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Abstract 

Title of Dissertation: Effect of DNA Methyltransferase Activity on Sexual Differentiation 

of the Rodent Brain  

Bridget M. Nugent, Doctor of Philosophy, 2012 

Dissertation Directed by: Dr. Margaret M. McCarthy, Professor Program in Neuroscience 

and Department of Pharmacology 

 

Developmental exposure to gonadal steroids organizes enduring changes in brain and 

behavior, but the mechanisms by which early hormone exposure imparts these life-long 

changes are still largely unknown. The preoptic area (POA) is a brain region necessary 

for male reproductive behavior that is sexually differentiated by estradiol during a 

perinatal critical period. DNA methylation is an epigenetic process executed by DNA 

methyltransferase (DNMT) enzymes that impacts gene expression by altering chromatin 

conformation and modulating transcription factor binding. We found that females have 

significantly higher levels of DNMT activity and global genomic methylation in the POA 

compared to males during the critical period for sexual differentiation of the brain, but 

not thereafter. Administering a masculinizing dose of estradiol to females significantly 

decreases DNMT activity in the female POA, suggesting that estradiol may permanently 

masculinize the POA by controlling DNMT activity during the critical period. Further, 

pharmacological inhibition of DNMT activity in the developing female POA to mimic 

male DNMT activity levels results in anatomical and behavioral masculinization, and 

partial behavioral defeminization in adulthood. No exogenous manipulations have ever 

effectively masculinized the female POA if administered outside of the critical period for 



sexual differentiation, however we have shown that inhibiting DNMT activity following 

the close of the critical period masculinizes both neuronal morphology and behavior in 

the female rat. These observations prompted us to rethink our definition of feminization 

as a passive, “default” process, and led to the hypothesize that feminization of the brain 

requires active, life-long suppression of masculinization via epigenetic mechanisms. In 

addition, we hypothesized that sex differences in DNMT activity organize sex-specific 

gene expression in the neonatal POA. To identify novel candidate genes involved in 

methylation-dependent and -independent masculinization and feminization, we quantified 

differences in gene expression in the POA of male and female rat pups treated with a 

DNMT inhibitor or vehicle using RNA-Seq. We identified novel gene and isoform 

variants modulated by methylation that may underlie the divergent reproductive 

behaviors of males versus females.!
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I. GENERAL INTRODUCTION 

Genetic sex determination and subsequent sexual differentiation of the 

body and brain equips an animal with the necessary physiological and behavioral 

characteristics for successful reproduction.  However, many other facets of being 

male or female influence our lives perhaps more than any other biological trait. 

Understanding the developmental processes whereby sex differences in the brain 

are established is essential not only to comprehending basic physiological and 

behavioral differences between men and women, but also to increase 

understanding of the biology of etiological sex differences in the prevalence and 

severity of many brain disorders. There are noteworthy gender differences in the 

prevalence of many disorders.  Mood, anxiety, and eating disorders, as well as late-

onset schizophrenia and attempted suicide are higher in women than men (Nolen-

Hoeksema, 1987; Pigott, 1999; Woodside and Kennedy, 1995; Robins and Regier, 

1991; Weissman et al., 1999). Conversely, autism, early-onset schizophrenia, and 

ADHD (Robins and Regier, 1991; Yeargin-Allsopp et al., 2003; Levy et al., 2005) 

are more prevalent in boys and men than women.  Although we have gained a 

rudimentary understanding of how sex differences are established during brain 

development, there is a general lack of mechanistic research on the topic, which is 

critical for understanding this complex process.  Understanding the underlying 

biological differences in the male and female brain will enable us to better 

comprehend how sex differences in psychiatric and neurological disorders arise, as 

well as help us to better understand sex differences in basic behaviors such as 
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sexual, maternal, and aggressive behaviors which are arguably the most critical to 

an animal’s survival.  

 

Sex Determination and Hormonally-Induced Sexual Differentiation of the 

Developing Brain 

An individual’s gender is arguably his or her most defining feature.  As 

such, inheritance of sex chromosomes at fertilization may be the most influential 

moment in a mammal’s life.  In mammalian species, the individual’s sex is 

determined by inheritance of X or Y chromosomes.  For decades, the Y 

chromosome genes responsible for determination of the male fetus were unknown 

until mutations in both mice and humans illustrated the importance of a single 

gene, sex-determining region y (sry), in the creation of the male testes from a 

bipotential gonad during fetal development (reviewed in (Wilhelm et al., 2007).  

Prior to sry gene expression, which begins around embryonic day 11.5 in rodents 

(mice and rats specifically), both males and females have a bipotential gonad and 

the primordia for both male Wolffian and female Müllerian reproductive duct 

systems (Koopman et al., 1990; Hacker et al., 1995).  Cells within the bipotential 

gonad have the capacity to adopt two fates: Sertoli and Leydig cells, which secrete 

testosterone and comprise the testes, or ovary-specific granulose and theca cells, 

which produce estrogens (McLaren, 1991; Jost et al., 1981). The expression of 

SRY, a transcription factor best known for up regulating SOX9 expression in 

Sertoli cells (Sekido et al., 2004; Sekido and Lovell-Badge, 2008), initiates a 

cascade of events that eventually leads to testes determination as well as 
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degeneration of the female Müllerian duct system and the development of the 

Wolffian ducts.   

 In 1947, Jost demonstrated that if rabbit fetuses were gonadectomized in 

utero prior to sex determination, they would develop female-typical internal ducts 

and external genitalia (Jost, 1947).  This finding, along with the active process of 

sry expression in the male, led to the widely held notion that the female 

reproductive phenotype is the “default” developmental pathway.  Masculinization 

and defeminization of the brain, outcomes of gonadal sex determination, are active 

hormonally-mediated processes during neural sexual differentiation, whereas 

feminization requires no exogenous hormonal input.  This has led to the 

widespread belief that feminization of the neural substrate is also a “default” 

developmental pathway.   

Much like the bipotential gonad, the embryonic brain is generally the same 

among individuals destined to be males and females.  Both cell autonomous and 

hormonally-induced events ultimately create masculine and feminine neuronal 

anatomies and physiologies.  Aspects of brain sexual differentiation that are 

directly involved in reproduction are largely determined by gonadal steroid 

exposure during development, whereas those that are associated with other 

behaviors or physiologies are often influenced by a complex combination of 

hormonal and genetic variables (McCarthy, 2008; Arnold and Chen, 2009).  

Gonadal steroids cause permanent alterations in cellular morphology and function 

within the developing rodent brain that underlie sex-specific regulation of 

gonadotropin secretion from the anterior pituitary and sexual behavior, as well as 
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other behaviors exhibited by both males and females that differ in their frequency 

or intensity (see for review McCarthy, 2008).   

Sexual differentiation of the brain consists of the independent processes of 

masculinization, defeminization, or alternatively, feminization. Masculinization is 

the process by which estradiol organizes male-specific neuronal characteristics and 

enables the expression of male sexual behavior in the adult.  Defeminization is the 

process by which female-specific characteristics are removed from or suppressed 

in the bipotential brain. As mentioned above, feminization of the brain has 

traditionally been regarded as the default developmental process.  Estradiol 

eliminates the capacity for surge release of gonadotropins (LH and FSH) from the 

anterior pituitary and female sexual receptivity in adulthood (Todd et al., 2005).  

Neuronal control of gonadotropin secretion ultimately dictates the normal 

development of reproductive functions and allows for gonadal hormone synthesis, 

spermatogenesis, and ovarian follicle stimulation following puberty (Chappel, 

1985).   

In the rat, sexual differentiation of the brain occurs during a perinatal 

critical period between embryonic day 18 (E18) and approximately postnatal day 

10 (PN10) (Rhees et al., 1990; Arnold and Gorski, 1984). The onset of this critical 

period coincides with the beginning of testosterone production by the testes in 

genetic males, while the offset is defined as the point after which the female brain 

can no longer be masculinized by exogenous steroid treatment.  In male fetuses, 

high levels of testosterone synthesized by the testis reach the brain where a portion 

is converted to estradiol by the enzyme p450 aromatase (Weisz and Ward, 1980; 
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McEwen et al., 1977). Estradiol acts on its nuclear receptors, estrogen receptors ! 

(ER!) and " (ER") to initiate defeminization and masculinization (Kudwa et al., 

2006).  

When bound by ligand, both ER isoforms can act as transcription factors, 

thereby influencing gene expression (Evans, 1988). Administering testosterone or 

estradiol to a genetic female during the critical period for sexual differentiation of 

the brain leads to a defeminized and masculinized neural phenotype, rendering this 

female anovulatory and therefore sterile (Barraclough, 1961), and capable of male-

typical behavior in adulthood if treated with testosterone (Baum, 1979).  

Conversely, blocking aromatization of testosterone to estradiol or antagonizing ER 

binding during the critical period impedes organization of the male brain 

(Vreeburg et al., 1977; Bakker et al., 2002a).  Importantly, these manipulations 

have no impact on the determination of brain sex if made before or after the critical 

period, indicating a highly regulated and tightly orchestrated timeframe for these 

crucial organizational events.  If one considers the importance of matching brain 

and body sex for successful reproduction and species propagation, it seems logical 

to have a highly controlled critical period for sexual differentiation of the brain.  

However, the question of how such fleeting hormone exposure can have enduring, 

life-long consequences on the nervous system, and ultimately reproductive fitness, 

has eluded researchers studying sexual differentiation of the brain.    

Estradiol-induced organizational changes are perhaps best exemplified 

within the preoptic area (POA), an area containing the medial preoptic nucleus 

(MPN), the sexually dimorphic nucleus of the preoptic area (SDN-POA) and the 
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anteroventral periventricular nucleus (AVPV).  The MPN is critical to the control 

of male sexual behavior and the SDN-POA is a subregion within this nucleus that 

has been implicated in partner preference (Houtsmuller et al., 1994). Males have a 

5-7 fold larger SDN and consequently more cells in the SDN than females (Gorski 

et al., 1978).  The perinatal androgen surge, followed by androgen aromatization to 

estradiol, protects SDN cells in males from programmed cell death (Davis et al., 

1996).  Estradiol leads to increased expression of the NMDA receptor subunit NR1 

and antagonizing NMDA-type glutamate receptors in males increases cell death in 

the SDN (Hsu et al., 2001).  NMDA receptor activation leads to a down regulation 

of the pro-apoptotic protein, Bax, and upregulation of the anti-apoptotic protein 

Bcl-2, thereby diminishing pro-apoptotic activity of caspase-3 (Tsukahara et al., 

2008).  Transcription of the gene for neural epidermal growth factor-like like-2 

(NELL-2) is also regulated by estradiol (Choi et al., 2010) and further protects 

cells in the SDN from apoptosis (Jeong et al., 2008).  Neuronal migration, 

specifically radial spreading of neurons, later during the perinatal period (PN7-15) 

in males amplifies the sex difference in SDN volume (Wolfe et al., 2005; Orikasa 

et al., 2010).  Thus the phenotypic endpoint of a larger SDN in males is the result 

of a complex interplay of hormonal modulation of gene expression and neuronal 

responsiveness. 

 In contrast to the SDN, the female AVPV is larger than the males and 

regulates the luteinizing hormone (LH) surge that produces ovulation in females.  

The AVPV contains multiple cell types, including GABAergic/glutamatergic cells, 

dopaminergic cells, and kisspeptin cells, each of which is found in different 
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amounts in males versus females.  Opposite to the SDN-POA, the perinatal 

androgen surge drives cell death in the AVPV; treating a neonatal female with 

androgens reduces the number of dopaminergic cells to that of males (Simerly et 

al., 1985).  Estradiol up regulates caspase activity in dopaminergic cells to induce 

apoptosis, and administering a caspase inhibitor prevents estradiol-induced cell 

death in males (Waters and Simerly, 2009).  Another cell type, 

GABAergic/glutamatergic expressing neurons, are twice as numerous in females 

(Ottem et al., 2004), and this sex difference, unlike that in dopaminergic cells, is 

regulated by the proinflammatory molecule, tumor necrosis factor alpha (TNF!). 

TNF! is higher in females and suppressed in males by the associated molecule 

TNF receptor-associated factor 2 inhibiting protein (Trip); In males Trip prevents 

NF#" activation, bcl-2 gene expression, and the resultant cell survival that occurs 

in females (Krishnan et al., 2009).  The pro-apoptotic protein Bax is also higher in 

males and regulates the death of GABAergic neurons (Forger et al., 2004), but this 

effect on Bax is independent of Trip and, in addition, does not impact the cell 

death of dopaminergic neurons.  Females also have significantly more cells 

positive for the neuropeptide, kisspeptin, than males, a sex difference that is 

regulated by estradiol (Kauffman et al., 2007; Homma et al., 2009) but not by Bax 

(Semaan et al., 2010). Currently the downstream mechanisms involved in this 

effect on kisspeptin neurons remain unelucidated.  The overall sex difference in 

AVPV cell number is further enhanced by hormonally-regulated neurogenesis that 

occurs in females during puberty (Ahmed et al., 2008). 

 In addition to modulating cell death, estradiol also mediates sex 



)"

differences in synaptic patterning in the POA by inducing synthesis of the 

cyclooxygenase enzymes, COX-1 and COX-2, thereby increasing the production 

of prostaglandin-E2 (PGE2; (Amateau and McCarthy, 2004)). Acting via the EP2 

and EP4 receptors, PGE2 activates protein kinase A and allows for glutamate-

induced activation of AMPA receptors and formation of dendritic spines (Wright 

and McCarthy, 2009), the postsynaptic contact points for excitatory synapses.  

Ultimately, the increased production of PGE2 in the male brain results in a 2-3 

times greater density of dendritic spine synapses compared to females and, 

interestingly, this higher spine density positively correlates with the degree of 

masculinization of sexual behavior (Wright et al., 2008). Thus three key cellular 

responses, cell survival, cell death and synaptogenesis, are all mediated by 

estradiol within one brain region, the POA. The divergent effects of estradiol are 

mediated via the estrogen receptor (ER), in particular the ER! isoform (see for 

review McCarthy et al., 2009). 

There are additional morphological sex differences in the POA.  

Projections to and from the POA differ. For example, there are sex differences in 

the density of peptidergic inputs from the bed nucleus of the stria terminalis to the 

POA, including galanin, substance P and cholecystokinin (CCK), all of which are 

organized developmentally and not changed by adult hormonal treatment (Polston 

and Simerly, 2003). Along similar lines, females show a 20-fold denser projection 

of calcitonin gene-related peptide containing fibers to posterior regions of the 

hypothalamus (Herbison and Dye, 1993) and males have more fibers positive for 

nitrous oxide synthase in the AVPV than females on the day of birth (Edelmann et 
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al., 2007).  In some cases, the number or distribution of cells positive for such 

peptides also show a sex difference with, for example, males having more CCK-

positive cells in the medial preoptic nucleus, and females having more CCK-

positive cells in the periventricular preoptic nucleus (Micevych et al., 1987). 

 

Fleeting Hormone Exposure and Enduring Masculized Phenotype in the Preoptic 

Area:  A Role for Cellular Memory.  

The enduring organizational changes produced by estradiol within the 

neonatal brain enable circulating gonadal hormones in the adult to activate 

sexually differentiated brain regions, such as the POA, in a sex-specific manner. 

Thus, in adulthood estrogens and progesterone act on a female brain to regulate 

cyclical LH release, induce estrous cyclicity, and female sexual receptivity; 

whereas testosterone reaches a masculinized adult brain to regulate pulsatile LH 

release and activate male sexual behavior. Although the Organizational / 

Activational Hypothesis (Phoenix et al., 1959) did not specifically articulate the 

notion of permanent changes to the neural circuits controlling physiology or 

behavior, this concept became embedded in the collective view as details emerged 

on how steroids altered the developing brain (i.e. by creating sex differences in cell 

death and synaptic patterning). Both of these endpoints, neuron number and circuit 

wiring, were considered immutable once established during a sensitive period, and 

hence the perfect substrate for “organizational” effects.  There was no need for any 

additional maintenance once organizational effects occurred, as they were 

considered permanent.  However, in the intervening years our understanding of the 
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brain has changed such that we now appreciate that neurogenesis goes on 

throughout life and that dendritic morphology and synaptic profiles continuously 

change in response to extrinsic and intrinsic stimuli. We now know that many, if 

not all, synapses are temporary, axons and dendrites sprout and retract, astrocytes 

reshape themselves and new neurons continue to be born, differentiate, and 

integrate into the neuropil.  All of these endpoints are profoundly and importantly 

altered by gonadal steroids in adulthood, and estradiol in particular has been shown 

to affect each one (Olmos et al., 1989; Woolley et al., 1990; Burke et al., 1998; 

Goldstein and Sengelaub, 2004; Torres-Aleman et al., 1992; Pawluski et al., 2009; 

Brock et al., 2010). This leaves us with a conundrum: how can the effects of 

estradiol on the developing brain be permanent while many of the same effects in 

the adult are temporary?   We need to re-examine the notion of organizational 

effects of steroids and reconcile how effects can be permanent in light of such 

dynamism.  

