Biophys. 50, 474–478.
Neufang, S., Specht, K., Hausmann, M., Güntürkün, O., Herpertz-Dahlmann, B., Fink, G.R., and
Konrad, K. (2009). Sex Differences and the Impact of Steroid Hormones on the Developing
Human Brain. Cereb Cortex 19, 464–473.
Ng, H.-H., and Adrian, B. (1999). DNA methylation and chromatin modification. Current Opinion
in Genetics & Development 9, 158–163.
Nightingale, K.P., Gendreizig, S., White, D.A., Bradbury, C., Hollfelder, F., and Turner, B.M.
(2007). Cross-talk between Histone Modifications in Response to Histone Deacetylase Inhibitors
MLL4 LINKS HISTONE H3 ACETYLATION AND HISTONE H3K4 METHYLATION. J. Biol. Chem. 282,
4408–4416.

135

Nishimura, K., Nakamura, K., Anitha, A., Yamada, K., Tsujii, M., Iwayama, Y., Hattori, E., Toyota,
T., Takei, N., Miyachi, T., et al. (2007). Genetic analyses of the brain-derived neurotrophic factor
(BDNF) gene in autism. Biochem. Biophys. Res. Commun. 356, 200–206.
Noriuchi, M., Kikuchi, Y., Yoshiura, T., Kira, R., Shigeto, H., Hara, T., Tobimatsu, S., and Kamio, Y.
(2010). Altered white matter fractional anisotropy and social impairment in children with autism
spectrum disorder. Brain Res. 1362, 141–149.
Nugent, B.M., and Bale, T.L. (2015). The omniscient placenta: Metabolic and epigenetic
regulation of fetal programming. Front Neuroendocrinol 39, 28–37.
Nugent, B.M., and McCarthy, M.M. (2011). Epigenetic underpinnings of developmental sex
differences in the brain. Neuroendocrinology 93, 150–158.
Nugent, B.M., Wright, C.L., Shetty, A.C., Hodes, G.E., Lenz, K.M., Mahurkar, A., Russo, S.J.,
Devine, S.E., and McCarthy, M.M. (2015). Brain feminization requires active repression of
masculinization via DNA methylation. Nat. Neurosci. 18, 690–697.
Numata, S., Ye, T., Hyde, T.M., Guitart-Navarro, X., Tao, R., Wininger, M., Colantuoni, C.,
Weinberger, D.R., Kleinman, J.E., and Lipska, B.K. (2012). DNA methylation signatures in
development and aging of the human prefrontal cortex. Am. J. Hum. Genet. 90, 260–272.
Oblak, A.L., Gibbs, T.T., and Blatt, G.J. (2010). Decreased GABA(B) receptors in the cingulate
cortex and fusiform gyrus in autism. J. Neurochem. 114, 1414–1423.
Oken, E., Levitan, E.B., and Gillman, M.W. (2007). Maternal smoking during pregnancy and child
overweight: systematic review and meta-analysis. Int J Obes 32, 201–210.
Oken, E., Baccarelli, A.A., Gold, D.R., Kleinman, K.P., Litonjua, A.A., De Meo, D., Rich-Edwards,
J.W., Rifas-Shiman, S.L., Sagiv, S., Taveras, E.M., et al. (2015). Cohort profile: project viva. Int J
Epidemiol 44, 37–48.
Olff, M., Frijling, J.L., Kubzansky, L.D., Bradley, B., Ellenbogen, M.A., Cardoso, C., Bartz, J.A., Yee,
J.R., and van Zuiden, M. (2013). The role of oxytocin in social bonding, stress regulation and
mental health: an update on the moderating effects of context and interindividual differences.
Psychoneuroendocrinology 38, 1883–1894.
O’Neill, L.A.J., and Kaltschmidt, C. (1997). NF-kB: a crucial transcription factor for glial and
neuronal cell function. Trends in Neurosciences 20, 252–258.
Ornoy, A. (2009). Valproic acid in pregnancy: how much are we endangering the embryo and
fetus? Reprod. Toxicol. 28, 1–10.
Ornoy, A., Weinstein-Fudim, L., and Ergaz, Z. (2015). Prenatal factors associated with autism
spectrum disorder (ASD). Reprod. Toxicol. 56, 155–169.
Padmanabhan, R., Abdulrazzaq, Y.M., Bastaki, S.M.A., Shafiullah, M., and Chandranath, S.I.
(2003). Experimental studies on reproductive toxicologic effects of lamotrigine in mice. Birth
Defects Res. B Dev. Reprod. Toxicol. 68, 428–438.
136