If we accept that new neurons are continuously being born in the mature 

brain and that synapses are continuously being broken and formed anew, in order 

for the pattern of responses established early in life to be maintained there must be 

some sort of cellular memory (Sisk and Foster, 2004).  Epigenetic changes to the 

genome are often referred to as a form of memory, a way in which experience or 

environment can remind the brain of past events.  In the context of sexual 

differentiation, epigenetic changes offer a plausible mechanism by which 

developmental hormonal effects could be coded into the genome to restrict and 

direct adult hormonal and behavioral responses. The challenge is to identify the 
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source of this “memory” and how early hormone exposure creates it. The research 

described herein describes a potential mechanistic link between early hormone 

exposure and regulation of gene expression. 

 

Epigenetic Control of Gene Expression 

Much of our knowledge of epigenetic processes stems from research on 

cell fate determination during embryogenesis and tumorigenesis.  More recently, 

epigenetic modifications have been observed in the brain in response to various 

exogenous stimuli such as maternal behavior, drugs, and learning (Fagiolini et al., 

2009; Renthal and Nestler, 2008; Levenson and Sweatt, 2005). Studying 

epigenetics in the context of developmental neuroendocrinology may provide an 

explanation for how brief hormone exposure during perinatal brain development 

permanently organizes sex differences in the brain. The term epigenetics, literally 

meaning “above genetics”, refers to modifications made to the genome that can 

impact gene expression without affecting the underlying DNA sequence. 

Epigenetic processes are important for coordinating the influences of 

environmental factors during developmental sensitive periods (reviewed in Roth 

and David Sweatt, 2010).  

The genome is contained within chromosomes, which are comprised of a 

highly organized mix of DNA and histone proteins called chromatin. Chromatin’s 

specialized structure ensures that lengthy stretches of DNA are efficiently 

packaged within the confines of a cell’s nucleus in addition to aiding mitosis, 

meiosis, and regulating gene expression (Widom, 1998). Two copies of each core 
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histone protein (H2A, H2B, H3, H4) form a histone octamer around which 147 

DNA base pairs wrap, forming a nucleosome, the basic building block of 

chromatin structure (Kornberg and Lorch, 1999). Chromatin in its loosened state, 

referred to as euchromatin, is often associated with active gene transcription. 

Genes are typically thought to be in a silent state when chromatin is in its tightly 

condensed heterochromatin state. The N-terminal tail of each histone protein 

protrudes from the nucleosome allowing for posttranslational modifications to alter 

chromatin structure and ultimately gene expression (Figure 1). Modifications made 

to histones affect gene transcription in two ways; 1) by affecting electrostatic links 

between DNA and histone proteins, causing chromatin loosening and thereby 

enhancing access to DNA by transcriptional machinery, and 2) by changing 

histone-histone interactions which impacts chromatin reassembly following 

transcription (Hansen et al., 1998; Wolffe and Hayes, 1999; Ye et al., 2005). Such 

modifications include histone acetylation, methylation, phosphorylation, and 

ubiquitination, and sumoylation.  

The impact of posttranslational modifications on gene expression 

depends on which modification is made, as well as which histone tail and specific 

amino acid residue is modified (Strahl and Allis, 2000). Because of its location 

within the nucleosome structure, histone H3 is the most highly modified histone 

protein and has received the most focus for its role in epigenetic control of gene 

expression (Felsenfeld and Groudine, 2003). In general, histone phosphorylation 

and acetylation release DNA from histones, thereby enhancing gene transcription 

(Grunstein, 1997; Lee et al., 1993). In the case of acetylation, histone 
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acetyltransferase (HAT) enzymes covalently attach a negatively charged acetyl 

group to a histone tail, causing repulsion of the negatively charged phosphate 

backbone of DNA. In this state, acetylation allows for DNA to separate from the 

nucleosome and to be accessed by transcriptional machinery. Removal of the 

acetyl group by a histone deacetylase (HDAC) enzyme restores the nucleosome’s 

tightly wound structure (Kuo and Allis, 1998) (Figure 1). Other modifications, 

such as histone methylation and ubiquitination, which do not impact 

electromagnetic charges within the nucleosome, have various outcomes based on 

their titer and placement. For instance, methylation of lysine 9 on histone H3 is 

associated with active gene transcription, whereas di- or tri-methylation of the 

same reside causes chromatin condensing (Rosenfeld et al., 2009).  Reversible 

protein mono-ubiquitination functions as a signaling mechanism at a given 

substrate (Sigismund et al., 2004), and can be coupled to other histone 

modifications such as methylation (Fischle et al., 2003).  Although less is known 

about the function of histone ubiquitination, it has been shown that ubiquitination 

of histone H2A results in gene repression, whereas ubiquitination of H2B can 

cause transcriptional activation or silencing (Weake and Workman, 2008).  

Sumoylation is a negative regulator of transcriptional activity, blocking chromatin 

remodeling and gene expression induced by acetylation and ubiquitination (Nathan 

et al., 2006).  Histone alterations by small ubiquitin-related modifier (SUMO) are 

associated with heterochromatin, and SUMO has been shown to interact with 

HDACs and other members of repressor complexes (Garcia-Dominguez and 

Reyes, 2009).  
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In addition to histone protein modifications, changes made directly to DNA, 

namely DNA methylation, also contain an animal’s epigenomic code.  Methylation 

at cytosine-guanine dinucleotides (referred to as CpG sites) is one of the most 

prevalent epigenetic modifications in the vertebrate genome and plays a critical 

role in chromatin remodeling and subsequent gene expression. DNA methylation is 

a process during which a DNA methyltransferase enzyme (DNMT) covalently 

links a methyl group to the cytosine residue of a CpG site at the 5-position of its 

pyrimidine ring.  CpG islands are sequences within the genome that contain many 

CpG sites (> 60%) and are generally localized to a gene’s 5’ regulatory region or 

gene promoter (Caiafa and Zampieri, 2005). While nearly 90% of the CpG 

dinucleotides outside of CpG islands are methylated, CpGs within a CpG island are 

predominantly unmethylated (6-8%), thereby enabling small changes in 

methylation at specific CpG sites within regulatory regions to have a significant 

impact on gene expression (Jaenisch and Bird, 2003; Illingworth et al., 2008). 

The activity of DNMTs, and hence the timing and pattern of methylation, is 

critically important to numerous developmental processes and therefore tightly 

regulated (Okano et al., 1999; Robertson and Wolffe, 2000). DNMTs use the 

methyl donor molecule S-adenosylmethionine (SAM) to catalyze the methylation 

of CpG sites, creating S-adenosylhomocysteine (SAH) as a byproduct. Activity of 

DNMT enzymes is directly influenced by the ratio of available SAM to the amount 

of SAH (Garcea et al., 1989; Pascale et al., 2002). SAH has a higher binding 

affinity to most methytransferases than SAM, so the removal of SAH, which 

directly inhibits DNMT activity, is critically important to stable DNA methylation 
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(Hoffman et al., 1979; Hu et al., 1999).  SAH hydrolase converts SAH into 

adenosine and homocysteine (Figure 2).  There are many uses and routes for 

metabolism of these molecules, but the most pertinent reaction for DNMT activity 

is the methylation of homocysteine by methionine synthase enzymes to create 

methionine.  To complete the cycle, methionine adenosyltransferase links ATP and 

methionine molecules to produce SAM (reviewed in Wagner, 1995). In addition to 

enhancing DNMT activity, SAM administration has been shown to induce 

hypermethylation by preventing active demethylation by a putative DNA 

demethylase (Detich et al., 2003).  

 Ingestion of dietary flavanoids, polyphenols from green tea, and genistein 

from soybeans have been shown to decrease DNMT activity by influencing 

various steps in SAM-SAH metabolism (Gilbert and Liu, 2010; Fang et al., 2007).  

Environmental endocrine disrupting chemicals, such as synthetic estrogens, have 

also been shown to decrease DNMT activity during embryonic development 

although the mechanism is still unknown (Wu et al., 2006). 

There appear to be two distinct phases of DNA methylation during 

development (see Geiman and Muegge, 2009 for review).  The first occurs during 

a process known as imprinting which occurs during early embryogenesis with the 

silencing of genes from either maternal or paternal origins prior to implantation 

(Mayer et al., 2000; Oswald et al., 2000; Rougier et al., 1998). This process 

predominantly requires DNMT1, as its activity can maintain or prevent the 

replication of DNA methylation patterns during rapid cell division (Cardoso and 

Leonhardt, 1999). A second phase of DNA methylation occurs after implantation 
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and into postnatal development wherein cell-specific methylation mediates tissue-

specific gene expression.  This process predominantly requires the activity of the 

de novo DNMT enzymes, DNMT3a and DNMT3b (Okano et al., 1999).  In 

general, the endpoint of both DNA methylation processes is long-term silencing or 

expression of genes from development into adulthood. Hormones, including 

estrogens, can up-regulate (Cui et al., 2009; Shafiei et al., 2007; Zama and 

Uzumcu, 2009) or down-regulate (Yamagata et al., 2009) DNMT enzymes in 

peripheral tissues and cancer cells, and this may also be true in the brain. 

DNA methylation impacts gene expression and chromatin structure in 

several ways. Methylation of CpG sites can physically block transcriptional 

machinery from accessing binding sites within a gene’s promoter (Tate and Bird, 

1993) or can dictate promoter utilization in genes with multiple promoters. For 

instance, methylation at specific ER! promoters causes differential expression of 

ER! isoforms (Sasaki et al., 2001). Perhaps most notably, methylated CpGs can be 

used as docking sites for methyl-binding proteins which recruit chromatin 

remodeling complexes, typically containing an HDAC enzyme, resulting in 

tightening of the chromatin structure.  Proteins containing methyl-binding domains 

(MBD) such as MeCP2 and MBD1, 2, 3, & 4 all bind to methylated CpG sites but 

exert distinct outcomes (Bogdanovi! and Veenstra, 2009).  MeCP2 is critical for 

neurological development and is typically associated with gene silencing through 

its recruitment of HDACs (Samaco et al., 2004; Nan et al., 1998). However, recent 

evidence indicates MeCP2 actually enhances expression of 85% of its effector 

genes (Yasui et al., 2007). In fact, the majority of MeCP2 binding sites are outside 
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of genes, associated with active transcription, and only a small percentage of these 

sites are methylated cytosines (Yasui et al., 2007), suggesting that MeCP2’s 

impact on gene transcription is dependent on its binding partners.  

The prevailing dogma is that methylation of CpG sites is permanent, 

irreversible, and consistently results in transcriptional repression.  This view has 

proved true for some biological systems such as DNA methylation associated with 

tissue-specific gene expression, although recently large decreases in DNA 

methylation were found during fetal development, revealing that cytosine 

methylation is a highly dynamic process (Lister et al., 2009). DNMT activity and 

resultant global DNA methylation measured from blood samples varies by time of 

day in response to daily rhythms of homocysteine in human subjects. Interestingly, 

this study found that adult males had significantly higher blood homocysteine 

levels compared to females and that DNA methylation in both sexes was 

significantly increased at night (Bönsch et al., 2007).  Dynamic diurnal rhythms in 

methylation are just one of the many examples that challenge the dogma that DNA 

methylation is always permanent and heritable.  Within the central nervous system 

many studies have shown that DNA methylation can be transient and is not 

necessarily associated with decreased gene expression (Martinowich et al., 2003; 

Siegmund et al., 2007; Murgatroyd et al., 2009; Schwarz et al., 2010).  DNA 

methylation changes the interaction of chromatin elements, and the notion that 

DNA methylation always “blocks” transcriptional activity has been called an 

oversimplification of this important biological process (Jones and Takai, 2001).  
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Although methyl groups are attached to cytosine bases with strong covalent 

bonds, the dynamic nature of DNA methylation in post-mitotic cells mean methyl 

groups can be actively removed.  Numerous labs have identified various enzymes 

that may have the capability to demethylate DNA, although we are still lacking 

strong evidence for a universally accepted “demethylase” enzyme (Wu and Zhang, 

2010). There are several proposed processes for active DNA demethylation such 

as: direct removal of methyl groups, base excision repair, nucleotide excision 

repair, and oxidative demethylation. Two purported demethylases are the methyl-

binding proteins MBD2 and MBD4, which have both been linked to 

hypomethylation although their proposed mechanisms for demethylation differ 

(Balada et al., 2007). MBD2 has been suggested to demethylate by directly 

breaking the covalent bond between cytosine bases and methyl groups, releasing 

methanol as a byproduct of the reaction (Detich et al., 2002).  Direct removal of 

methyl groups by MBD2 has been hotly contested however, due to the 

thermodynamically unfavorable nature of this reaction and the finding that MBD2 

knockout mice are viable with normal methylation patterns (Hendrich et al., 2001).  

DNA demethylation by base excision repair may involve removal of a cytosine 

residue by a DNA glycosylase, such as MBD4, and then repair of this single 

nucleotide gap by DNA polymerases and ligases (Hendrich et al., 1999).   

Members of the Gadd45 family are also candidate putative demethylases 

(Rai et al., 2008; Ma et al., 2009a), and most likely act via nucleotide excision 

repair. (Kanaka et al., 2001; Hollander et al., 2005; Lu et al., 2003; Barreto et al., 

2007).  Nucleotide excision repair involves removal of larger portions of a 
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damaged DNA strand (~24-32 nucleotides) following targeted cuts flanking the 

damaged area and then repair by polymerases and ligases (Sancar et al., 2004). In 

the brain, Gadd45b expression is induced by neuronal activity, which leads to 

demethylation of the promoters of neurotrophic factors, thus enhancing adult 

neurogenesis and dendritic outgrowth (Ma et al., 2009b).  In cancer cell lines, 

Gadd45b expression is enhanced by estradiol exposure (Santen et al., 2005), 

although there have been no studies of estradiol’s effects on this protein in the 

brain.   

Members of the ten-eleven translocation family (TET) of hydroxylase 

enzymes, have been shown to be involved in oxidative demethylation.  TET 

proteins hydrolyse 5-methyl-cytosine to 5-hydroxymehtylcytosine (Tahiliani et al., 

2009; Ito et al., 2010).  Hydroxymethylated DNA can be stable and may result in 

changes in chromatin conformation, since methyl binding proteins and 

transcriptional repressors that normally bind to methylated cytosines cannot 

recognize hydroxymethylated cytosines (Valinluck et al., 2004; Jin et al., 2010).  

In addition, hydroxymethylation has been proposed to be an intermediate step in 

DNA demethylation, whereby hydroxymethylcytosine-specific glycosylases excise 

modified cytosines via base excision repair (Cannon et al., 1988; Boorstein et al., 

2001).  

 

Evidence for a Hormonally-Regulated Epigenome 

DNA methylation and histone modifications are emerging as critical 

components of steroid hormone-mediated organization of the brain. The principal 
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nucleus of the bed nucleus of the stria terminalis (BNSTp) is a forebrain structure 

organized by perinatal hormone exposure that is larger and contains more neurons 

in males than females (Hines et al., 1992).  During the critical period for sexual 

differentiation of the brain, Bax-dependent apoptotic cell death kills cells in the 

female BNSTp, while gonadal steroids protect males and hormone-treated females 

from cell loss in this region (Forger et al., 2004; Chung et al., 2000). Interestingly, 

the protective effect of hormones is not evident until about five days post hormone 

treatment, leading Forger, De Vries and colleagues (Murray et al., 2009) to 

investigate epigenetic mechanisms controlling this cellular memory.  They found 

that inhibition of histone deacetylation with the anticonvulsant drug, valproic acid 

(VPA), significantly impairs masculinization of BNSTp volume and neuron 

number in genetic males and testosterone-treated females, suggesting hormones 

influence chromatin conformation during sexual differentiation.   

 Histone modifications also appear to play a role in sexual differentiation of 

the POA.  During the critical period males have higher levels of acetylation on 

histone H3 and H4 around the ER! 1b and aromatase promoters compared to 

females, suggesting males may have higher levels of transcriptional activity at 

these genes during the critical period (Matsuda et al., 2011). HDAC protein levels 

are equal in both sexes neonatally, but males have greater levels of HDAC2 and 

HDAC4 bound to the ER! 1b and aromatase promoters.  These sex differences 

appear to be critical for neonatal masculinization of the brain because inhibiting 

HDAC activity with TSA or antisense oligonucleotides directed against HDAC2 

and HDAC4 impairs male sexual behavior performance in adulthood.   
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Expression of ER" and ER# is tightly auto-regulated by estradiol activation 

of the receptors themselves (Orikasa and Sakuma, 2004; Stoica et al., 2003) and 

are dynamically regulated during the organization of the brain (Walker et al., 

2009).  Neonatal exposure to estrogenic compounds has been shown to induce 

hypermethylation of the ER# promoter and in turn decrease the expression of ER" 

in the ovary (Zama and Uzumcu, 2009), which suggests that the ER genes may be 

targets for sex and/or estradiol-induced differences in promoter methylation in the 

brain.   The ER promoters, particularly ER!, have been thoroughly examined as 

potential targets of epigenetic control via DNA methylation.  In the rat, five 

alternative promoters control ER! gene expression.  A system of untranslated 

exons and regulatory elements determine ER! transcription initiation (Koike et al., 

1987; Hirata et al., 1996b; Hirata et al., 1996a).  Estrogens are known to regulate 

the selective usage of these promoter systems (Donaghue et al., 1999) and 

although it has not been explicitly tested, sex differences in ER! promoter 

methylation may be related to alternative promoter selection and thereby involved 

in sexual differentiation of the brain. An analysis of ER! alternative promoter 

usage in the POA following exposure to endocrine disrupting chemicals revealed 

that sex and exposure to estrogenic compounds determines the methylation status 

and usage of alternative promoters. These differences are dependent on both 

developmental time point and compound dosage (Monje et al., 2007)   

More recent studies have examined the impact of physiologically-relevant 

masculinizing doses of estradiol on methylation of ERs. Analysis of methylation at 

individual CpG sites has produced conflicting data among labs, and has raised 
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questions about the function of sex and hormonally-induced differences in 

methylation, which do not always correspond to gene expression patterns. For 

instance, at the close of the critical period (PN10), males rats have higher levels of 

methylation at two CpG sites on the ER! promoter within the POA compared to 

females. Treatment of female pups with estradiol to mimic the hormonal milieu of 

a male results in increased methylation at one site (Kurian et al., 2010). However, 

just upstream of these sites, in a region containing high sequence homology to an 

enhancer region in humans (Freyschuss and Grandien, 1996; Maruyama et al., 

2000), the methylation pattern is markedly different. Newborn females have 

significantly higher levels of methylation at two CpG cites compared to males, and 

again, treating females with estradiol decreases methylation levels at these sites to 

that of males (Schwarz et al., 2010).  Interestingly, these differences are no longer 

present by around three weeks of age, a time point after the close of the sensitive 

period but before the onset of adult levels of circulating hormone. Even more 

surprising, a sex difference in CpG methylation reappears in the POA in adulthood 

in gonadally intact animals at a different CpG site (Figure 3).   

A different pattern of methylation emerges in a CpG island located just 

upstream of ER" exon 2. There are no sex differences present at birth, but 

differences appear at three weeks and 60 days of age (Figure 4). Thus within the 

POA, the methylation status of ER regulatory regions can be organized with 

neonatal hormones. These differences may become apparent only in adulthood 

when circulating hormones are present, a classic example of how early hormones 

organize the ability for adult hormones to activate sex differences in the brain.  
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In addition to sexually differentiating the brain, estrogens are important for 

normal development of many regions not typically considered highly sexually 

dimorphic (McEwen, 1992).  ER! is highly expressed in the neonatal cortex, but 

its expression declines by PN10 and is nonexistent in the adult (Prewitt and 

Wilson, 2007; Miranda and Toran-Allerand, 1992). The suppression of ER! 

expression in the adult cortex is the result of increased DNA methylation at 

specific areas of the ER! 5’ untranslated region, and coincides with higher 

expression of DNMT1, the methyltransferase isoform responsible for maintenance 

of DNA methylation (Westberry et al., 2010).  

ER" is highly expressed in the hippocampus (Shughrue et al., 1997) and 

has been implicated in controlling stress and learned-helplessness related behaviors 

associated with depression (Kr$%el et al., 2001; Imwalle et al., 2005; Rocha et al., 

2005).  In newborn and three-week-old rats, sex and neonatal estradiol treatment 

have no impact on the methylation status of the ER" exon 2 promoter in the 

hippocampus.  However, neonatal estradiol treatment causes a significant increase 

in methylation at one CpG site in adulthood. This finding supports the idea that 

early hormone exposure can impact an animal’s epigenome across their lifespan. 

A sex difference in levels of MeCP2 provides further evidence for a role of 

DNA methylation in sexual differentiation of the brain. Females have more 

MeCP2 in the amygdala and hypothalamus during the critical period than do 

males, but expression levels are equal between the sexes by PN10 (Kurian et al., 

2007).  Females also express higher levels of nuclear receptor corepressor (NCoR) 

in the developing amygdala, and estradiol treatment of females reduces NCoR 
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levels to that of males (Jessen et al., 2010).  NCoR interacts with ER! (Huang et 

al., 2002) as well as various methyl binding proteins, such as MeCP2, and forms 

corepressor complexes with HDAC enzymes (Wen et al., 2000). 

 Although fewer studies of sex differences in DNA methylation have been 

reported in the adult brain, a study profiling changes in the epigenome associated 

with major psychosis revealed sex-specific methylation patterns in genes 

associated with bipolar disorder and schizophrenia (Mill et al., 2008), two diseases 

with sex differences in prevalence, symptomology, and age of onset (Arnold, 

2003; Häfner, 2003).  It remains to be seen if the differential gene expression 

found in this study is the result of hormonal or genetic sex difference and whether 

developmental factors are at play.  

As outlined above, recent findings suggest that epigenetic processes such as 

DNA methylation and histone acetylation may play an important role in the 

creation and maintenance of sexual dimorphisms in the brain.  Sex differences in 

the epigenome are prevalent in the developing brain in regions classically 

considered sexually dimorphic as well as others.  Importantly, many of these 

differences are mediated by hormones and are only apparent during the critical 

period for sexual differentiation of the brain, lending credence to the hypothesis 

that hormone exposure during the critical period organizes the bipotential brain via 

epigenomic alterations. It is well established that epigenetic processes are integral 

to determining cell fate in the developing brain (Hsieh and Gage, 2004). Likewise, 

gonadal steroids exert ubiquitous actions on the developing brain to determine cell 

fate and neuronal anatomy, the question remains as to how, when, and how much 
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hormonally-induced epigenetic mechanisms contribute. The study of the 

involvement of epigenetic mechanisms in sexual differentiation of the brain is still 

in its infancy.  A better understanding of the mechanisms by which hormones alter 

the epigenome and a more comprehensive analysis of the genes impacted by 

epigenetic regulation during sexual differentiation is necessary to fully understand 

the importance of these processes in the establishment of the sexually dimorphic 

brain.   

 

Investigating Estradiol’s Influence on DNA Methyltransferases 

Our lab’s puzzling characterization of the impact of estradiol on CpG methylation 

of the promoters for three steroid hormone receptors across development led us 

to take a large-scale approach to address the question of whether early gonadal 

hormones permanently organize the brain via epigenetic mechanisms.  We 

revised our approach, so as not to bias ourselves by selecting genes traditionally 

thought to show sex differences on which to quantify methylation following 

hormone exposure.  Instead, we decided to look at how developmental estradiol 

exposure affects the enzymes responsible for gene methylation, the DNMTs, 

and to use innovative approaches to identify novel gene candidates involved in 

masculinization of the POA.  

It is well known that developmental exposure to endocrine disrupting 

chemicals such as bisphenol-A (BPA) can cause aberrations in the adult 

reproductive tract, and studies have shown that these compounds exert their long-

term effects via epigenetic mechanisms (Zama and Uzumcu, 2010).  In the uterus, 
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mRNA and protein levels of all three DNMT isoforms are decreased by estradiol 

(Yamagata et al., 2009).  In addition, BPA has been shown to cause decreased 

promoter methylation and increased expression of genes important for normal 

uterine development (Bromer et al., 2010).  If estrogenic compounds decrease 

DNMT levels and lead to decreased methylation in the developing uterus, estradiol 

may also be lowering DNMT levels and global methylation in the developing 

brain.  Our overarching hypothesis is that developmental exposure to estradiol 

decreases DNMT activity and global methylation during the critical period for 

sexual differentiation of the brain (Figure 5).  We predicted that decreased DNMT 

activity in the developing male POA leads to de-repression of genes necessary for 

masculinization of this region.  Conversely, we predicted that females have high 

levels of DNMT activity and global methylation in the POA during the critical 

period to preserve the so-called default female brain phenotype and prevent 

masculinization.   



$!"

 

 



$#"

II. GENERAL METHODS 

Animals 

 All animal experiments were conducted with approval from the University 

of Maryland School of Medicine Institutional Care and Use Committee.   Rat pups 

used in the following experiments were birthed by female Sprague Dawley rats 

bred in the Bressler Research Building animal facility or from timed-pregnant 

animals ordered from Harlan Laboratories (Fredrick, MD).  Mating was confirmed 

by the presence of sperm in vaginal smears of mated females.  Pregnant females 

were isolated and allowed to deliver normally.  Cages were checked daily for the 

presence of pups to determine the timing of birth.  All animals were allowed ad 

libitum access to food and water and were maintained on a reverse 12 hour 

light/dark cycle.  

 

Treatment 

 Most hormone and drug injections were administered on the animals’ day 

of birth (denoted as postnatal day 0, or PN0) and PN1, unless otherwise noted in 

the abbreviated methods section in each chapter.  Subcutaneous (SC) injections 

were delivered to the nape of the neck at a volume of 0.1 cc, between the animal’s 

shoulders and sealed with Vetbond tissue adhesive (3M).  Estradiol benzoate (EB; 

100ug; Sigma) was always delivered subcutaneously and dissolved in sesame oil. 

This dose was chosen because it produces similar estradiol levels in the developing 

female brain as in males, and it reliably masculinizes the female brain (Amateau et 

al., 2004).  Intracerebroventricular (ICV) injections were performed under bright 
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light illumination, allowing for visualization of the cranial landmark Bregma to 

approximate the location of the lateral ventricle.  A 23-gauge, 1 µl Hamilton 

syringe was lowered 2mm below the surface of the skull to reach the ventricle.  

ICV injections were delivered bilaterally. Each hemisphere was infused with a 1µl 

volume of drug delivered over 60 seconds.  The DNMT inhibitors Zebularine 

(300ng in 1% DMSO; Calbiochem) or RG108 (200-300ng in 10% DMSO; Tocris) 

were administered ICV.  Prior to ICV injections, pups were cryoanesthetized for 

approximately 10 minutes.  Following SC and ICV hormone/drug treatments, 

animals received small SC injections of ink in the paw for treatment group 

identification.   

 Tissue used in each experiment was collected at specified time points.  For 

isolation of the POA, brains were removed and placed ventral side up in a Zivic 

Miller brain block.  A 1mm thick section was isolated, just caudal to the optic 

tract, from which the anterior commissure was used to indicate the dorsal and 

lateral boundaries of the POA for manual dissection.   

 

Nuclear Extraction  

 Nuclear extracts were generated from POA dissections using the EpiQuik 

® Nuclear Extraction Kit (Epigentek) following the manufacturer’s protocol.  

Briefly, tissue was homogenized in cold pre-extraction buffer containing 5µl DDT 

per gram of tissue and incubated on ice for 15 min before centrifugation for 10 min 

at 12,000 rpm at 4°C. The supernatant was removed and nuclear pellets were 

resuspended in cold extraction buffer containing DTT and protease inhibitor 
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cocktail for 15 minutes on ice, vortexing every 3 minutes.  The suspensions were 

centrifuged for 10 minutes at 14,000 rpm at 4°C, and the supernatant containing 

nuclear extracts transferred to a fresh tube.  Protein concentrations were 

determined by Bradford assay.  Aliquots were made of the nuclear extracts and 

used immediately or frozen at -80°C until use in the DNA methyltransferase 

(DNMT) activity assay or for quantification of DNMT protein levels using 

Western Blot analysis.   

 

Western Blot 

Nuclear extracts from the POA were prepared at a protein concentration of 

10 &g /20&l and electrophoresed in separate lanes on an 8-16% SDS-

polyacrylamide gel (Invitrogen) and transferred to a polyvinyl difluoride 

membrane (Bio-Rad, Hercules, CA).  Membranes were blocked in 5% nonfat milk 

in 0.1% Tween TBS (T-TTBS) for 1 hr at room temperature and then incubated 

overnight at 4°C in either anti-DNMT1 (Santa Cruz; 1:2000), anti-DNMT3a (Cell 

Signaling; 1:1000), anti-DNMT3b (Alexis; 1:1500), or anti-Spinophilin (1:000; 

Millipore) in 2.5 % milk in TTBS, followed by a 30-minute incubation in goat 

anti-rabbit HRP conjugated IgG (Cell Signaling; 1:3000) in TTBS.  The Phototope 

chemiluminescence system (New England BioLabs) was used for detection of 

proteins recognized by the antisera.  The blots were exposed to Hyperfilm-ECL 

(Amersham) for varying amounts of time (1-10 min).  After visualization, 

membranes were washed briefly with distilled water and stained with Ponceau S 

solution.  The dense protein band stained by Ponceau S appearing at approximately 



$&"

45 kDa was used for standardization to correct errors in sample loading.  The band 

appearing at approximately 45 kDa contains a large number of proteins ranging in 

size from 43-47 kDa, which reduces the possibility of a treatment effect for any 

one control protein. 

 The integrative grayscale pixel area density (IAD) for each protein was 

captured with a CCD camera and quantified using NIH Image software.  Samples 

were compared across several immunoblots for all experiments with 5-8 samples 

for each group within each blot.  For all western blots, each lane represents one 

animal.  Data were analyzed using a one-way ANOVA followed by a Tukey’s post 

hoc test when appropriate.  All statistical tests used !<0.05 as the criterion for 

significance.  Data in graphical form represent the mean ± SEM for each group.  

 

DNMT Activity Assay 

Four to 8 µg of nuclear extracts from the POA and control brain regions 

were analyzed for relative levels of DNMT activity using the EpiQuik ® DNA 

Methyltransferase Activity Assay (Epigentek) according to the manufacturer’s 

instructions.  The EpiQuik™ DNA Methyltransferase Activity/Inhibition Assay 

Kit is designed to measure total DNMT activity, thus from all three DNMT 

isoforms. In this assay, strip wells are coated with a cytosine-rich DNA substrate.  

DNMT enzymes from the nuclear extract samples transfer a methyl group to 

cytosines from the methyl-donor molecule, Adomet, to methylate the DNA 

substrate. The methylated DNA is then recognized with an anti-5-methylcytosine 

antiserum. The amount of methylated DNA, which is proportional to enzyme 
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activity, is colorimetrically quantified using 450nm abosorbance readings from a 

microplate reader. Data were analyzed using a one-way ANOVA followed by a 

Tukey’s post hoc test when appropriate.  All statistical tests used !<0.05 as the 

criterion for significance.  Data in graphical form represent the mean ± SEM for 

each group.  

 

DNA Isolation and Quantification of Global Methylation 

 DNA from POA samples was extracted using the Wizard Genomic DNA 

Purification Kit (Promega) following the manufacturer’s instructions.  Briefly, 

tissue was homogenized in Nuclei Lysis Solution and incubated at 65º C for 30 

min.  RNAse was added to each sample and incubated at 37º C for 30 min.  Protein 

Precipitation Solution was added and samples were centrifuged to remove protein. 

DNA was pelleted by centrifugation, washed with 70% ethanol, and resuspended 

in tris EDTA (TE) buffer.  