Palomer, E., Carretero, J., Benvegnù, S., Dotti, C.G., and Martin, M.G. (2016). Neuronal activity
controls Bdnf expression via Polycomb de-repression and CREB/CBP/JMJD3 activation in mature
neurons. Nature Communications 7, 11081.
Park, H., and Poo, M. (2013). Neurotrophin regulation of neural circuit development and
function. Nat Rev Neurosci 14, 7–23.
Pattabiraman, P.P., Tropea, D., Chiaruttini, C., Tongiorgi, E., Cattaneo, A., and Domenici, L.
(2005). Neuronal activity regulates the developmental expression and subcellular localization of
cortical BDNF mRNA isoforms in vivo. Molecular and Cellular Neuroscience 28, 556–570.
Paulson, R.B., Paulson, G.W., and Jreissaty, S. (1979). Phenytoin and carbamazepine in
production of cleft palates in mice. Comparison of teratogenic effects. Arch. Neurol. 36, 832–
836.
Peacock, N. (1991). An evolutionary perspective on the patterning of maternal investment in
pregnancy. Human Nature 2, 351–385.
Pereira, L., Petitt, M., and Tabata, T. (2013). Cytomegalovirus infection and antibody protection
of the developing placenta. Clin. Infect. Dis. 57 Suppl 4, S174-177.
Phelps, M.P., Bailey, J.N., Vleeshouwer-Neumann, T., and Chen, E.Y. (2016). CRISPR screen
identifies the NCOR/HDAC3 complex as a major suppressor of differentiation in
rhabdomyosarcoma. Proc. Natl. Acad. Sci. U.S.A.
Ploeger, A., Raijmakers, M.E.J., van der Maas, H.L.J., and Galis, F. (2010). The Association
Between Autism and Errors in Early Embryogenesis: What Is the Causal Mechanism? Biological
Psychiatry 67, 602–607.
Polšek, D., Jagatic, T., Cepanec, M., Hof, P.R., and Šimić, G. (2011). Recent developments in
neuropathology of autism spectrum disorders. Translat.Neurosci. 2, 256.
Prouillac, C., and Lecoeur, S. (2010). The role of the placenta in fetal exposure to xenobiotics:
importance of membrane transporters and human models for transfer studies. Drug Metab.
Dispos. 38, 1623–1635.
Pruunsild, P., Kazantseva, A., Aid, T., Palm, K., and Timmusk, T. (2007). Dissecting the human
BDNF locus: bidirectional transcription, complex splicing, and multiple promoters. Genomics 90,
397–406.
Pruunsild, P., Sepp, M., Orav, E., Koppel, I., and Timmusk, T. (2011). Identification of cisElements and Transcription Factors Regulating Neuronal Activity-Dependent Transcription of
Human BDNF Gene. J. Neurosci. 31, 3295–3308.
Puehringer, D., Orel, N., Lüningschrör, P., Subramanian, N., Herrmann, T., Chao, M.V., and
Sendtner, M. (2013). EGF transactivation of Trk receptors regulates the migration of newborn
cortical neurons. Nat Neurosci 16, 407–415.

137

Purcell, A.E., Jeon, O.H., Zimmerman, A.W., Blue, M.E., and Pevsner, J. (2001). Postmortem brain
abnormalities of the glutamate neurotransmitter system in autism. Neurology 57, 1618–1628.
Rambousek, L., Kacer, P., Syslova, K., Bumba, J., Bubenikova-Valesova, V., and Slamberova, R.
(2014). Sex differences in methamphetamine pharmacokinetics in adult rats and its transfer to
pups through the placental membrane and breast milk. Drug Alcohol Depend 139, 138–144.
Rasalam, A.D., Hailey, H., Williams, J.H.G., Moore, S.J., Turnpenny, P.D., Lloyd, D.J., and Dean,
J.C.S. (2005). Characteristics of fetal anticonvulsant syndrome associated autistic disorder.
Developmental Medicine and Child Neurology 47, 551–555.
Raznahan, A., Wallace, G.L., Antezana, L., Greenstein, D., Lenroot, R., Thurm, A., Gozzi, M.,
Spence, S., Martin, A., Swedo, S.E., et al. (2013). Compared to what? Early brain overgrowth in
autism and the perils of population norms. Biol. Psychiatry 74, 563–575.
Reeta, K.H., Mehla, J., and Gupta, Y.K. (2010). Curcumin ameliorates cognitive dysfunction and
oxidative damage in phenobarbitone and carbamazepine administered rats. Eur. J. Pharmacol.
644, 106–112.
Ricart, W., López, J., Mozas, J., Pericot, A., Sancho, M.A., González, N., Balsells, M., Luna, R.,
Cortázar, A., Navarro, P., et al. (2009). Maternal glucose tolerance status influences the risk of
macrosomia in male but not in female fetuses. Journal of Epidemiology & Community Health 63,
64–68.
Rice, D., Barone, S., and Jr (2000). Critical periods of vulnerability for the developing nervous
system: evidence from humans and animal models. Environmental Health Perspectives 108,
511.
Richardson, L., Venkataraman, S., Stevenson, P., Yang, Y., Moss, J., Graham, L., Burton, N., Hill,
B., Rao, J., Baldock, R.A., et al. (2014). EMAGE mouse embryo spatial gene expression database:
2014 update. Nucl. Acids Res. 42, D835–D844.
Richetto, J., Massart, R., Weber-Stadlbauer, U., Szyf, M., Riva, M.A., and Meyer, U. (2017).
Genome-wide DNA Methylation Changes in a Mouse Model of Infection-Mediated
Neurodevelopmental Disorders. Biol. Psychiatry 81, 265–276.
Richmond, T.J., and Davey, C.A. (2003). The structure of DNA in the nucleosome core. Nature
423, 145–150.
Riva, A. (2012). The MAPPER2 Database: a multi-genome catalog of putative transcription factor
binding sites. Nucleic Acids Res 40, D155–D161.
Rizzolatti, G., Fadiga, L., Gallese, V., and Fogassi, L. (1996). Premotor cortex and the recognition
of motor actions. Brain Res Cogn Brain Res 3, 131–141.
Roberts, E.M., English, P.B., Grether, J.K., Windham, G.C., Somberg, L., and Wolff, C. (2007).
Maternal residence near agricultural pesticide applications and autism spectrum disorders
among children in the California Central Valley. Environ. Health Perspect. 115, 1482–1489.

138

Roberts, J.E., Clarke, M.A., Alcorn, K., Carter, J.C., Long, A.C.J., and Kaufmann, W.E. (2009).
Autistic behavior in boys with fragile X syndrome: social approach and HPA-axis dysfunction.
Journal of Neurodevelopmental Disorders 1, 283.
Robinson, E.B., Lichtenstein, P., Anckarsäter, H., Happé, F., and Ronald, A. (2013). Examining and
interpreting the female protective effect against autistic behavior. Proc Natl Acad Sci U S A 110,
5258–5262.
Robinson, R.C., Radziejewski, C., Stuart, D.I., and Jones, E.Y. (1995). Structure of the brainderived neurotrophic factor/neurotrophin 3 heterodimer. Biochemistry 34, 4139–4146.
Robinson, R.C., Radziejewski, C., Spraggon, G., Greenwald, J., Kostura, M.R., Burtnick, L.D.,
Stuart, D.I., Choe, S., and Jones, E.Y. (1999). The structures of the neurotrophin 4 homodimer
and the brain-derived neurotrophic factor/neurotrophin 4 heterodimer reveal a common Trkbinding site. Protein Sci. 8, 2589–2597.
Rodier, P.M., Ingram, J.L., Tisdale, B., and Croog, V.J. (1997). Linking etiologies in humans and
animal models: Studies of autism. Reproductive Toxicology 11, 417–422.
Rogawski, M.A., and Löscher, W. (2004). The neurobiology of antiepileptic drugs. Nat Rev
Neurosci 5, 553–564.
Ronemus, M., Iossifov, I., Levy, D., and Wigler, M. (2014). The role of de novo mutations in the
genetics of autism spectrum disorders. Nat Rev Genet 15, 133–141.
Rosato, R.R., Almenara, J.A., Maggio, S.C., Coe, S., Atadja, P., Dent, P., and Grant, S. (2008). Role
of histone deacetylase inhibitor-induced ROS and DNA damage in LAQ-824/fludarabine
antileukemic interactions. Mol Cancer Ther 7, 3285–3297.
Roseboom, T.J., van der Meulen, J.H., Ravelli, A.C., Osmond, C., Barker, D.J., and Bleker, O.P.
(2001). Effects of prenatal exposure to the Dutch famine on adult disease in later life: an
overview. Mol. Cell. Endocrinol. 185, 93–98.
Rosenfeld, C.S. (2015). Sex-Specific Placental Responses in Fetal Development. Endocrinology
156, 3422–3434.
Ross, S.E., Greenberg, M.E., and Stiles, C.D. (2003). Basic helix-loop-helix factors in cortical
development. Neuron 39, 13–25.
Rössler, T., and Marschalek, R. (2013). An alternative splice process renders the MLL protein
either into a transcriptional activator or repressor. Pharmazie 68, 601–607.
Roth, T.L., Matt, S., Chen, K., and Blaze, J. (2014). Bdnf DNA methylation modifications in the
hippocampus and amygdala of male and female rats exposed to different caregiving
environments outside the homecage. Dev Psychobiol 56, 1755–1763.
Roullet, F.I., Wollaston, L., deCatanzaro, D., and Foster, J.A. (2010). Behavioral and molecular
changes in the mouse in response to prenatal exposure to the anti-epileptic drug valproic acid.
Neuroscience 170, 514–522.
139

Rout, U.K., Mungan, N.K., and Dhossche, D.M. (2012). Presence of GAD65 autoantibodies in the
serum of children with autism or ADHD. Eur Child Adolesc Psychiatry 21, 141–147.
de Ruijter, A.J.M., van Gennip, A.H., Caron, H.N., Kemp, S., and van Kuilenburg, A.B.P. (2003).
Histone deacetylases (HDACs): characterization of the classical HDAC family. Biochem J 370,
737–749.
Saitou, M., and Yamaji, M. (2012). Primordial Germ Cells in Mice. Cold Spring Harb Perspect Biol
4, a008375.
Sajdel-Sulkowska, E.M., Lipinski, B., Windom, H., Audhya, T., and McGinnis, W. (2008). Oxidative
Stress in Autism: Elevated Cerebellar 3-nitrotyrosine Levels. American Journal of Biochemistry
and Biotechnology 4, 73–84.
Sajdel-Sulkowska, E.M., Xu, M., and Koibuchi, N. (2009). Increase in cerebellar neurotrophin-3
and oxidative stress markers in autism. Cerebellum 8, 366–372.
Sanders, S.J., He, X., Willsey, A.J., Ercan-Sencicek, A.G., Samocha, K.E., Cicek, A.E., Murtha, M.T.,
Bal, V.H., Bishop, S.L., Dong, S., et al. (2015). Insights into Autism Spectrum Disorder Genomic
Architecture and Biology from 71 Risk Loci. Neuron 87, 1215–1233.
Sandhya, V.K., Raju, R., Verma, R., Advani, J., Sharma, R., Radhakrishnan, A., Nanjappa, V.,
Narayana, J., Somani, B.L., Mukherjee, K.K., et al. (2013). A network map of BDNF/TRKB and
BDNF/p75NTR signaling system. J Cell Commun Signal 7, 301–307.
Sandman, C.A., and Davis, E.P. (2012). Neurobehavioral risk is associated with gestational
exposure to stress hormones. Expert Rev Endocrinol Metab 7, 445–459.
Sandman, C.A., Glynn, L.M., and Davis, E.P. (2013). Is there a viability-vulnerability tradeoff? Sex
differences in fetal programming. J Psychosom Res 75, 327–335.
Santos-Rebouças, C.B., Fintelman-Rodrigues, N., Jensen, L.R., Kuss, A.W., Ribeiro, M.G., Campos,
M., Santos, J.M., and Pimentel, M.M.G. (2011). A novel nonsense mutation in KDM5C/JARID1C
gene causing intellectual disability, short stature and speech delay. Neurosci. Lett. 498, 67–71.
Sarangi, S.C., Kakkar, A.K., Kumar, R., and Gupta, Y.K. (2016). Effect of lamotrigine, levetiracetam
& topiramate on neurobehavioural parameters & oxidative stress in comparison with valproate
in rats. Indian J. Med. Res. 144, 104–111.
Sayegh, J., Cao, J., Zou, M.R., Morales, A., Blair, L.P., Norcia, M., Hoyer, D., Tackett, A.J., Merkel,
J.S., and Yan, Q. (2013). Identification of Small Molecule Inhibitors of Jumonji AT-rich Interactive
Domain 1B (JARID1B) Histone Demethylase by a Sensitive High Throughput Screen. J. Biol. Chem.
288, 9408–9417.
Schain, R.J., and Freedman, D.X. (1961). Studies on 5-hydroxyindole metabolism in autistic and
other mentally retarded children. The Journal of Pediatrics 58, 315–320.
Schanen, N.C. (2006). Epigenetics of autism spectrum disorders. Hum Mol Genet 15, R138–R150.