 The Methylamp Global DNA Methylation Quantification Ultra Kit 

(Epigentek) was used to quantify global methylation of DNA collected from POA 

tissue samples following the manufacturer’s instructions.  DNA was bound to plate 

wells and then probed with an anti-5-methylcytosine antiserum and HRP-linked 

secondary to produce a colorometric reaction read at an absorbance of 450nm 

using a microplate reader. Percent methylation was calculated using the following 

equation supplied by the manufacturer:     

% Methylation = (Sample OD-Negative Control OD)/X 
  (Positive Control OD – Negative Control OD) *10  *100% 
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Where X = 42%, the average CG content in the rat. Data were analyzed using a 

one-way ANOVA followed by a Tukey’s post hoc test when appropriate.  All 

statistical tests used !<0.05 as the criterion for significance.  Data in graphical 

form represent the mean ± SEM for each group.  

 

Behavioral Testing 

 Assessment of locomotor activity and male and female sexual behavior was 

conducted under dim red light during the dark phase of the animal’s light cycle.  

The observer was blinded to the experimental treatment of each animal.   

 For female sexual behavior, animals were ovariectomized at approximately 

PN40 and allowed to recover from surgery for approximately 10 days.  Females 

were subcutaneously injected with 10 µg EB in 0.1 cc of sesame oil, 48 and 24 

hours prior to testing.  Approximately 4 hours prior to testing, the animals were 

given 500 µg of progesterone (Sigma) in 0.1 cc sesame oil to induce sexual 

receptivity (Todd et al., 2005).  Animals used to assess the effects of RG108 on 

female sexual behavior received 200 ug of progesterone. Female sexual behavior 

was quantified by scoring: 1) lordosis quotient (LQ), which is the number of 

lordoses displayed in response to 10 consecutive mounts by a male X 100, and 2) 

lordosis score (LS), which is the average rating of the intensity of the lordosis 

posture displayed by the female in response to 10 mounts. Lordosis responses are 

scored from 0 (indicates no response) to 3 (complete dorsiflexion of the spine).    

 For male sexual behavior, PN40 male and female rats were 

gonadectomized and implanted with a 30mm silastic capsule (1.57 mm inner 
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diameter, 3.18 outer diameter) filled with crystalline testosterone (Sigma) was 

subcutaneously implanted at the nape of the neck.  Implantation of these capsules 

mimics the circulating hormone levels typical of an adult male and allows for 

performance of male sexual behavior in developmentally masculinized females 

(Amateau and McCarthy, 2004). Three weeks following surgery and testosterone 

replacement, male sexual behavior was assessed.  Animals were video recorded for 

30 minutes in a Plexiglass behavioral arena in the presence of a hormonally 

primed, sexually receptive stimulus female.  Parameters of male sexual behavior 

quantified were the number of mounts, latency to first mount, number of 

intromission-like behaviors, and latency to first intromission-like behavior.  Our 

lab’s protocol for characterization of these parameters has been previously 

described (Todd et al., 2005). Mounts are characterized as the placement of the 

subject animal’s forepaws on the stimulus female’s flanks from a position behind 

the stimulus female.  Intromission-like behaviors are distinguished as a mount 

followed by a thrusting movement following by a rapid backward dismounting 

action.  Ejaculation is characterized by a freezing position following an 

intromission-like behavior and a period of inactivity.  Data generated during 

behavioral testing were analyzed by one-way analysis of variance (ANOVA).  All 

ANOVAs were followed by Tukey’s post-hoc comparisons to determine group 

differences.  Statistical significance was set at ! = 0.05. 

 

RNA Extraction 
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 POA tissue was homogenized in 1000µl Trizol (Invitrogen) to extract RNA 

used for RNA seq and quantitative real time PCR experiments.  Following a 5 min 

room temperature incubation, 200 µl of chloroform was added and samples were 

centrifuged for 10 min at 13,000 rpm at 4°C.  Following a second chloroform 

extraction, the supernantant was removed to a fresh tube and RNA was 

precipitated with isopropanol.  RNA was pelleted via centrifugation, washed with 

70% ETOH, air dryed, and resuspended in 100 µl DEPC-treated H2O.  RNA 

cleanup was conducted using an RNeasy Mini Kit (Qiagen) following the 

manufacturer’s instructions.   

 

cDNA Synthesis and Real Time PCR 

cDNA was synthesized from RNA by mixing 1µl Oligo(dT), 5 µg total 

RNA, 10 mM dNTPs with DEPC-treated water and incubating the mixture at 65º C 

for 5 mins to denature the RNA.  Next we added 5X First Strand Buffer, 0.1 M 

DTT, and 40 units of RNaseOUT and incubated for 2 mins at 42º C prior to adding 

200 units of SuperScript II Reverse Transcriptase (Invitrogen), and incubating the 

20 µl reactions at 42º C for 1 hour. The reverse transcriptase enzyme was 

deactivated at 70º C for 10 min and 2 units of RNaseH was added to remove RNA 

complimentary to cDNA.  cDNA was stored at -20 until used.   

Real time PCR primers for DNMTs were designed using Primer Express 

(version 3.0, Applied Biosystems) and GAPDH primers were designed using 

NCBI Primer-Blast. All primers were synthesized by Integrated DNA 

Technologies (IDT, Coralville, IA).  See Table 1 for primer sequences.   Five µl of 
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cDNA (1 µg/20 µl) was diluted to 1:30 and added to Power SYBR Green PCR 

Master Mix (Applied Biosystems).  Real-time PCR was performed on an AB ViiA 

7 machine (Applied Biosystems) using ViiA 7 software (version 1.1). Cycling was 

as follows: 50º C for 2 mins, 95º C for 10 mins, followed by 40 cycles of 95º C for 

15 sec and 60º C for 60 sec.  Melting curves were generated following each real 

time run.     
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RNA seq 

 RNA seq was performed by the Institute for Genome Sciences (IGS) at the 

University of Maryland Biopark on 12 rat cDNA samples. Animals were treated on 

PN0 and PN1 with either vehicle (0.1% DMSO) or 300ng/hemisphere ZEB and 

RNA was extracted on PN2.  Illumina mRNA-Seq libraries were prepared with a 

TruSeq RNA Sample Prep kit (Illumina, San Diego, CA) using the manufacturer’s 

protocol with IGS-specific optimizations. Adapters containing 6 nucleotide 

indexes were ligated to the double-stranded cDNA. The DNA was purified 

between enzymatic reactions and the size selection of the library was performed 

with AMPure XT beads (Beckman Coulter Genomics, Danvers, MA). Libraries 

were sequenced using the 100bp paired-end protocol on an Illumina HiSeq2000 

sequencer.  An average of 87.9 million reads were generated per library. Raw data 

from the sequencer were processed using Illumina’s RTA and CASAVA pipeline 

software, which includes image analysis, base calling, sequence quality scoring, 

and index demultiplexing.  Data were then processed through both FastQC 

(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/) and IGS in-house 

pipelines for sequence assessment and quality control. These pipelines report 

numerous quality metrics and perform a megablast-based contamination screen. 

By default, IGS quality control pipeline assesses basecall quality and truncates 

reads where the median Phred-like quality score falls below Q20. 

The reads obtained from each rat HiSeq sample were fed into the TopHat 

alignment tool (developed at the UM Center for Bioinformatics and Computational 

Biology) to be aligned to the Rattus norvegicus (rn4) reference genomic sequence. 
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This reference genomic sequence was downloaded from the UCSC Genome 

Browser’s download server. TopHat is a fast splice junction mapper for RNA-Seq 

reads. It aligns RNA-Seq reads to mammalian-sized genomes using the ultra high-

throughput short read aligner Bowtie, and then analyzes the mapping results to 

identify splice junctions between exons (Trapnell et al., 2009). The output from 

TopHat was obtained as BAM format files that consists of information on where 

the individual reads align to in the reference genome and the splicing information 

of that read. In the alignment phase, we allowed up to two mismatches per 30 bp 

segment and removed reads that aligned to more than 20 locations. 

The alignment BAM files from TopHat were then forwarded into the DESeq 

tool developed at EMBL, Germany as an R package to analyze count data from 

high-throughput sequencing assays such as RNA-Seq and test for differential 

expression (Anders and Huber, 2010). The number of reads mapped to each gene 

described in the Ensembl gene annotation for rn4 was calculated by the HTSeq 

read count tool. The read count represents the expression of the gene. Differential 

gene expression analysis using the DESeq tool results in the determination of 

plausible differentially expressed genes when compared between samples. DESeq 

utilizes the read counts provided by the HTSeq read count tool. The read counts of 

samples were normalized for sequencing depth and distortion caused by highly 

differentially expressed genes. The negative binomial (NB) model was used to test 

the significance of differential expression between two conditions. A cutoff of 

FDR (False Discovery Rate) less than 0.1 and more than 1 fold change were used 

to select significant differentially expressed genes.  
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The alignment BAM files from TopHat were next forwarded into the 

Cufflinks transcriptome identification tool. The Cufflinks tool has been developed 

at University of Maryland Center for Bioinformatics and Computational Biology 

as a method to assemble aligned RNA-Seq reads into transcripts, estimate their 

abundances, and test for differential expression and regulation transcriptome-wide 

(Trapnell et al., 2010). Cufflinks assembles individual transcripts utilizing the 

spliced read information provided within the TopHat alignment files. Properly 

normalized, the RNA-Seq fragment counts can be used as a measure of relative 

abundance of transcripts, and Cufflinks measures transcript abundances in 

Fragments Per Kilobase of exon per Million fragments mapped (FPKM), which is 

analagous to single-read "RPKM". Cuffdiff, a separate program included in the 

Cufflinks package, was used to estimate the differential expression between 

samples (grouped by condition) at the transcript level. The statistical model used 

assumes that the number of reads produced by each transcript is proportional to its 

abundances. It also utilizes transcript expression from replicates to estimate 

variance and calculate the significance of observed changes in expression. The 

significance of differential expression of transcripts belonging to the same gene 

across the two conditions is tested using the negative binomial (NB) distribution. A 

cutoff of FDR less than 0.1 and more than 1 fold change were used to select 

significant differentially expressed transcripts and genes. 

 

Bisulfite Conversion and Methylation Specific PCR 
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 We used the EZ DNA Methylation-Gold Kit (Zymo Research, Irvine, CA) 

according to the manufacturers protocol for bisulfite modifcation of our DNA 

samples prior to methylation specific PCR.  CT conversion reagent was added to 

500ng of genomic DNA and incubated at 98º C for 10 min, then at 64º C for 2.5 

hours to deaminate cytosines to uracil.  Converted DNA was then purified using 

columns included with the kit.   

 Primers for methylation specific PCR were designed using Methyl Primer 

Express Software (version 1.0, Applied Biosystems) using sequence information 

obtained by ENSEMBL and GeneBank.  Primers were synthesized by IDT (see 

Table 2 for primer sequences).   Thirty µl PCR reactions included: 1 µl of bisulfite 

converted DNA, 0.75 U HotStar Taq (Invitrogen), PCR Buffer, 0.5X Q solution, 

3mM MgCl2, 200 µM of each dNTP, and 20 pM of forward and reverse primers.  

To increase primer specificity the following touchdown PCR program was used:  

95º C for 15 min to activate HotStar Taq, 94º C for 30 sec, 30 sec anneal temps 

which decreased from 55º C to 50º C for 6 consecutive cycles then remained at 50º 

C for the remaining 29 cycles, extension for each cycle was 72º C for 1 min, 

followed by a final extension at 72º C for 10 min.  PCR products were run on a 2% 

agarose gel stained with ethidium bromide and bands were visualized on an Alpha 

Imager light box (Model TM-25, Alpha Innotech).  Pixel density of each band was 

quantified using AlphaView software (version 3.4, Protein Simple, Inc).  Percent 

methylation was calculated by adding the average pixel density (after background 

correction) of bands obtained using methylation specific primers and 

nonmethylation specific primers for each DNA sample then dividing the pixel 
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density of methylation specific bands by this sum. Data were analyzed by one-way 

analysis of variance (ANOVA) followed by Tukey’s post-hoc comparisons to 

determine group differences.  Statistical significance was set at ! = 0.05. 
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III.  CHARACTERIZATION OF DNA METHYLTRANSFERASE EZYMES IN 

THE MALE AND FEMALE PREOPTIC AREA 

 

A.  Introduction 

Does estradiol permanently masculinize the neonatal brain by controlling DNA 

methylation patterns?  As described in the Introduction, previous work from our 

lab reveals sex and hormonally-induced differences in methylation patterns on 

hormone receptor promoters within the developing POA and hypothalamus.  

Estradiol decreases methylation at specific promoters (Schwarz et al., 2010; Singh 

and Prasad, 2008), suggesting that gonadal steroid hormones may decrease DNMT 

expression or activity.  

Estradiol, bound to its nuclear transcription factor receptors, is known to 

increase and decrease the expression of a variety of genetic targets within the brain 

(Katzenelienbogen and Katzenellenbogen, 1996; Marino et al., 2006).  This classic 

genomic effect of estradiol could be the basis for hormonal control of DNA 

methylation during neural development. For instance, high levels of brain estradiol 

could change the expression of DNMT enzymes in males, which could then create 

sex differences in DNA methylation.  We hypothesize that DNMT enzymes are 

decreased by estradiol in the developing male POA, which is predicted to result in 

lower levels of DNA methylation and increased transcription of genes necessary to 

masculinize the “default” female brain.  Higher DNMT expression levels in the 

female are predicted to result in greater methylation, and repressed expression of 

genes associated with a masculinized brain phenotype, preserving the female 
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phenotype.  Alternatively, higher DNA methylation and transcriptional repression 

in the female, and lower DNA methylation and enhanced gene expression in the 

male, might not be due to genomic regulation of DNMT enzyme levels, but to 

rapid non-genomic effects that could alter DNMT enzyme activity.   

 There are two key DNMT enzyme varieties important during brain 

development: DNMT1 and DNMT3a and 3b.  Although it has the capacity to 

methylate unmethylated DNA, DNMT1 primarily methylates hemimethylated, or 

partially methylated, DNA and appears to be most active during DNA replication 

(Bestor, 1992; Leonhardt et al., 1992).  Knockdown of DNMT1 results in 

widespread demethylation resulting in the conclusion that DNMT1 is important for 

upkeep of established methylation patterns.  For this reason, DNMT1 is referred to 

as the “maintenance” DNMT (Lei et al., 1996; Li et al., 1992).  The DNMT3 

family of enzymes, consisting of DNMT3a and DNMT3b, are highly expressed 

during early development and are necessary for normal embryonic development 

(Okano et al., 1999).  The members of this family are considered the “de novo” 

methytransferases because they predominantly methylate unmethylated strands of 

DNA, essentially laying down semi-permanent methylation patterns which are 

carried-on across the animal’s lifespan by the maintenance methyltransferases 

(Okano et al., 1998a).  The role of DNMT2 is unknown.  Although it shares 

sequence homology in regions known to be responsible for DNA cytosine 

methylation with the DNMT1 and 3 isoforms, DNMT2 knockdown does not 

disrupt de novo or maintenance methylation (Okano et al., 1998b).  
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We predicted that at least one DNMT isoform would be higher in the neonatal 

female POA compared to males and estradiol-treated females. We used real time 

PCR and western immunoblotting to quantify DNMT1, 3a, and 3b protein and 

mRNA levels in the POA on PN1 in males, females, and females treated with a 

masculinizing dose of estradiol for 24 hours.  We chose to focus on the DNMT1 

and DNMT3 enzymes since DNMT2 does not appear important for de novo or 

maintenance DNA methylation in mammals.  We predicted that estradiol-mediated 

decreases in DNMT expression are a mechanism by which hormones permanently 

modify gene expression within the critical period by altering the establishment of 

DNA methylation during neural organization. 

In addition to its genomic actions, estradiol is also known to interact with 

signaling cascades causing rapid effects on various cellular processes, including 

enzyme activity (Falkenstein et al., 2000). The general mechanisms controlling 

DNMT activity are still largely unknown. Recent evidence suggests that DNMT1 

can be phosphorylated, which decreases enzymatic activity, although the kinase(s) 

responsible are still under consideration (Kameshita et al., 2008; Lavoie et al., 

2011). High levels of the methyl-donor molecule S-adenosylmethionine (SAM) 

appear to increase DNMT activity, whereas increases in the amount of S-

adenosylhomocysteine (SAH), the byproduct produced via trans-methylation of 

SAM by DNMT enzymes, inhibits DNMT activity (Hoffman et al., 1979; Hu et 

al., 1999). Thus, classic substrate/product accessibility regulates this enzyme.  

Although few studies have addressed other mechanisms and cellular conditions 

that change DNMT activity, nutrient supply appears to play a key role.  Dietary 
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flavanoids and polyphenols can alter DNMT activity via interference with SAM-

SAH metabolism (Gilbert and Liu, 2010; Fang et al., 2007).  In addition, and 

perhaps counter intuitively, chronic dietary methyl deficiencies seem to increase 

DNMT activity in cancer cells, perhaps as a compensatory mechanism (Lopatina et 

al., 1998; Pogribny et al., 1997). Exposure to synthetic estrogenic compounds 

decreases DNMT activity in whole embryos prior to implantation via an unknown 

mechanism (Wu et al., 2006).  The impact of endogenous hormones on DNMT 

activity has not been studied to our knowledge.  We hypothesized that estradiol 

decreases DNMT activity in the POA during the critical period for sexual 

differentiation of the brain.   

In order to determine if differences in DNMT activity correspond with 

differences in DNA methylation, we also measured global DNA methylation at 

PN1, the same time point that we quantified DNMT activity.  We predicted that 

the pattern of global methylation would mimic that of DNMT activity, with 

females having significantly higher levels of global DNA methylation compared to 

males.  In addition, since we predicted that estradiol would decrease DNMT 

activity in the POA, we expected to see a significant decrease in global 

methylation in the female POA following twenty-four hours of estradiol treatment.   

Levels of endogenous estradiol in the male brain increase the day before birth 

(PN21) and decrease rapidly following the first few days of life (Konkle and 

McCarthy, 2011).  We predicted that sex differences in DNMT activity would be 

present only when brain estradiol levels are high, during the first few days of life. 

We expected that there would be no sex differences in DNMT activity before and 
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after the perinatal spike in brain estradiol levels. Estradiol-induced decreases in 

DNMT activity may not persist following the close of the critical period.   

Enhanced gene expression resulting from estradiol-induced decreases in 

methylation in the male brain may only need to occur during the critical period to 

permanently masculinize the brain. Alternatively, perinatal estradiol exposure may 

cause permanent decreases of DNMT activity, resulting in sex differences in 

DNMT activity following the close of the critical period and throughout life.  This 

alternative prediction would imply that estradiol organizes DNMT activity, which 

may be a mechanism for life-long changes in gene expression enabling the 

maintenance of sex differences in the brain.   

In addition to examining temporal patterns of DNMT activity in the developing 

POA, we also looked at regional specificity of sex and estradiol-induced 

alterations in DNMT activity.  We chose to focus our main analysis of DNMT 

enzymes within the POA because estradiol exposure during the critical period for 

sexual differentiation of the brain is well known to cause large, permanent 

structural and behavioral changes in this region, creating a male typical phenotype 

which is directly correlated with behavior (Wright et al., 2008).  Other regions of 

the brain are also permanently organized by developmental estradiol exposure and 

may therefore also have altered levels of DNMT activity as a result of estradiol 

treatment.  The medial basal hypothalamus (MBH) contains the ventromedial 

nucleus of the hypothalamus, which is critical to the display of female sexual 

behavior (Blaustein and Erskine, 2002).  The amygdala is another region that 

displays neuronal sex differences (Hines et al., 1992).  Projections from the 
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amygdala to the POA are important for pheromone detection and sexual behaviors 

(Baum and Everitt, 1992).  Although the hippocampus is not traditionally 

considered a sexually dimorphic region, gonadal hormones have been shown to 

alter dendritic spines and enhance neurogenesis during brain development (Forger 

et al., 2004; Zhang et al., 2008; Galea et al., 2006; Bowers et al., 2010).  

Identification of sex and estradiol-induced differences in DNMT activity in 

multiple regions would suggest that these patterns of DNMT expression/activity 

occur brain-wide.  However, many of estradiol’s organizational effects are region-

specific leading us to predict that DNMT activity patterns will differ across brain 

regions. 

 

B. Methods  

Real Time Polymerase Chain Reaction  

cDNA was synthesized from RNA by mixing 1µg Oligo(dT), 5 µg total 

RNA, 10 mM dNTPs with DEPC-treated water and incubating the mixture at 65º C 

for 5 mins to denature the RNA.  Next we added 5X First Strand Buffer, 0.1 M 

DTT, and 40 units of RNaseOUT and incubated for 2 mins at 42º C prior to adding 

200 units of SuperScript II Reverse Transcriptase (Invitrogen), and incubating the 

20 µl reactions at 42º C for 1 hour. The reverse transcriptase enzyme was 

deactivated at 70º C for 10 min and 2 units of RNaseH was added to remove RNA 

complementary to cDNA.  cDNA was stored at -20 until used.   

Real time PCR primers for DNMTs were designed using Primer Express 

(version 3.0, Applied Biosystems) and GAPDH primers were designed using 
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NCBI Primer-Blast. All primers were synthesized by Integrated DNA 

Technologies (IDT, Coralville, IA).  See Table 1 in Methods section for primer 

sequences.   Five µl of cDNA (1 µg/20 µl) was diluted to 1:30 and added to Power 

SYBR Green PCR Master Mix (Applied Biosystems).  Real-time PCR was 

performed on an AB ViiA 7 machine (Applied Biosystems) using ViiA 7 software 

(version 1.1). Cycling was as follows: 50º C for 2 mins, 95º C for 10 mins, 

followed by 40 cycles of 95º C for 15 sec and 60º C for 60 sec.  Melting curves 

were generated following each real time run. Data were analyzed by one-way 

ANOVA, followed by a Fisher’s PLSD post-hoc test when appropriate using 

StatView software. All statistical tests used !<0.05 as the criterion for 

significance.  Data in graphical form represent the mean ± SEM for each group. 

 

Western Immunoblot  

On the day of birth (PN0) rat pups were removed from their dams and received 

subcutaneous injections of either sesame oil (vehicle) or 100 µg estradiol benzoate 

(EB; Sigma).  Twenty-four hours later on PN1, animals were rapidly decapitated 

and the POA was manually dissected from the brain.  Tissue was flash frozen in 2-

methyl butane on dry ice and homogenized in RIPA buffer.   

Protein concentration was measured by Bradford assay, and 10 µg of protein 

was electrophoresed in a 8-16% tris-glycine gel (Invitrogen) and transferred to a 

PVDF membrane (Bio-Rad).  Membranes were blocked for 1 hour at room 

temperature with 5% milk or 5% milk+5% BSA in TTBS and incubated overnight 

at 4°C in 2.5% milk in TTBS with primary antibodies against DNMT1 (Santa 
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Cruz, 1:2000), DNMT3a (Cell Signaling, 1:500), and DNMT3b (Alexis, 1:1500).  

Membranes were rinsed with TTBS and probed with anti-rabbit or anti-mouse 

HRP-linked secondaries (1:3000).  LumiGLO was used for chemiluminescent 

detection and membranes were exposed to Hyperfilm for varying amounts of time.  

Integrated grayscale pixel area density of protein bands was measured using NIH 

image and normalized to Ponceau S staining.  Data were analyzed by one-way 

ANOVA, followed by a Fisher’s PLSD post-hoc test when appropriate using 

StatView software. All statistical tests used !<0.05 as the criterion for 

significance.  Data in graphical form represent the mean ± SEM for each group.  

Please see the General Methods section for a detailed description of animal 

treatments and western immunoblottting protocols. 

 

DNMT Activity Assay  

 Rat pups were removed from their dams on PN0 and administered a 0.1cc 

subcutaneous injection of sesame oil or EB (100 µg).  Twenty-four hours later on 

PN1, POA tissue was collected from each pup and immediately processed for 

nuclear extraction.  A separate cohort of rats were injected with 50 µg of EB on 

PN13, and then sacrificed 24 hours later on PN14.  A 100 µg dose of EB is used in 

the neonates because there are very high levels of hormone binding proteins in the 

blood during early development (Andrews et al., 1982).  Using this dose, we 

saturate these binding proteins to allow estradiol to reach the brain.  We used a 50 

µg dose of EB in the PN13 animals because hormone binding proteins are 

substantially lower by this age. Nuclear proteins were isolated from POA tissue 



&'"

using the EpiQuik Nuclear Extraction Kit. DNMT activity was measured in 5 µg 

of nuclear protein using the EpiQuick DNA Methyltransferase Activity Assay 

(Epigentek) following the manufacturer’s instructions. Data were analyzed using a 

one-way ANOVA followed by a Fisher’s PLSD post hoc test when appropriate.  

All statistical tests used !<0.05 as the criterion for significance.  Data in graphical 

form represent the mean ± SEM for each group.  See General Methods for detailed 

descriptions of nuclear extraction and DNMT activity assay. 

 MBH, hippocampus and amygdala tissue was collected from the same 

brains used for the PN1 POA DNMT activity experiment. These regions were 

dissected from a 2 mm brain section directly caudal to the section containing the 

POA.   From this slice, we manually dissected the MBH and amgydala, collecting 

tissue no more than 2 mm above the ventral surface of the brain. 

For embryonic day 20 POA collection, pregnancy was confirmed by vaginal 

smear and 20 days later the dam was sacrificed by CO2 inhalation and cervical 

dislocation.  The entire uterus was removed and placed on ice and fetuses were 

removed one at a time for POA dissection. For the postnatal DNMT activity time 

course experiments, the animals’ day of birth was identified, but the animals were 

left undisturbed with their dam until PN1, PN4, PN7, or PN14.  

 

Global Methylation Assay 

See General Methods for a detailed description of the DNA extraction and 

global methylation quantification protocol.  On PN0, rat pups were removed from 

their dams and treated with either sesame oil or EB (100 µg, s.c.).  Twenty-four 
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hours later on PN1, pups were euthanized, the POA manually dissected from each 

animal, and DNA extracted using the Wizard Genomic DNA Purification kit 

(Promega).  DNA concentration was measured in each sample using a NanoDrop 

spectrophotometer to ensure that 100 ng of DNA per animal was used in the assay.  

Global DNA methylation was quantified using the Methylamp Global DNA 

Methylation Quantification Ultra kit (Epigentek) according to the manufacturer’s 

protocol.  Data were analyzed by one-way ANOVA followed by a Fisher’s PLSD 

hoc test when appropriate. All statistical tests used !<0.05 as the criterion for 

significance.  Data in graphical form represent the mean ± SEM for each group. 

 

C. Results 

DNA Methytransferase expression in the neonatal POA 

We found no significant sex differences in mRNA expression in the neonatal 

POA  for either DNMT1 (t(13) = 0.062, p = 0.95), DNMT3a (t(13) = 1.311, p = 

0.21), or DNMT3b (t(13) = 0.518, p = .61; Figure 6A-C).  In addition, there were 

no significant differences in DNMT1 (Figure 7A; ANOVA, F(2,13) = 1.188, p = 

0.336),  DNMT3a (Figure 7B; ANOVA, F(2,13) = 0.387, p = 0.687), or DNMT3b 

(Figure7C; ANOVA, F(2,13) = 0.622, p = 0.552) protein levels in the POA on 

PN1 in males, females, and females treated with estradiol for 24h.  
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Sex differences in DNA methyltransferase activity are present during the first few 

days of life and are regulated by estradiol  

 Although there have been no reports of endogenous steroid hormones 

impacting DNMT activity, we have previously observed sex differences and 

changes in DNA methylation on the ER! promoter within the POA in response to 

estradiol.  We found no significant sex difference or changes in DNMT protein 

levels in POA tissue following estradiol treatment and therefore measured DNMT 

enzymatic activity. 

On E20, a day before brain estradiol levels increase (Konkle and 

McCarthy, 2011), there were no significant differences in DNMT activity, 

although there was a statistical trend toward males having higher levels of activity 

compared to females (t-test, t(5) = 2.225, p = 0.08; Figure 8).  On the day of birth 

(PN0), after brain estradiol levels rise, males have significantly lower levels of 

DNMT activity in the POA compared to  females (t(8) = 2.281, p < 0.05; Figure 

8).  This pattern persists until PN4  (t(5) = 2.651, p < 0.05; Figure 8), but is no 

longer statistically significant by PN7 (t(5)= 0.937, p = 0.3919; Figure 8).  There 

are no sex differences following the close of the critical period by PN14 (t(9) = 

0.670, p = 0.52; Figure 8), approximately 4-5 days after brain estradiol levels 

decline. Thus sex differences in DNMT activity are present only during the first 

few days of life when levels of estradiol are high in the brain, which adds support 

to our hypothesis that estradiol mediates sex difference in DNMT activity.  To test 

this hypothesis we administered either oil or a masculinizing dose of estradiol to 

females on PN0 and collected POA nuclear extracts 24 hours later. As predicted,  
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we observed a main effect of hormonal treatment on DNMT activity within POA 

nuclear extracts at PN1 (Figure 9; ANOVA, f(2,12) = 4.88, p < 0.05).  Specifically,  

we found significantly higher levels of DNMT activity within the neonatal female 

POA compared to males (p = 0.03) and estradiol-treated females (p = 0.013).  

Interestingly, 24 hours of estradiol treatment had no effect on DNMT activity later 

on in development, following the close of the critical period (Figure 10; t test, t(6) 

= 0.415, p = 0.69).  This finding indicates that DNMT activity may only be 

sensitive to estradiol-mediated regulation on the first few days of life.  

 
 

Estradiol-induced decreases in DNA methyltransferase activity correspond to 

decreases in global methylation within the POA  

We predicted that global DNA methylation would show a similar pattern to 

DNMT activity in the neonatal POA, wherein control females have higher levels of 

activity compared to males and estradiol-treated females.  As predicted, we found 

a main effect of sex/hormonal status on global methylation (ANOVA, F(2,12) = 

5.545, p < 0.05; Figure 11).  Control females had significantly higher levels of 

global methylation in the POA at PN1 compared to males (p = 0.012) and females 

masculinized by estradiol treatment (p = 0.015).   

 

Sex differences in DNA methyltransferase activity are region-specific  

In order to determine if sex and estradiol-induced differences in DNMT 

activity are ubiquitously present in sexually differentiated regions of the  
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developing brain, we examined DNMT activity in the MBH, hippocampus, and 

amgydala of males, females, and females treated with estradiol for 24 hours.  We  

found no sex differences in any of these brain regions.  In addition, estradiol had 

no significant effect on DNMT activity in either the hippocampus (ANOVA, f(2,7) 

= 1.37, p = 0.315; Figure 12B) or amygdala (f(2,8) = 0.27, p = 0.769; Figure 12C).  

In the MBH, estradiol significantly increased DNMT activity in females (f(2,12) = 

3.95, p < 0.05; Fisher’s PLSD, female vs. female + E  p = 0.017; Figure 12A).  

This result is contrary to what is observed in the POA, where estradiol decreases 

DNMT activity, suggesting region-specific actions of estradiol on epigenetic 

processes during development. 

 

 
 

D. Discussion  
 

Estradiol is a well-known regulator of transcription, and estradiol treatment can 

enhance or suppress the expression of various cellular proteins (McEwen, 1991).  

We hypothesized that estradiol, which is higher in the male brain during the 

critical period for sexual differentiation (Konkle and McCarthy, 2011), would 

decrease DNMT levels in males and estradiol-treated females. We found no 

significant sex differences in mRNA levels of either de novo or maintenance 

methytransferases. We also found no evidence for sex differences in DNMT1, 3a, 

or 3b protein levels among females, males, and estradiol-treated females, 

suggesting that gonad hormone levels do not influence the expression of these  
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enzymes in the POA. To date, only one study has shown potential sex and gonadal 

hormone-induced changes in DNMT1 and DNMT3a expression levels in the brain.   

Females have higher levels of DNMT3a in the amygdala during the critical period, 

but not thereafter and there are no differences in DNMT1 or DNMT3a in the 

developing POA (Kolodkin and Auger, 2011).  Our results are consistent with this 

finding. Clear caveats in these experiments are that: 1) the labile nature of enzymes 

can make their mRNA and protein products difficult to reliably quantify. We 

frequently have very high levels of variability when quantifying enzyme levels, 

particularly via western blot; and 2) protein levels do not necessarily predict 

enzyme activity levels.   