140

Scharfman, H., Goodman, J., Macleod, A., Phani, S., Antonelli, C., and Croll, S. (2005). Increased
neurogenesis and the ectopic granule cells after intrahippocampal BDNF infusion in adult rats.
Exp. Neurol. 192, 348–356.
Schieve, L.A., Tian, L.H., Baio, J., Rankin, K., Rosenberg, D., Wiggins, L., Maenner, M.J., YearginAllsopp, M., Durkin, M., Rice, C., et al. (2014). Population attributable fractions for three
perinatal risk factors for autism spectrum disorders, 2002 and 2008 autism and developmental
disabilities monitoring network. Ann Epidemiol 24, 260–266.
Schlissel, M. (2004). The spreading influence of chromatin modification. Nat Genet 36, 438–440.
Schmitz, S.U., Albert, M., Malatesta, M., Morey, L., Johansen, J.V., Bak, M., Tommerup, N.,
Abarrategui, I., and Helin, K. (2011). Jarid1b targets genes regulating development and is
involved in neural differentiation. EMBO J. 30, 4586–4600.
Schneider, T., and Przewłocki, R. (2004). Behavioral Alterations in Rats Prenatally Exposed to
Valproic Acid: Animal Model of Autism. Neuropsychopharmacology 30, 80–89.
Schneider, T., Roman, A., Basta-Kaim, A., Kubera, M., Budziszewska, B., Schneider, K., and
Przewłocki, R. (2008). Gender-specific behavioral and immunological alterations in an animal
model of autism induced by prenatal exposure to valproic acid. Psychoneuroendocrinology 33,
728–740.
Schroeder, J.C., Reim, D., Boeckers, T.M., and Schmeisser, M.J. (2015). Genetic Animal Models
for Autism Spectrum Disorder. Curr Top Behav Neurosci.
Schumann, C.M., Hamstra, J., Goodlin-Jones, B.L., Lotspeich, L.J., Kwon, H., Buonocore, M.H.,
Lammers, C.R., Reiss, A.L., and Amaral, D.G. (2004). The amygdala is enlarged in children but not
adolescents with autism; the hippocampus is enlarged at all ages. J. Neurosci. 24, 6392–6401.
Scott, J.A., Schumann, C.M., Goodlin-Jones, B.L., and Amaral, D.G. (2009a). A comprehensive
volumetric analysis of the cerebellum in children and adolescents with autism spectrum
disorder. Autism Res 2, 246–257.
Scott, N.M., Hodyl, N.A., Murphy, V.E., Osei-Kumah, A., Wyper, H., Hodgson, D.M., Smith, R., and
Clifton, V.L. (2009b). Placental Cytokine Expression Covaries with Maternal Asthma Severity and
Fetal Sex. The Journal of Immunology 182, 1411–1420.
Seidah, N.G., Benjannet, S., Pareek, S., Chrétien, M., and Murphy, R.A. (1996). Cellular
processing of the neurotrophin precursors of NT3 and BDNF by the mammalian proprotein
convertases. FEBS Lett. 379, 247–250.
Senju, A., and Johnson, M.H. (2009). Atypical eye contact in autism: models, mechanisms and
development. Neurosci Biobehav Rev 33, 1204–1214.
Senju, A., Kikuchi, Y., Akechi, H., Hasegawa, T., Tojo, Y., Osanai, H., and Johnson, M.H. (2011).
Atypical modulation of face-elicited saccades in autism spectrum disorder in a double-step
saccade paradigm. Res Autism Spectr Disord 5.

141

Seto, E., and Verdin, E. (2006). The Biology of HDAC3. In Histone Deacetylaces: Transcriptional
Regulation and Other Cellular Functions, pp. 61–86.
Sharpley, C.F., Bitsika, V., Andronicos, N.M., and Agnew, L.L. (2016). Further evidence of HPAaxis dysregulation and its correlation with depression in Autism Spectrum Disorders: Data from
girls. Physiology & Behavior 167, 110–117.
Sheardown, S., Norris, D., Fisher, A., and Brockdorff, N. (1996). The Mouse Smcx Gene Exhibits
Developmental and Tissue Specific Variation in Degree of Escape from X Inactivation. Hum. Mol.
Genet. 5, 1355–1360.
Shelly, M., Cancedda, L., Heilshorn, S., Sumbre, G., and Poo, M.-M. (2007). LKB1/STRAD
promotes axon initiation during neuronal polarization. Cell 129, 565–577.
Shen, E.Y., Ahern, T.H., Cheung, I., Straubhaar, J., Dincer, A., Houston, I., de Vries, G.J., Akbarian,
S., and Forger, N.G. (2015). Epigenetics and sex differences in the brain: A genome-wide
comparison of histone-3 lysine-4 trimethylation (H3K4me3) in male and female mice. Exp.
Neurol. 268, 21–29.
Shetty, A.K., and Turner, D.A. (1998). In vitro survival and differentiation of neurons derived
from epidermal growth factor-responsive postnatal hippocampal stem cells: inducing effects of
brain-derived neurotrophic factor. J. Neurobiol. 35, 395–425.
Shieh, P.B., Hu, S.C., Bobb, K., Timmusk, T., and Ghosh, A. (1998). Identification of a signaling
pathway involved in calcium regulation of BDNF expression. Neuron 20, 727–740.
Shigeoka, T., Lu, B., and Holt, C.E. (2013). Cell biology in neuroscience: RNA-based mechanisms
underlying axon guidance. J. Cell Biol. 202, 991–999.
Shimmura, C., Suda, S., Tsuchiya, K.J., Hashimoto, K., Ohno, K., Matsuzaki, H., Iwata, K.,
Matsumoto, K., Wakuda, T., Kameno, Y., et al. (2011). Alteration of plasma glutamate and
glutamine levels in children with high-functioning autism. PLoS ONE 6, e25340.
Silberstein, S.D., and Collins, S.D. (1999). Safety of divalproex sodium in migraine prophylaxis: an
open-label, long-term study. Long-term Safety of Depakote in Headache Prophylaxis Study
Group. Headache 39, 633–643.
Silverman, J.L., Yang, M., Lord, C., and Crawley, J.N. (2010). Behavioural phenotyping assays for
mouse models of autism. Nat Rev Neurosci 11, 490–502.
Simensen, R.J., Rogers, R.C., Collins, J.S., Abidi, F., Schwartz, C.E., and Stevenson, R.E. (2012).
Short-term memory deficits in carrier females with KDM5C mutations. Genet. Couns. 23, 31–40.
Simms, M.L., Kemper, T.L., Timbie, C.M., Bauman, M.L., and Blatt, G.J. (2009). The anterior
cingulate cortex in autism: heterogeneity of qualitative and quantitative cytoarchitectonic
features suggests possible subgroups. Acta Neuropathol. 118, 673–684.
Sood, R., Zehnder, J.L., Druzin, M.L., and Brown, P.O. (2006). Gene expression patterns in human
placenta. PNAS 103, 5478–5483.
142