Estradiol is capable of acting via rapid, nongenomic signaling in addition to 

its classic genomic regulation (Moriarty et al., 2006). Despite observing no 

differences in DNMT enzyme expression levels, we chose to quantify DNMT 

activity since changes in enzymatic activity are ultimately responsible for altering 

DNA methylation.  We found that females have significantly higher levels of 

DNMT activity in the POA at PN0, PN1, and PN4 compared to males.  This sex 

difference is likely caused by estradiol, since males have significantly higher levels 

of estradiol in the neonatal brain at these time points compared to females (Konkle 

and McCarthy, 2011), and treating females with a estradiol lowers DNMT activity 

to male-like levels. We chose to quantify DNMT activity at E20 because this time 

point is prior to the rise in brain estradiol (Konkle and McCarthy, 2011), however 

the fetuses are still large enough to accurately dissect the POA.  We found no 

significant differences in DNMT activity in the POA at this time point.  Further, by 
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PN7 there was higher variability in DNMT activity in each sex, resulting in no 

significant sex difference in DNMT activity.  Finally, at PN14 following the close 

of the critical period and perinatal estradiol spike, there were equal levels of 

DNMT activity in the POA of both sexes.  Interestingly, 24 hours of estradiol 

treatment following the close of the critical period no longer reduces DNMT 

activity.  The mechanisms controlling the initiation and close of the critical period 

are unknown.  Our data suggest that one contributing factor in determining the 

timing of the critical period may be the onset and offset of hormonal modulation of 

DNMT activity.   

The estradiol-mediated reduction in DNMT activity in the neonatal brain 

corresponds to reduced global genomic methylation in the POA.  Females have 

higher levels of global methylation within the POA on the second day of life, a 

finding that provides additional support for our hypothesis (Figure 5).  These data 

provide a potential mechanism by which estradiol masculinizes the POA during 

development.  Reduced methylation may enable permanent masculinization of the 

POA by allowing for enhanced gene expression, and may be a means by which 

fleeting hormone exposure during the critical period for sexual differentiation 

organizes the brain. High levels of DNMT activity may protect the female POA 

from masculinization by enhancing DNA methylation and dampening gene 

transcription. 

Although estradiol reduces DNMT activity for only the first few days of life, 

this brief decrease in enzymatic activity could have profound effects on gene 

expression in the developing male POA.  Sex differences in gene expression only 
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need to occur during the critical period to have life-long effects.  In fact, several 

genes implicated in sexual differentiation of the brain, such as aromatase and the 

progesterone receptor (PR), are expressed at significantly higher levels in the male 

POA only during early development, but not thereafter (Roselli et al., 1998; 

Lephart et al., 1992; Quadros and Wagner, 2008; Quadros et al., 2002).  Although 

it is well known that expression of aromatase and PR is controlled by estradiol, 

estradiol-induced alterations in DNA methylation may not be involved and direct 

classical genomic regulation of these genes by ERs may completely control their 

expression. Studies described later in this dissertation will address how short-term 

changes in DNMT activity impact the expression of specific genes. 

Our DNMT activity assay quantifies total enzyme activity, summating the 

activity of both de novo and maintenance methyltransferase.  It is possible that the 

estradiol-induced decrease in DNMT activity observed during the first few days of 

life are impacting one isoform and not the others.  DNMT3a and 3b, the de novo 

methyltransferases, establish methylation patterns that are maintained for life by 

DNMT1.  Therefore, if estradiol selectively decreases the activity of DNMT3a 

and/or 3b, this could result in long term sex differences in DNA methylation 

patterns and presumably gene expression.  Future studies will address which 

DNMT isoform(s) are important for sexual differentiation of the brain.  

Hormonally-mediated sexual differentiation during the critical period 

permanently alters many regions of the brain besides the POA.  Developmental 

estradiol exposure organizes a wide range of neural sex differences necessary for 

the expression of many sex-specific behaviors, such as sexual behaviors, anxiety-
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related behaviors, parental behaviors, and aggression.  For the expression of sex 

specific reproductive behaviors alone, estradiol-mediated organization must occur 

in multiple brain regions including the POA, amygdala, and MBH.  We found no 

sex differences or effects of estradiol on DNMT activity in the hippocampus or 

amygdala.  While we did not observe a sex difference in DNMT activity in the 

MBH, we did find that 24 hours of estradiol treatment significantly increased 

DNMT activity in the female MBH.   

It is of potential interest and importance that estradiol decreases DNMT 

activity in the POA, a region necessary for male sexual behavior, but increases 

DNMT activity in the MBH, which is critical for female sexual behavior.  This 

finding may suggest that low levels of DNMT activity in the male/estradiol 

exposed POA allows for permissive gene expression for masculinization of this 

critical region for male sex behavior, but that same estradiol exposure causes 

higher levels of methylation, restricting gene expression in a region necessary for 

female sexual behavior.  It is not surprising that estradiol’s effects on DNMT 

activity are region-specific, since different regions have differing sensitivity to 

hormones (Brown et al., 1987; Paolo, 2000; Amateau et al., 2004), and estradiol 

has different organizational effects in each region (Toran-Allerand, 1980; Han and 

De Vries, 2003; Schwarz and McCarthy, 2008b).   

In summary, the data presented in this chapter demonstrate that although 

estradiol does not alter protein levels of either de novo or maintenance DNA 

methytransferases, it significantly decreases overall DNMT enzymatic activity. 

Patterns of sex and estradiol-mediated differences in global methylation mimic 
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DNMT activity patterns, with females having significantly higher levels of both 

DNMT activity and global methylation compared to both males and estradiol-

treated females.  The sex difference in DNMT activity is region-specific and only 

present during the first few days of life.  

Epigenetics has become a popular level of biological analysis among 

developmental neuroendocrinologists due to the ability of epigenetic marks to 

interface environmental inputs with long-term changes in gene expression.  The 

process of sexual differentiation of the brain, whereby brief and early hormone 

exposure imparts permanent structural and functional changes to the brain, seems 

to be an obvious candidate for epigenetic control.  Previous investigations into the 

potential for gonadal hormones to organize the brain via DNA methylation have 

been narrowly focused on changes in methylation at specific CpG sites on specific 

gene promoters during development.  This approach has been unsuccessful and 

problematic for a number of reasons, the principal reasons being 1) that focusing 

on a single gene limits the potential for new discoveries, as many of the genes we 

traditionally thought were involved in sexual differentiation show minor changes 

in methylation and/or expression across development, suggesting that we need to 

search broadly for candidate genes involved in the process, and 2) that we now 

realize that DNA methylation is not necessarily a stable modification and changes 

in DNA methylation induced via hormone exposure during development may 

change somewhat rapidly, making it futile to examine DNA methylation at a single 

gene at a single time point in connection in with sexual differentiation (Schwarz et 
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al., 2010). We sought a more wide-angle approach to study the effects of hormones 

on DNA methylation during sexual differentiation of the brain. 

The finding that females have higher levels of DNMT activity compared to 

males, and that a masculinizing dose of estradiol decreases DNMT activity in 

females to levels similar to male levels, supports a role for DNA methylation in 

sexual differentiation of the brain.  These data have provided further support for 

our overall hypothesis that high levels of DNMT activity within the neonatal 

female POA are necessary to preserve the “default” female brain phenotype 

(Figure 5).  DNA methylation may be crucial to prevent masculinization of the 

female POA by inhibiting the expression of genes needed for masculinization.  

Additionally, we hypothesize that estradiol masculinizes the neonatal male brain 

by decreasing DNMT activity, ultimately releasing a break on gene expression 

which allows for permanent masculinization.   
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IV. LOW LEVELS OF DNA METHYLTRANSFERASE ACTIVITY DURING 

THE CRITICAL PERIOD FOR SEXUAL DIFFERENTIATION MASCULINIZE 

THE POA 

 

A. Introduction  

In the previous chapter we demonstrated that on the first few days of life, 

females have significantly higher levels of DNMT activity and global methylation 

within the POA compared to males. This sex difference is mediated by estradiol, 

since treating females with a masculinizing dose of estradiol significantly reduces 

DNMT activity and global methylation to levels similar to males. The effect of 

estradiol on reducing DNMT activity appears to be specific to the first few days of 

life, since treating animals with estradiol outside of the critical period no longer 

decreases DNMT activity. Based on these findings we hypothesize that one 

mechanism by which estradiol permanently masculinizes the POA during 

development is by decreasing DNA methylation on genes necessary for 

masculinization. Concordantly, high levels of DNA methylation in the female 

POA may prevent this region from masculinization, allowing for the process of 

feminization.      

Estradiol-mediated masculinization of the POA during the critical period 

creates permanent anatomical changes to the bipotential brain, which allow for the 

performance of male-typical behaviors in adulthood.  Males have roughly 2-3 

times more dendritic spines on their POA neurons than females and dendritic spine 

density correlates with performance of male sexual behaviors (Wright et al., 2008). 
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Thus, estradiol-induced increases in dendritic spine density during development 

appear to be a critical endpoint for masculinization of the POA.   

We predict that if low levels of DNA methylation during the first few days of 

life are necessary to masculinize the POA, then pharmacological inhibition of 

DNMT activity will masculinize the female POA (Figure 13).  In other words, 

pharmacologically-induced decreases in DNMT activity will be sufficient to 

masculinize the female in the absence of any neonatal hormonal manipulations. To 

test this prediction, we administered the DNMT inhibitors Zebularine (ZEB) or 

RG108 on the first two days of life (PN0 and PN1), and assessed spinophilin 

protein levels in the POA and male sexual behavior performance in adulthood. 

Spinophilin (also known as Neurabin II) is an F-actin binding protein with 

enhanced localization to the postsynaptic density of dendritic spines (Satoh et al., 

1998). We have found both western blot and immunohistochemical quantification 

of spinophilin to be an accurate and reliable proxy marker for dendritic spines in 

the POA, correlating precisely with the relative spine density detected by 

neuroanatomical measures (Amateau and McCarthy, 2002). Moreover, spinophilin 

level in the POA of individual adult animals positively correlates with the 

robustness of male sexual behavior (Wright et al., 2008). We predict female rat 

pups treated with ZEB or RG108 will display masculinized sexual behaviors and 

have higher levels of spinophilin protein within the POA in adulthood.   

In addition to quantifying measures of masculinization in the female following 

neonatal DNMT inhibition, we assessed female sexual behaviors in these animals 

to assess the impact of DNMT inhibition on defeminization.  Estradiol initiates  
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Figure 13. Schematic representation of prediction that low levels of DNMT activity 
during the first few days of life masculinize the POA.  Estradiol decreases DNMT 
activity during the first few days of life, which may be the basis for the sex difference in 
DNMT activity observed between PN0 and PN4.  We predict that decreasing DNMT 
activity with the inhibitors zebularine (ZEB) and RG108 will mimic the effects of 
estradiol, decreasing DNMT activity and masculinizing POA dendritic spine markers and 
behavior in the female.   
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both masculinization and defeminization of the bipotential brain during the critical 

period, although these processes are distinct, occur through different signaling 

mechanisms, and impact different aspects of anatomy and physiology within the 

POA (Kudwa et al., 2006; Kudwa et al., 2005; Schwarz and McCarthy, 2008a).  

Although masculinization can occur without defeminization and vice versa, we 

predicted that DNMT inhibition during the critical period would result in both a 

defeminized and masculinized adult female animal.   

Sex differences in DNMT activity and global methylation during the first few 

days of life may establish DNA methylation patterns necessary for long-term 

maintenance of the sexually differentiated brain.  If this theory is correct, 

interfering with maintenance of DNA methylation at any stage of an animal’s life 

would be predicted to cause phenotypic changes. To our knowledge, no 

experimental manipulations have been able to masculinize a female brain outside 

of the critical period for sexual differentiation of the brain.  If long-term 

maintenance of perinatally-established, sex-specific DNA methylation patterns are 

important for life-long maintenance of sex-specific anatomical and behavioral 

traits, then administering DNMT inhibitors outside of the critical period will have 

the same effect as administering these drugs inside the critical period.  With this in 

mind, we treated animals with the DNMT inhibitor ZEB on PN10 and PN11, 

following the close of the critical period, and predicted that DNMT inhibition 

would have the same masculinizing effect on female behavior and spinophilin 

levels after the critical period as it does during the critical period.  
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B. Methods 

Timed-pregnant Sprague Dawley dams (Harlan) were allowed to deliver 

normally. Prior to starting the behavioral studies, we assessed the efficacy of ZEB 

and RG108 treatment on global methylation.  Female rat pups were treated with 

ZEB, RG108 or vehicle on PN0 and PN1 then sacrificed on PN2. DNA was 

extracted and global methylation quantified as described in the previous chapter. 

For behavioral experiments, male and female pups received bilateral ICV 

infusions of either 300ng ZEB (Calbiochem), 300ng RG108 (Sigma), or vehicle 

(1% DMSO in saline for ZEB, 10% DMSO in saline for RG108) on PN0 and PN1.  

An additional cohort of animals received ZEB injections outside of the critical 

period for sexual differentiation, on PN10 and PN11.  Included in this 

experimental design was a group of female rats subcutaneously injected with 50 

µg/0.1cc EB in oil as a control for critical period timing.  ZEB is a chemically 

stable deoxy-cytidine analog, which covalently binds to DNMT enzymes 

sequestering these proteins to prevent further DNMT activity (Zhou et al., 2002).  

This compound was the first of its kind to reactivate genes silenced via DNA 

methylation in cancer, without toxic side effects (Cheng et al., 2003). Use of ZEB 

in post-mitotic cells (i.e. neurons) results in demethylation and re-expression of 

previously silenced genes (Lubin et al., 2008). RG108 was the first low toxicity 

small molecule inhibitor of DNA methyltransferase enzymes.  This compound 

blocks the active site of DNMTs with high specificity in a noncovalent manner, 

causing decreased DNMT activity, demethylation, and reactivation of gene 
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expression (Brueckner et al., 2005).  We chose these inhibitors because they are 

both effective blockers of DNMT activity, but act via different mechanisms of 

action, allowing us to rule out any nonspecific effects of these drugs as the cause 

of our experimental results.   

All animals were gonadectomized around PN40.  Animals used for female sex 

behavior were administered 10 µg of estradiol benzoate (in oil, SC) for two 

consecutive days prior to behavioral assessment.  On the day of the test, 250 or 500 

µg of progesterone (in oil, SC) was administered 4 hours before placing each 

animal with a sexually experienced breeder male. Lordosis quotient (the % of 

lordosis responses to 10 consecutive mounts) and lordosis score (the degree of 

spinal flexion in response to each mount, scored on a scale of 0-3) was recorded 

and scored by a blind experimenter.  Following female sexual behavior testing, 

animals were implanted with testosterone-filled capsules for male sexual behavior. 

  In cases when female sexual behavior was not tested, animals were 

implanted with testosterone-filled capsules directly following gonadectomy. Three 

weeks later, male sexual behavior was assessed once a week for three consecutive 

weeks in the presence of a hormonally-primed stimulus female.  These behavior 

sessions were video recorded and later scored by a blind experimenter.  In the 

animals injected on PN0 and PN1, locomotor activity and anxiety-like behavior 

was assessed in the open field test following sexual behavior testing.  Animals 

were placed in an open field arena for 5 minutes, wherein line crosses, rearing, and 

time spent in the center of the arena was recorded. Following this evaluation, 
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animals were sacrificed and their brains  collected for spinophilin western blot. See 

General Methods for detailed descriptions of experimental methods.   

 

C. Results 

Zebularine and RG108 decrease global methylation in the female POA 

To evaluate the importance of low levels of DNMT activity and DNA 

methylation in masculinization of the neonatal POA, we needed to first establish 

an effective dose of ZEB and RG108 to decrease DNA methylation in the female 

POA to male-like levels.  We estimated our initial doses of these compounds based 

on reports of decreased DNMT activity and DNA methylation when administered 

ICV in the adult brain (Lubin et al., 2008).  We found that 300 ng of 

ZEB/hemisphere significantly decreased global methylation in the female POA 

(ANOVA, F(2,9) = 3.844, p = 0.062; , Veh vs. Zeb p = 0.022; Figure 14).  

Importantly, this dose resulted in no observable side effects or pup loss.  We 

observed a small statistical trend toward a decrease in DNA methylation with 200 

ng/hemisphere of RG108 (p = 0.18), although we believe that this dose may have 

resulted in a statistically significant decrease in methylation if our samples from 

the vehicle-treated animals were less variable.  For the remainder of the studies 

using RG108, we increased the dose to 300 ng/hemisphere.   
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DNMT inhibition during the critical period does not fully defeminize sexual 

behavior 

Although the processes of masculinization and defeminization are distinct, 

mutually-exclusive developmental programs, the perinatal surge in estradiol both 

masculinizes and defeminizes the developing brain. We predicted that decreases in 

DNMT activity during the critical period for sexual differentiation would not only 

masculinize, but also defeminize the female brain. We analyzed two metrics of 

female sexual behavior performance in hormonally primed adult females treated 

with ZEB or RG108 on PN0 and PN1: lordosis quotient (LQ), a measure of sexual 

motivation, which quantifies the % of times a female allows a male to mount; and 

lordosis score (LS), a measure of the curvature of the female’s spine while 

displaying a lordosis posture.  We found a slight statistical trend towards a 

decrease in LQ (t(15) = 1.748, p = 0.101) and a statistically significant decrease in 

LS (t(16) = 2.171, p < 0.05) in females treated neonatally with ZEB (Figure 15).  