Sparks, B.F., Friedman, S.D., Shaw, D.W., Aylward, E.H., Echelard, D., Artru, A.A., Maravilla, K.R.,
Giedd, J.N., Munson, J., Dawson, G., et al. (2002). Brain structural abnormalities in young
children with autism spectrum disorder. Neurology 59, 184–192.
Spence, S.J., and Schneider, M.T. (2009). The role of epilepsy and epileptiform EEGs in autism
spectrum disorders. Pediatr. Res. 65, 599–606.
Spiers, H., Hannon, E., Schalkwyk, L.C., Smith, R., Wong, C.C.Y., O’Donovan, M.C., Bray, N.J., and
Mill, J. (2015). Methylomic trajectories across human fetal brain development. Genome Res. 25,
338–352.
Spitzer, N.C. (2006). Electrical activity in early neuronal development. Nature 444, 707–712.
Stadler, M.B., Murr, R., Burger, L., Ivanek, R., Lienert, F., Schöler, A., van Nimwegen, E.,
Wirbelauer, C., Oakeley, E.J., Gaidatzis, D., et al. (2011). DNA-binding factors shape the mouse
methylome at distal regulatory regions. Nature 480, 490–495.
Stahl, S.M. (2004). Anticonvulsants as mood stabilizers and adjuncts to antipsychotics: valproate,
lamotrigine, carbamazepine, and oxcarbazepine and actions at voltage-gated sodium channels. J
Clin Psychiatry 65, 738–739.
Stanfield, A.C., McIntosh, A.M., Spencer, M.D., Philip, R., Gaur, S., and Lawrie, S.M. (2008).
Towards a neuroanatomy of autism: A systematic review and meta-analysis of structural
magnetic resonance imaging studies. European Psychiatry 23, 289–299.
Stark, M.J., Dierkx, L., Clifton, V.L., and Wright, I.M.R. (2006). Alterations in the maternal
peripheral microvascular response in pregnancies complicated by preeclampsia and the impact
of fetal sex. J. Soc. Gynecol. Investig. 13, 573–578.
Stark, M.J., Clifton, V.L., and Wright, I.M.R. (2009). Neonates born to mothers with preeclampsia
exhibit sex-specific alterations in microvascular function. Pediatr. Res. 65, 292–295.
Steensel, F.J.A. van, Bögels, S.M., and Perrin, S. (2011). Anxiety Disorders in Children and
Adolescents with Autistic Spectrum Disorders: A Meta-Analysis. Clin Child Fam Psychol Rev 14,
302.
Stefansson, H., Rujescu, D., Cichon, S., Pietiläinen, O.P.H., Ingason, A., Steinberg, S., Fossdal, R.,
Sigurdsson, E., Sigmundsson, T., Buizer-Voskamp, J.E., et al. (2008). Large recurrent
microdeletions associated with schizophrenia. Nature 455, 232–236.
Steinberger, A., and Steinberger, E. (1980). Testicular Development, Structure, and Function
(Raven Press).
Strogantsev, R., and Ferguson-Smith, A.C. (2012). Proteins involved in establishment and
maintenance of imprinted methylation marks. Brief Funct Genomics 11, 227–239.
Suganuma, T., and Workman, J.L. (2008). Crosstalk among Histone Modifications. Cell 135, 604–
607.

143

Sulik, K.K., Johnston, M.C., Ambrose, L.J., and Dorgan, D. (1979). Phenytoin (dilantin)-induced
cleft lip and palate in A/J mice: a scanning and transmission electron microscopic study. Anat.
Rec. 195, 243–255.
Sullivan, P.F., Daly, M.J., and O’Donovan, M. (2012). Genetic architectures of psychiatric
disorders: the emerging picture and its implications. Nat Rev Genet 13, 537–551.
Sun, Y., Lim, Y., Li, F., Liu, S., Lu, J.-J., Haberberger, R., Zhong, J.-H., and Zhou, X.-F. (2012).
ProBDNF collapses neurite outgrowth of primary neurons by activating RhoA. PLoS ONE 7,
e35883.
Surén, P., Roth, C., Bresnahan, M., Haugen, M., Hornig, M., Hirtz, D., Lie, K.K., Lipkin, W.I.,
Magnus, P., Reichborn-Kjennerud, T., et al. (2013). Association between maternal use of folic
acid supplements and risk of autism spectrum disorders in children. JAMA 309, 570–577.
Tabuchi, A., Sakaya, H., Kisukeda, T., Fushiki, H., and Tsuda, M. (2002). Involvement of an
upstream stimulatory factor as well as cAMP-responsive element-binding protein in the
activation of brain-derived neurotrophic factor gene promoter I. J. Biol. Chem. 277, 35920–
35931.
Tahiliani, M., Mei, P., Fang, R., Leonor, T., Rutenberg, M., Shimizu, F., Li, J., Rao, A., and Shi, Y.
(2007). The histone H3K4 demethylase SMCX links REST target genes to X-linked mental
retardation. Nature 447, 601–605.
Tanaka, Y., Kim, K.-Y., Zhong, M., Pan, X., Weissman, S.M., and Park, I.-H. (2014). Transcriptional
regulation in pluripotent stem cells by methyl CpG-binding protein 2 (MeCP2). Hum. Mol. Genet.
23, 1045–1055.
Tang, G., Gudsnuk, K., Kuo, S.-H., Cotrina, M.L., Rosoklija, G., Sosunov, A., Sonders, M.S., Kanter,
E., Castagna, C., Yamamoto, A., et al. (2014). Loss of mTOR-Dependent Macroautophagy Causes
Autistic-like Synaptic Pruning Deficits. Neuron 83, 1131–1143.
Tao, X., Finkbeiner, S., Arnold, D.B., Shaywitz, A.J., and Greenberg, M.E. (1998). Ca2+ influx
regulates BDNF transcription by a CREB family transcription factor-dependent mechanism.
Neuron 20, 709–726.
Tao, X., West, A.E., Chen, W.G., Corfas, G., and Greenberg, M.E. (2002). A calcium-responsive
transcription factor, CaRF, that regulates neuronal activity-dependent expression of BDNF.
Neuron 33, 383–395.
Tasso, S.M., Moon, S.C., Bruno-Blanch, L.E., and Estiú, G.L. (2004). Characterization of the
anticonvulsant profile of valpromide derivatives. Bioorg. Med. Chem. 12, 3857–3869.
Tatton-Brown, K., Seal, S., Ruark, E., Harmer, J., Ramsay, E., Del Vecchio Duarte, S., Zachariou, A.,
Hanks, S., O’Brien, E., Aksglaede, L., et al. (2014). Mutations in the DNA methyltransferase gene
DNMT3A cause an overgrowth syndrome with intellectual disability. Nat. Genet. 46, 385–388.

144

Tavassoli, T., Kolevzon, A., Wang, A.T., Curchack-Lichtin, J., Halpern, D., Schwartz, L., Soffes, S.,
Bush, L., Grodberg, D., Cai, G., et al. (2014). De novo SCN2A splice site mutation in a boy with
Autism spectrum disorder. BMC Med. Genet. 15, 35.
Teng, H.K., Teng, K.K., Lee, R., Wright, S., Tevar, S., Almeida, R.D., Kermani, P., Torkin, R., Chen,
Z.-Y., Lee, F.S., et al. (2005). ProBDNF induces neuronal apoptosis via activation of a receptor
complex of p75NTR and sortilin. J. Neurosci. 25, 5455–5463.
Thaler, F., and Mercurio, C. (2014). Towards Selective Inhibition of Histone Deacetylase
Isoforms: What Has Been Achieved, Where We Are and What Will Be Next. ChemMedChem 9,
523–536.
Thapar, A., Fowler, T., Rice, F., Scourfield, J., van den Bree, M., Thomas, H., Harold, G., and Hay,
D. (2003). Maternal smoking during pregnancy and attention deficit hyperactivity disorder
symptoms in offspring. Am J Psychiatry 160, 1985–1989.
Timmusk, T., Palm, K., Metsis, M., Reintam, T., Paalme, V., Saarma, M., and Persson, H. (1993).
Multiple promoters direct tissue-specific expression of the rat BDNF gene. Neuron 10, 475–489.
Timmusk, T., Belluardo, N., Persson, H., and Metsis, M. (1994). Developmental regulation of
brain-derived neurotrophic factor messenger RNAs transcribed from different promoters in the
rat brain. Neuroscience 60, 287–291.
Trerotola, M., Relli, V., Simeone, P., and Alberti, S. (2015). Epigenetic inheritance and the
missing heritability. Human Genomics 9.
Tringali, G., Aubry, J.M., Moscianese, K., Zamori, C., Vairano, M., Preziosi, P., Navarra, P., and
Pozzoli, G. (2004). Valproic acid inhibits corticotropin-releasing factor synthesis and release from
the rat hypothalamus in vitro: evidence for the involvement of GABAergic neurotransmission. J
Psychiatry Neurosci 29, 459–466.
Tsai, K.-W., Kao, H.-W., Chen, H.-C., Chen, S.-J., and Lin, W. (2009). Epigenetic control of the
expression of a primate-specific microRNA cluster in human cancer cells. Epigenetics 4, 587–592.
Tsang, S.-Y., Ahmad, T., Mat, F.W.K., Zhao, C., Xiao, S., Xia, K., and Xue, H. (2016). Variation of
global DNA methylation levels with age and in autistic children. Hum. Genomics 10, 31.
Tung, E.W.Y., and Winn, L.M. (2011). Valproic Acid Increases Formation of Reactive Oxygen
Species and Induces Apoptosis in Postimplantation Embryos: A Role for Oxidative Stress in
Valproic Acid-Induced Neural Tube Defects. Mol Pharmacol 80, 979–987.
Tuvikene, J., Pruunsild, P., Orav, E., Esvald, E.-E., and Timmusk, T. (2016). AP-1 Transcription
Factors Mediate BDNF-Positive Feedback Loop in Cortical Neurons. J. Neurosci. 36, 1290–1305.
Ueno, K., and Sato, H. (2012). Sex-related differences in pharmacokinetics and
pharmacodynamics of anti-hypertensive drugs. Hypertens. Res. 35, 245–250.
Urfer, R., Tsoulfas, P., O’Connell, L., Hongo, J.A., Zhao, W., and Presta, L.G. (1998). High
resolution mapping of the binding site of TrkA for nerve growth factor and TrkC for
145