However, a potential confound of this experiment was that all females received 

high levels of estradiol and progesterone priming which reliably induces lordosis 

behavior in almost every female.  Administering a submaximal dose of 

progesterone may have allowed us to detect impairments in female sexual behavior 

more readily.   

We later assessed female sexual behavior in a different cohort of animals that 

were treated neonatally with RG108.  Since we saw little effect on female sexual 

behavior in ZEB treated animals, we reduced the amount of progesterone priming 

administered to our RG108 treated animals from 500 to 250 µg.  Even with this  
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reduced dose of progesterone priming, we observed no significant differences in 

either LQ (t(14) = 1.113, p = 0.285) or LS (t(14) = 1.293, p = 0.217) in animals 

treated neonatally with RG108 (Figure 16). These results suggest that low levels of 

DNMT activity during development do not substantially impair female sexual 

motivation or performance and imply that hormonally-mediated decreases in 

DNMT activity are not necessary for defeminization of the brain.   

 

DNMT inhibition during the critical period masculinizes adult behavior 

During the first few days of life, females have significantly higher levels of 

DNMT activity and global methylation in the POA compared to males. We 

hypothesized that if  low levels of DNMT activity and DNA methylation are 

necessary to masculinize the POA, then treating females with a DNMT inhibitor 

during the first few days of life would cause behavioral and anatomical 

masculinization of the POA. In two separate experiments, we quantified the 

number of mounts and intromission-like behaviors, as well as the mount and 

intromission latencies in males and females treated neonatally with either ZEB or 

RG108, compared to vehicle control.   

 

Effects of Neonatal Zebularine on Male Behavior 

We observed a main effect of ZEB on number of mounts (ANOVA, F(3,25) = 

22.182, p < 0.0001; Figure 17). ZEB treatment significantly increased the number 

of mounts displayed by female rats (Female Veh vs. Female ZEB, p = 0.003) and  
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also enhanced mounting behavior in male rats (Male Veh vs. Male ZEB, p = 

0.0012).  There was not a significant difference between females treated with ZEB 

and males treated with vehicle (p = 0.505). The enhancement of mounting 

behavior observed in males was an unexpected result, since to our knowledge no 

other experimental manipulations have been shown to enhance male sexual 

behavior.  We also saw a main effect on number of intromission-like behaviors 

(F(3,25) = 7.874, p < 0.0001).  Females treated neonatally with ZEB displayed a 

similar number of intromission-like behaviors to males, and displayed significantly 

more intromission-like behaviors compared to vehicle-treated females (p = 

0.0094).  

In addition to masculinizing measures of male sexual behavior performance, 

ZEB treatment also masculinized both measures of male sexual behavior 

motivation.  Mount latencies were significantly reduced in females by neonatal 

ZEB treatment (F(3,24) = 4.246, p < 0.05; Female Veh vs. Female ZEB, p = 

0.017).  The latency to display the first intromission-like behavior was also 

significantly reduced by neonatal DNMT inhibition with ZEB (F(3,21) = 4.049, p 

< 0.05; Female Veh vs. Female ZEB, p = 0.005).   

To assure that the effects of ZEB on sexual behavior were not related to 

potential changes in locomotor behavior in our experimental animals, we 

quantified grid crosses, exploratory rearing behaviors, and time spent in the center 

of the open field arena in these animals following sexual behavior testing.  We 

found no significant differences among our experimental groups in either grid 

crosses (F(3,27) = 0.72, p = 0.549) or rearing behaviors (F(3,27) = 0.6, p = 0.6205; 
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Figure 18).  However, we did see a main effect of experimental group on the time 

spent in the center of the open field arena (F(3,27) = 7.397, p < 0.001).  Because 

open spaces are generally thought to be anxiogenic to rodents, time spent in the 

center of the open field arena is used to assess anxiety-related behaviors.  More 

time spent in the center of the arena is thought to indicate less anxiety, whereas 

spending more time towards the walls of the arena indicates higher anxiety in an 

animal (Carola et al., 2002).  We found that females spent significantly more time 

in the center of the open field arena compared to males (p = 0.002), indicating 

higher levels of anxiety-related behavior in male rats. Vehicle-treated females also 

spent significantly more time in the center of the open field arena compared to 

ZEB-treated females (p = 0.037), which may indicate that sex differences in 

anxiety-related behaviors are also established by developmental differences in 

DNA methylation. 

 

Effects of Neonatal RG108 on Male Behavior 

We confirmed our finding that low levels of DNMT activity during the first 

few days of life masculinize adult sexual behavior with an additional DNMT 

inhibitor, RG108.  RG108 acts as a direct inhibitor of the active site of DNMT 

enzymes, whereas ZEB is a cytidine analog that sequesters DNMT enzymes and 

prevents enzymatic activity.  ICV administration of RG108 on PN0 and PN1 

significantly increased the number of mounts (ANOVA, F(3,26) = 5.312, p < 0.01; 

Female Veh vs. Female RG108, p = 0.003; Figure 19) and number of intromissions 

(F(3,27) = 19.97, p < 0.0001; Female Veh vs Female RG108, p = 0.0068)  
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displayed by females in adulthood, substantiating our ZEB findings.  Neonatal 

treatment with RG108 also masculinized intromission latency in adult female rats 

(F(3,20) = 6.597, p < 0.01; Female Veh vs. Female RG108, p = 0.0011), however 

there were no statistically significant sex differences or RG108-induced changes in 

mount latency most likely due to very high variability in mount latency in this 

cohort of vehicle-treated female animals.   

We observed similar patterns of behavior in the open field test in animals 

treated neonatally with RG108 compared to those treated with ZEB  (Figure 18).  

We found no effects of RG108 on either grid crosses (F(3,28) = 1.205, p = 0.326) 

of number of rears (F(3,28) = 2.146, p = 0.117), but did see a significant reduction 

in the time spent in the center of the open field arena in females treated neonatally 

with RG108 (F(3, 25) = 2.863, p < 0.05; Female Veh vs. Female RG108, p = 

0.016). 

 

DNMT inhibition during the critical period masculinizes spinophilin protein levels 

Masculinization of the POA is associated with a higher density of neuronal 

dendritic spines in males compared to females. Spinophilin is a synaptic protein 

enriched in the heads of dendritic spines (Allen et al., 1997), which we have 

previously shown to be a reliable proxy marker of dendritic spine density 

(Amateau and McCarthy, 2004). Following behavioral analysis of animals treated 

neonatally with the DNMT inhibitors, POA tissue was collected and spinophilin 

western blots were performed to compare the relative quantities of spinophilin 

protein. We predicted that females treated with vehicle would have significantly 



*#"

lower levels of spinophilin protein in the POA compared to males.  Since females 

have significantly higher levels of DNMT activity and global DNA methylation in 

the POA during the first few days of life, and decreasing DNMT activity on PN0 

and PN1 masculinized adult behavior, we predicted that females treated neonatally 

with ZEB and RG108 would have significantly higher levels of spinophilin protein 

in the POA compared to vehicle-treated females.   

As predicted, we found that vehicle-treated males had significantly higher 

levels of spinophilin protein in the POA compared to vehicle-treated females 

(ZEB, F(3,32) = 4.693, p < 0.001; Male vs. Female p = 0.008; Figure 20; RG108, 

F(3,26) = 2.008, p = 0.1375; Male vs. Female p = 0.042; Figure 21).  In addition, 

we found that neonatal DNMT inhibition in female rat pups resulted in increased 

levels of spinophilin in adulthood.  ZEB-treated females had significantly higher 

levels of spinophilin protein in the POA compared to vehicle-treated females (p =  

0.037) and RG108 caused a statistical trend towards increased spinophilin levels in 

females (p = 0.06).   

 

DNMT inhibition after the critical period can masculinize the POA  

If neonatal sex differences in DNMT activity contribute to long-term sex 

differences in methylation that are necessary to maintain sex-specific gene 

expression, allowing for permanent masculinization or feminization of the POA, 

then interference with maintenance DNMT activity outside of the critical period 

(or inducing demethylation) should have the same effect as interference within the 

critical period.  We treated rats with ZEB or vehicle (1% DMSO) on PN10 and  
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PN11, following the close of the critical period, grew these animals to adulthood 

and assessed male sexual behavior and POA spinophilin levels.  As a control, we 

treated an additional group of female animals with estradiol. We predicted that 

estradiol treatment outside of the critical period would not increase spinophilin 

protein levels or masculinize behavior, whereas DNMT inhibition would.  

As predicted, the DNMT inhibitor ZEB masculinized sexual behavior when 

administered outside of the critical period (Figure 22).  Females treated with ZEB 

on PN10 and PN11 had a significantly shorter latency to mount (F(4,26) = 2.44, p 

< 0.05;  Veh Female vs. ZEB Female, p = 0.026) and display their first 

intromission-like behavior (F(4,21) = 6.668, p < 0.001; Veh Female vs. ZEB 

Female, p = 0.006) compared to vehicle-treated control females. ZEB-treated 

females also performed more mounts than vehicle-treated females (F(4,27) = 5.23,  

p < 0.01; Veh Female vs. Zeb Female, p = 0.03). Although vehicle and ZEB-

treated males displayed significantly more intromission-like behaviors than 

vehicle-treated females (F(4,27) = 14.76, p < 0.0001), there were no differences 

between ZEB and vehicle-treated females in number of intromission-like behaviors 

(p = 0.434). Subcutaneous injection of estradiol on PN10 and PN11 did not 

masculinize sexual behavior, confirming that the critical period for sexual 

differentiation is closed at this time point and that the female brain can no longer 

be masculinized by hormonal manipulations. 

As expected, spinophilin levels in the adult POA were significantly different 

between males and females (F(4,22) = 2.218), p = 0.1002; Veh Male vs Veh 

Female, p = 0.018; Figure 23).  Similarly to its effects on spinophilin when  
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administered to the neonatal brain, ZEB administered outside of the critical period 

masculinized spinophilin levels in the female POA (Veh Female vs ZEB Female, p 

= 0.0373).  Importantly, administering estradiol on PN10 and PN11 did not 

increase spinophilin levels in the adult female POA (p = 0.38).  

 

D. Discussion 

Hormonally-induced sexual differentiation of the brain, which occurs during a 

perinatal critical period, causes permanent neuroanatomical and behavioral 

masculinization.  In the previous chapter, we described our finding that estradiol 

significantly decreases DNMT activity and global methylation levels in the POA 

shortly after birth, but has no effect on DNMT activity later in life. We 

hypothesized that high levels of methylation within the neonatal female POA may  

prevent the expression of genes necessary for masculinization. Conversely, we 

hypothesized that estradiol-mediated decreases in DNMT activity allow for the 

expression of genes necessary to permanently masculinize the POA, and predicted 

that pharmacologically decreasing DNMT activity would mimic the effects of 

estradiol, masculinizing the female brain.  

 

Neonatal DNMT inhibition masculinizes, but does not fully defeminize, adult 

sexual behavior 

The developing bipotential brain is feminized, or defeminized and 

masculinized, as a result of chromosomal complement and gonadal steroid 

hormone exposure.  Although defeminization and masculinization normally occur 
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concurrently in a genetic male, they are distinct developmental processes that 

occur separately via different cellular processes (Baum, 1979).  For instance, 

estradiol’s masculinizing effects are primarily the result of activation of ER!, 

whereas defeminization appears to require downstream signaling initiated by ER" 

activation (Kudwa et al., 2006; Kudwa et al., 2005).  In addition, masculinization 

and defeminization of the brain are associated with specific neuroanatomical and 

behavioral changes.   Increased dendritic spine density in the POA is one 

anatomical marker of masculinization, and the ability of animals to perform male 

sexual behaviors is a clear behavioral indication of masculinization. The process of 

masculinizing dendritic spine density in the POA involves estradiol-induced 

production of PGE2, and blocking PGE2 production prevents masculinization of 

the POA (Amateau and McCarthy, 2004; Amateau and McCarthy, 2002). However 

PGE2 production has no impact on the process of defeminization (Todd et al., 

2005), such that masculinization can occur in the absence of defeminization, 

creating an animal that can perform both male and female-specific behaviors. An 

anatomical marker associated with defeminization, and not masculinization, is the 

volume of the sexually dimorphic nucleus of the preoptic area, a subregion within 

the SDN (Todd et al., 2005; Hennessey et al., 1986; Cherry and Baum, 1990).  

Estradiol-induced defeminization of the brain (required for the suppression of 

female sexual behavior) occurs via activation of NMDA receptors in the 

hypothalamus (Schwarz and McCarthy, 2008a).  

In two separate studies, we quantified female sexual behavior in rats treated 

neonatally with either ZEB or RG108, or vehicle. In our first experiment we found 



!++"

that neonatal ZEB treatment caused mild impairments in female sexual behavior 

performance.  We observed a significant decrease in lordosis score, with no effect 

on lordosis quotient.  We realized later that decreasing the amount of hormonal 

priming given to these animals prior to testing would have better enabled us to 

parse out potential changes in behavior induced by neonatal DNMT inhibition.  In 

our next experiment using RG108, we reduced our hormonal priming, but saw no 

significant differences in either lordosis score or lordosis quotient.  Taken together 

these studies suggest that low levels of DNMT activity during the first few days of 

life are not involved in defeminization of the brain.   

We did however see large effects of neonatal DNMT inhibition on both 

neuroanatomical and behavioral masculinization of the POA.  Our data suggest 

that high levels of DNMT activity and global methylation during the first few days 

of life are necessary for the “default” process of feminization of the brain to occur, 

since decreasing DNMT activity results in a masculinized phenotype in adulthood.  

Little is known about feminization of the brain. In fact, the convention when 

referring to “the process of feminization” is to say that it is the absence of 

defeminization and masculinization.  Our data are perhaps the first to clearly 

demonstrate the active nature of feminization of the brain, that is, to create a 

female brain masculinization must be epigenetically suppressed.   

 

Masculinization outside of the critical period 

DNA methylation patterns are established during development by the de novo 

methyltransferases, DNMT3a and 3b.  However, DNMT1 is active throughout life, 
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and maintains methylation patterns established by the de novo isoforms.  ZEB is a 

nonspecific DNMT inhibitor that represses activity in both de novo and 

maintenance methyltransferases and has been shown to cause demethylation in 

post-mitotic cells (Roth and Sweatt, 2009; Szyf, 2010).  We therefore predicted 

that administration of ZEB on PN10 and PN11 would masculinize both POA 

spinophilin levels and adult behavior, just as it did when administered within the 

critical period.  We found that releasing methylation in the female brain outside of 

the critical period resulted in masculinization, suggesting that the feminization of 

the brain is actively maintained throughout life by DNA methylation.  Although 

the effects of ZEB on masculinization of the female brain were less dramatic when 

the drug was administered later in development, it must be noted that the dose of 

ZEB used in both neonatal and older animals was identical.  Since the rat brain is 

clearly much larger 10 days after birth, we may have needed to scale up our dose 

of ZEB in these animals.   

Estradiol administration on PN10 and PN11 did not masculinize spinophilin 

protein levels of behavior in adult females, confirming the previously established 

timing of the end of critical period for sexual differentiation.  The mechanisms 

determining the onset and close of the critical period are unknown.  In the previous 

chapter we showed that estradiol no longer decreases DNMT activity outside of 

the critical period (on PN14).  Since estradiol-induced decreases in DNMT activity 

appear to be critical for masculinization, one possibility is that the close of the 

critical period is determined by the loss of sensitivity of DNMT enzymes to 



!+#"

hormonal modulation, although further studies would be necessary to substantiate 

that hypothesis.   