neurotrophin-3 on the second immunoglobulin-like domain of the Trk receptors. J. Biol. Chem.
273, 5829–5840.
Vaiserman, A. (2015). Epidemiologic evidence for association between adverse environmental
exposures in early life and epigenetic variation: a potential link to disease susceptibility? Clin
Epigenetics 7.
Vaissière, T., Sawan, C., and Herceg, Z. (2008). Epigenetic interplay between histone
modifications and DNA methylation in gene silencing. Mutation Research/Reviews in Mutation
Research 659, 40–48.
Vajda, F.J.E., O’Brien, T.J., Lander, C.M., Graham, J., and Eadie, M.J. (2014). The teratogenicity of
the newer antiepileptic drugs - an update. Acta Neurol. Scand. 130, 234–238.
Vallianatos, C.N., and Iwase, S. (2015). Disrupted intricacy of histone H3K4 methylation in
neurodevelopmental disorders. Epigenomics 7, 503–519.
Van den Wyngaert, I., de Vries, W., Kremer, A., Neefs, J., Verhasselt, P., Luyten, W.H., and Kass,
S.U. (2000). Cloning and characterization of human histone deacetylase 8. FEBS Lett. 478, 77–83.
Van Soom, A., Peelman, L., Holt, W., and Fazeli, A. (2014). An Introduction to Epigenetics as the
Link Between Genotype and Environment: A Personal View. Reprod Dom Anim 49, 2–10.
Vermeulen, M., Carrozza, M.J., Lasonder, E., Workman, J.L., Logie, C., and Stunnenberg, H.G.
(2004). In vitro targeting reveals intrinsic histone tail specificity of the Sin3/histone deacetylase
and N-CoR/SMRT corepressor complexes. Mol. Cell. Biol. 24, 2364–2372.
Vertes, R.P. (2006). Interactions among the medial prefrontal cortex, hippocampus and midline
thalamus in emotional and cognitive processing in the rat. Neuroscience 142, 1–20.
Voineagu, I., Wang, X., Johnston, P., Lowe, J.K., Tian, Y., Horvath, S., Mill, J., Cantor, R.M.,
Blencowe, B.J., and Geschwind, D.H. (2011). Transcriptomic analysis of autistic brain reveals
convergent molecular pathology. Nature 474, 380–384.
Volkmar, F.R., Paul, R., Klin, A., and Cohen, D.J. (2005). Handbook of Autism and Pervasive
Developmental Disorders, Diagnosis, Development, Neurobiology, and Behavior (John Wiley &
Sons).
Vonnahme, K.A., Lemley, C.O., Caton, J.S., and Meyer, A.M. (2015). Impacts of Maternal
Nutrition on Vascularity of Nutrient Transferring Tissues during Gestation and Lactation.
Nutrients 7, 3497–3523.
Waddington, C.H. (1956). Genetic Assimilation of the Bithorax Phenotype. Evolution 10, 1–13.
Waknine, Y. (2007). FDA Safety Changes: Depakote and Strattera.
Waltregny, D., De Leval, L., Glénisson, W., Ly Tran, S., North, B.J., Bellahcène, A., Weidle, U.,
Verdin, E., and Castronovo, V. (2004). Expression of histone deacetylase 8, a class I histone

146

deacetylase, is restricted to cells showing smooth muscle differentiation in normal human
tissues. Am. J. Pathol. 165, 553–564.
Waltregny, D., Glénisson, W., Tran, S.L., North, B.J., Verdin, E., Colige, A., and Castronovo, V.
(2005). Histone deacetylase HDAC8 associates with smooth muscle alpha-actin and is essential
for smooth muscle cell contractility. FASEB J. 19, 966–968.
Waterborg, J.H. (2002). Dynamics of histone acetylation in vivo. A function for acetylation
turnover? Biochem. Cell Biol. 80, 363–378.
Waterland, R.A., and Jirtle, R.L. (2004). Early nutrition, epigenetic changes at transposons and
imprinted genes, and enhanced susceptibility to adult chronic diseases. Nutrition 20, 63–68.
Waterland, R.A., and Michels, K.B. (2007). Epigenetic epidemiology of the developmental origins
hypothesis. Annu. Rev. Nutr. 27, 363–388.
Watkins, A.J., Lucas, E.S., Marfy-Smith, S., Bates, N., Kimber, S.J., and Fleming, T.P. (2015).
Maternal nutrition modifies trophoblast giant cell phenotype and fetal growth in mice.
Reproduction 149, 563–575.
Watt, F., and Molloy, P.L. (1988). Cytosine methylation prevents binding to DNA of a HeLa cell
transcription factor required for optimal expression of the adenovirus major late promoter.
Genes Dev. 2, 1136–1143.
Weiss, L.A., Escayg, A., Kearney, J.A., Trudeau, M., MacDonald, B.T., Mori, M., Reichert, J.,
Buxbaum, J.D., and Meisler, M.H. (2003). Sodium channels SCN1A, SCN2A and SCN3A in familial
autism. Mol. Psychiatry 8, 186–194.
Wells, J.C. (2000). Natural selection and sex differences in morbidity and mortality in early life. J.
Theor. Biol. 202, 65–76.
Werling, D.M., Parikshak, N.N., and Geschwind, D.H. (2016). Gene expression in human brain
implicates sexually dimorphic pathways in autism spectrum disorders. Nat Commun 7, 10717.
West, A.E., Chen, W.G., Dalva, M.B., Dolmetsch, R.E., Kornhauser, J.M., Shaywitz, A.J., Takasu,
M.A., Tao, X., and Greenberg, M.E. (2001). Calcium regulation of neuronal gene expression.
PNAS 98, 11024–11031.
White, J.J., and Sillitoe, R.V. (2013). Development of the cerebellum: from gene expression
patterns to circuit maps. WIREs Dev Biol 2, 149–164.
Williams, G., King, J., Cunningham, M., Stephan, M., Kerr, B., and Hersh, J.H. (2001). Fetal
valproate syndrome and autism: additional evidence of an association. Dev Med Child Neurol
43, 202–206.
Winckler, B. (2007). BDNF Instructs the Kinase LKB1 To Grow an Axon. Cell 129, 459–460.
Windisch, J.M., Auer, B., Marksteiner, R., Lang, M.E., and Schneider, R. (1995). Specific
neurotrophin binding to leucine-rich motif peptides of TrkA and TrkB. FEBS Lett. 374, 125–129.
147

Winn, L.M., and Wells, P.G. (1995). Phenytoin-initiated DNA oxidation in murine embryo culture,
and embryo protection by the antioxidative enzymes superoxide dismutase and catalase:
evidence for reactive oxygen species-mediated DNA oxidation in the molecular mechanism of
phenytoin teratogenicity. Mol. Pharmacol. 48, 112–120.
Wisner, K.L., Leckman-Westin, E., Finnerty, M., and Essock, S.M. (2011). Valproate prescription
prevalence among women of childbearing age. Psychiatr Serv 62, 218–220.
Wolfe, F.H., Auzias, G., Deruelle, C., and Chaminade, T. (2015). Focal atrophy of the
hypothalamus associated with third ventricle enlargement in autism spectrum disorder:
NeuroReport 26, 1017–1022.
Wolff, J.J., Gu, H., Gerig, G., Elison, J.T., Styner, M., Gouttard, S., Botteron, K.N., Dager, S.R.,
Dawson, G., Estes, A.M., et al. (2012). Differences in White Matter Fiber Tract Development
Present From 6 to 24 Months in Infants With Autism. AJP 169, 589–600.
Wolstenholme, J.T., Rissman, E.F., and Bekiranov, S. (2013). Sexual differentiation in the
developing mouse brain: contributions of sex chromosome genes. Genes Brain Behav. 12, 166–
180.
Xu, J., Deng, X., and Disteche, C.M. (2008a). Sex-Specific Expression of the X-Linked Histone
Demethylase Gene Jarid1c in Brain. PLOS ONE 3, e2553.
Xu, J., Deng, X., Watkins, R., and Disteche, C.M. (2008b). Sex-specific differences in expression of
histone demethylases Utx and Uty in mouse brain and neurons. J. Neurosci. 28, 4521–4527.
Yang, C.-J., Tan, H.-P., and Du, Y.-J. (2014). The developmental disruptions of serotonin signaling
may involved in autism during early brain development. Neuroscience 267, 1–10.
Yang, J., Siao, C.-J., Nagappan, G., Marinic, T., Jing, D., McGrath, K., Chen, Z.-Y., Mark, W.,
Tessarollo, L., Lee, F.S., et al. (2009). Neuronal release of proBDNF. Nat Neurosci 12, 113–115.
Yasuda, S., Liang, M.-H., Marinova, Z., Yahyavi, A., and Chuang, D.-M. (2007). The mood
stabilizers lithium and valproate selectively activate the promoter IV of brain-derived
neurotrophic factor in neurons. Mol Psychiatry 14, 51–59.
Yildirim, E., Zhang, Z., Uz, T., Chen, C., Manev, R., and Manev, H. (2003). Valproate
administration to mice increases histone acetylation and 5-lipoxygenase content in the
hippocampus. Neuroscience Letters 345, 141–143.
Yip, J., Soghomonian, J.-J., and Blatt, G.J. (2007). Decreased GAD67 mRNA levels in cerebellar
Purkinje cells in autism: pathophysiological implications. Acta Neuropathol. 113, 559–568.
Zeise, M.L., Kasparow, S., and Zieglgänsberger, W. (1991). Valproate suppresses N-methyl-Daspartate-evoked, transient depolarizations in the rat neocortex in vitro. Brain Res. 544, 345–
348.

148

Zhang, F.F., Cardarelli, R., Carroll, J., Fulda, K.G., Kaur, M., Gonzalez, K., Vishwanatha, J.K.,
Santella, R.M., and Morabia, A. (2011). Significant differences in global genomic DNA
methylation by gender and race/ethnicity in peripheral blood. Epigenetics 6, 623–629.
Zhao, H., and Dean, A. (2004). An insulator blocks spreading of histone acetylation and
interferes with RNA polymerase II transfer between an enhancer and gene. Nucl Acids Res 32,
4903–4919.
Zheng, F., Zhou, X., Moon, C., and Wang, H. (2012). Regulation of brain-derived neurotrophic
factor expression in neurons. Int J Physiol Pathophysiol Pharmacol 4, 188–200.
Zhou, K., Thouas, G., Bernard, C., and Forsythe, J.S. (2014). 3D presentation of a neurotrophic
factor for the regulation of neural progenitor cells. Nanomedicine (Lond) 9, 1239–1251.
Ziats, M.N., and Rennert, O.M. (2013). Aberrant expression of long noncoding RNAs in autistic
brain. J. Mol. Neurosci. 49, 589–593.
Zuccato, C., Ciammola, A., Rigamonti, D., Leavitt, B.R., Goffredo, D., Conti, L., MacDonald, M.E.,
Friedlander, R.M., Silani, V., Hayden, M.R., et al. (2001). Loss of Huntingtin-Mediated BDNF Gene
Transcription in Huntington’s Disease. Science 293, 493–498.
Zuccato, C., Tartari, M., Crotti, A., Goffredo, D., Valenza, M., Conti, L., Cataudella, T., Leavitt,
B.R., Hayden, M.R., Timmusk, T., et al. (2003). Huntingtin interacts with REST/NRSF to modulate
the transcription of NRSE-controlled neuronal genes. Nat Genet 35, 76–83.

149