The traditional view of hormonally mediated sexual differentiation of the brain 

holds that estradiol induces a male phenotype during a restricted sensitive period 

by binding to its cognate receptor and directly inducing expression of genes critical 

to brain development, and that once complete, this process cannot be undone. In 

contrast, our data indicate that a principle action of estradiol in the developing 

POA is suppression of DNMT activity and either prevention or even reversal of 

DNA methylation. Feminization in the POA is therefore the active process of 

suppressing masculinization via DNA methylation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



!+$"

V. IDENTIFICATION OF CANDIDATE GENES MEDIATING SEXUAL 
DIFFERENTIATION OF THE DEVELOPING POA 
 

A.  Introduction  

As discussed in previous chapters, the developing brain is either 

masculinized or feminized in a manner that assures adult neural physiology and 

behavior is in register with the differentiated gonads, the ovaries or testis.  In 

mammals, feminization of the brain is independent of the ovary and therefore 

considered the default developmental pathway. Masculinization is the 

differentiation away from the female phenotype and mediated by gonadal steroids 

generated by the fetal testis during a perinatal sensitive period. Chromosome 

complement and environmental variables either magnify or diminish sex 

differences in the brain but the actions of testosterone and its potent metabolite, 

estradiol, are the most robust mediators of rodent brain sexual differentiation, i.e. 

masculinization (McCarthy, 2008; McCarthy and Arnold, 2011). Steroids bind to 

nuclear receptors which are members of an extended family of transcription factors 

(Mangelsdorf et al., 1995), and the direct induction of gene expression via 

activation of estrogen (ER) and androgen receptors (AR) has been the presumptive 

route for brain masculinization (Kudwa et al., 2006; Sato et al., 2004), yet 

surprisingly few gene candidates have been identified (Amateau and McCarthy, 

2002; Bakker et al., 2002b; Xu et al., 2012).  Moreover, uncovering factors 

involved in feminization as the default pathway presents unique challenges as there 

is no initiating event and no gene candidates have been identified to-date.  Our data 

suggest that in addition to direct gene transcriptional regulation, gonadal steroids 
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induce masculinization through a second route: by decreasing levels of 

methylation during the critical period for sexual differentiation of the brain.  Based 

on our observation that decreasing methylation in the female brain via 

pharmacological inhibition leads to masculinization, we predict that decreased 

methylation in the neonatal male POA leads to increased expression of genes 

necessary to masculinize the brain (Figure 24).   

 Previous studies from our lab and others have attempted to uncover 

methylation-dependent gene candidates involved in masculinization by selecting 

specific genes and employing various sequencing methods to map methylation 

within small regions of a gene’s promoter (Schwarz et al., 2010; Kurian et al., 

2010). These studies show that developmental hormone exposure and variations in 

maternal care alter DNA methylation patterns on genes such as ER!, ER", and the 

progesterone receptor (PR) in the POA (Schwarz et al., 2010; Champagne et al., 

2006). A major conceptual shortcoming associated with selecting genes that we 

think should be differentially expressed and/or methylated is that it introduces bias 

and limits the potential for discovering novel genes involved in masculinization 

and feminization, methylation-dependent or otherwise.  With so few known gene 

candidates involved in masculinization, and no genes known to be involved in 

feminization, we decided to take a novel, discovery-based approach exploiting our 

findings that DNMT inhibitors masculinize the female brain.  We sought to 

uncover genes involved in these processes and to determine if their expression was 

methylation dependent or independent.   
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Toward that goal, we utilized RNA-Seq to quantify differences in gene 

expression in the male and female POA.  Since treatment with the DNMT inhibitor 

ZEB was sufficient for masculinization of spinophinlin levels in the female POA 

and behavior, we hypothesized that DNMT inhibition induces a masculinized gene 

expression program in the female.  We predicted that DNMT inhibition would 

increase the expression of genes within the female POA, and some subset of these 

genes would also be more highly expressed in the male POA (Figure 25). We 

considered this subset of genes to be methylation-dependent gene candidates 

involved in masculinization.  Genes that were more highly expressed in the control 

female POA compared to males and ZEB-masculinized females we considered to 

be potentially important for the process of feminization of the POA (Figure 26).   

 Many genes can be expressed in several different isoforms via the inclusion 

or exclusion of specific exons or originating at different start sites. Individual 

genes can have numerous transcript isoforms, derived from various combinations 

of exon expression (Figure 27).  Each individual gene isoform has the potential to 

code for different versions of the same protein, which can potentially impact the 

function of that protein. Epigenetic processes have been implicated in selective 

expression of specific transcript isoforms via differential methylation of alternative 

gene promoters, parental imprinting, and regulation of alternative splicing 

(Maunakea et al., 2010; Gregg et al., 2010; Luco et al., 2011). In addition to 

quantifying differentially expressed genes in the male and female POA, and the 

influence of DNMT inhibition on gene expression in both sexes, we quantified sex 

and methylation-depended differences in individual gene isoform expression.  This  
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level of analysis has never been used to quantify sex differences in the brain.  We 

hypothesized that there are sex differences in individual gene isoforms in the 

developing POA, and that DNMT inhibition would masculinize transcript 

expression in the female.  We predicted that there would be methylation dependent 

and independent sex difference in gene isoform expression in the neonatal POA, in 

addition to sex differences in overall gene expression.   

 

B.  Methods 

 

RNA Extraction 

 For RNAseq and quantitative real time PCR, RNA was isolated from POA 

tissue using Trizol (Invitrogen). RNA cleanup was conducted using an RNeasy 

Mini Kit (Qiagen) following the manufacturer’s instructions. Please see the 

Methods section for a detailed description of our RNA extraction protocol.   

 

RNAseq 

 RNAseq was performed by the Institute for Genome Sciences (IGS) at the 

University of Maryland Biopark on 12 rat cDNA samples. Animals were treated on 

PN0 and PN1 with either vehicle (0.1% DMSO) or 300ng/hemisphere ZEB and 

RNA was extracted on PN2.  Illumina mRNA-Seq libraries were prepared with a 

TruSeq RNA Sample Prep kit (Illumina, San Diego, CA) using the manufacturer’s 

protocol with IGS-specific optimizations.  Libraries were sequenced using the 

100bp paired-end protocol on an Illumina HiSeq2000 sequencer.  An average of 
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87.9 million reads were generated per library.  Please see the general Methods 

section for further information regarding sequencing and sample quality control 

checks.  Although the sequence of the rat Y chromosome has not yet been 

completed, we blasted the sequence of the human sry gene against the sequences 

for each of our samples to confirm the genetic sex of each animal (Figure 28).   

The reads obtained from each rat HiSeq sample were fed into the TopHat 

alignment tool (developed at the UM Center for Bioinformatics and Computational 

Biology) to be aligned to the rattus norvegicus (rn4) reference genomic sequence. 

This reference sequence was downloaded from the UCSC Genome Browser’s 

download server. The output from TopHat consists of information on where the 

individual reads align to in the reference genome and the splicing information of 

that read. In the alignment phase, we allowed up to two mismatches per 30 bp 

segment and removed reads that aligned to more than 20 locations. 

The alignment BAM files from TopHat were then forwarded into the 

DESeq tool developed at EMBL, Germany to analyze count data from RNAseq 

assays and test for differential expression (Anders and Huber, 2010). The number 

of reads mapped to each gene described in the Ensembl gene annotation for rn4 

was calculated by the HTSeq read count tool. The read count represents the 

expression of the gene. Differential gene expression analysis using the DESeq tool 

results in the determination of plausible differentially expressed genes when 

compared between samples. A negative binomial (NB) model was used to test the 

significance of differential expression between two conditions. A cutoff of FDR  
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(False Discovery Rate) less than 0.1 and more than 1 fold change were used to 

select significant differentially expressed genes.  

The alignment BAM files next inputted into the Cufflinks transcriptome 

identification tool. The Cufflinks tool has been developed at University of 

Maryland Center for Bioinformatics and Computational Biology as a method to 

assemble aligned RNAseq reads into transcripts, estimate their abundances, and 

test for differential expression and regulation transcriptome-wide (Trapnell et al., 

2010). Cufflinks assembles individual transcripts utilizing the spliced read 

information provided within the TopHat alignment files. Properly normalized, the 

RNAseq fragment counts can be used as a measure of relative abundance of 

transcripts, and Cufflinks measures transcript abundances in Fragments Per 

Kilobase of exon per Million fragments mapped (FPKM), which is analogous to 

single-read "RPKM".  Cuffdiff, a separate program included in the Cufflinks 

package, was used to estimate the differential expression between samples 

(grouped by condition) at the transcript level. The statistical model used assumes 

that the number of reads produced by each transcript is proportional to its 

abundances. It also utilizes transcript expression from replicates to estimate 

variance and calculate the significance of observed changes in expression. The 

significance of differential expression of transcripts belonging to the same gene 

across the two conditions is tested using the negative binomial (NB) distribution. A 

cutoff of FDR less than 0.1 and more than 1 fold change were used to select 

significant differentially expressed transcripts and genes. 
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DNA Extraction and Bisulfite Conversion 

 DNA from POA samples was extracted using the Wizard Genomic DNA 

Purification Kit (Promega) following the manufacturer’s instructions.  Briefly, 

tissue was homogenized and incubated in Nuclei Lysis Solution.  RNAse was 

added to each sample and then Protein Precipitation Solution was added to remove 

protein. DNA was pelleted by centrifugation, washed with 70% ethanol, and 

resuspended in tris EDTA (TE) buffer. The EZ DNA Methylation-Gold Kit (Zymo 

Research, Irvine, CA) was used according to the manufacturers protocol for 

bisulfite modification of our DNA samples prior to methylation specific PCR.  

Please see the general Methods section for further details.   

 

Methylation-specific PCR 

 Primers for methylation specific PCR were designed using Methyl Primer 

Express Software (version 1.0, Applied Biosystems) using sequence information 

obtained from ENSEMBL and GeneBank.  Primers were synthesized by IDT 

(please see Table 2 in Methods section for primer sequences). PCR reactions 

included: 1 µl of bisulfite converted DNA, 0.75 U HotStar Taq (Invitrogen), PCR 

Buffer, 0.5X Q solution, 3mM MgCl2, 200 µM of each dNTP, and 20 pM of 

forward and reverse primers.  PCR products were run on a 3% agarose gel stained 

with ethidium bromide and bands were visualized on an Alpha Imager light box 

(Model TM-25, Alpha Innotech).  Pixel density of each band was quantified using 

AlphaView software (version 3.4, Protein Simple, Inc).  Percent methylation was 

calculated by adding the average pixel density (after background correction) of 
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bands obtained using methylation specific primers and nonmethylation specific 

primers for each DNA sample then dividing the pixel density of methylation 

specific bands by this sum. Data were analyzed by one-way analysis of variance 

(ANOVA) followed by Tukey’s post-hoc comparisons to determine group 

differences.  Statistical significance was set at ! = 0.05. 

 

C. Results 

 If sex differences in DNMT activity and global methylation mediate 

differential expression of genes necessary for masculinization, then we predict that 

decreasing neonatal DNMT activity on PN0 and PN1 with ZEB will result in 

masculinized patterns of gene expression.  To identify the relevant genes, we 

compared total gene and genetic isoform expression in the POA of males and 

females treated with either vehicle or ZEB. Sex differences were observed in the 

expression of 70 genes; 34 higher in the male POA compared to the female and 36 

genes higher in the female than the male (Tables 3-4, at the end of this chapter). 

Two genes, Mcpt2 and D4AD88, which code for mast cell protease 2 and an 

uncharacterized protein respectively, were expressed in the male POA but not in 

the female.  The uncharacterized protein D4ADJ5 was measured exclusively in the 

female POA but not in the male.  

DNMT inhibition in females resulted in higher expression of 313 genes 

compared to control females (Table 5). By contrast, only 141 genes were up-

regulated by ZEB in the male POA (Table 6).  In order to identify genes involved 

in masculinization we focused on those that were up-regulated by ZEB treatment 



!!'"

in females and also higher in control males compared to control females. We found 

that 24 of the 34 genes with higher expression in the male POA were increased by 

DNMT inhibition in the female  (Table 7). We considered this subset of genes 

methylation-dependent gene candidates for sexual differentiation of the brain, and 

regarded the 10 genes highly expressed in males but not ZEB or control females as 

methylation-independent candidate genes (Table 8). Among the former set was the 

gene Cytochrome P450 19A1, which is the estradiol synthesizing enzyme, 

aromatase, and one of the few genes previously shown to be expressed at a higher 

level in the male POA during the first few days of life and implicated in sexual 

differentiation (Bakker et al., 2002a; Lauber et al., 1997).  

Of the 36 genes that were more highly expressed in control females 

compared to males, 14 decreased in females masculinized by ZEB.  We considered 

these genes to be methylation-dependent candidate genes for active feminization of 

the POA (Table 9). The additional 22 genes higher in females compared to males, 

but not influenced by ZEB may be methylation-independent candidate genes for 

feminization (Table 10).  

An advantage of RNASeq is the ability to quantify individual transcript 

isoforms. Using the Cuffdiff transcript analysis program (Cufflinks, Trapnell et al., 

2010) we detected 187 sex differences in gene isoform expression in the 

developing POA, far more than observed for overall gene expression.  A total of 

100 gene isoforms were higher in the male POA compared to control females 

(Table 11), and 87 isoforms were higher in females vs. males (Table 12). 

Moreover, 32 gene isoforms were exclusively found in the male POA, whereas 37 
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isoforms were exclusive to the female POA (Tables 11-12). One gene isoform 

higher in males compared to females was Neurabin II (spinophilin), suggesting the 

well-established sex difference in this proxy dendritic spine marker may arise from 

differential transcript expression. 

Some of the differences in isoform expression were regulated by DNA 

methylation as DNMT inhibition in the female increased the expression level of 58 

of the 100 gene isoforms normally higher in males, and induced the expression of 

16 of the 32 isoforms that were exclusively detected in males (Table 13).  These 

isoforms may be important in masculinization of the POA. Remarkably, we found 

that ZEB treatment in females significantly reduced the expression of 40 of the 87 

isoforms higher in females compared to males, and was able to prevent the 

expression of 16 of the 37 isoforms exclusive to females, which are likely 

transcripts important for feminization of the POA (Table 14).   

 In order to explore candidate genes for masculinization, we compared % 

methylation on the promoters of several genes in males, females, and estradiol-

treated females using methylation specific PCR. One candidate gene, COUP 

transcription factor 2 (COUP-TFII, also known as nuclear receptor subfamily 2, 

group F, member2, or Nr2f2), is important for brain development (Green and 

Vetter, 2011) and more highly expressed in the POA of males and ZEB-treated 

females. Cumulative % methylation at 4 CpG sites on the Nr2f2 promoter was 

significantly higher at PN1 in females compared to males and estradiol treatment 

significantly reduced methylation in the female (Figure 29), supporting the 

hypothesis that estradiol-mediated decreases in DNMT activity during POA  
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development alters methylation patterns on genes that are necessary for 

masculinization. We examined methylation levels on an additional candidate 

gene’s promoter, the transcription EBF3, and found that females had significantly 

higher levels of methylation compared to males, but this difference was not 

influenced by estradiol treatment in the female (Figure 30).   

 

D.  Discussion  

 Although it is assumed that hormonally-mediated changes in gene 

expression underlie sexual differentiation of the neonatal brain, to date there have 

been few studies to identify genes relevant to this process (Amateau and 

McCarthy, 2002; Bakker et al., 2002b; Xu et al., 2012).  There have been no 

reports of the use of RNAseq to identifiy sex differences in the brain, therefore this 

is the first study to use this technique to quantify sex differences in gene 

expression and differences in gene isoforms within the brain.  Despite being the 

most sexually dimorphic region of the brain, there were relatively few genes with 

overall sex differences in expression within the POA.   

 The majority of genes (69%) that were more highly expressed in males 

compared to females were differentially expressed as a result of methylation, since 

ZEB treatment significantly increased the expression of this group of genes in the 

female POA.  This finding supports our hypothesis that masculinization is 

suppressed in the default female brain via DNA methylation.  Within this group of 

candidate genes for methylation-depended masculinization was the enzyme P450 

aromatase, one of the few known genes with a sex difference in expression in the  
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neonatal POA.  Identifying aromatase in this group of candidate genes validates 

the current approach and although the sex difference in aromatase expression is 

well established, it was previously unknown that this sex difference is methylation-

dependent.  

 In addition to finding genes potentially important for masculinization, we 

identified genes which may play a role in active feminization of the POA.  Most 

(62%) of these genes were higher in the female POA independent of methylation 

status, that is they were not decreased by ZEB treatment.  The remaining 38% of 

these genes were significantly decreased in the female POA by ZEB, making their 

sex difference in expression methylation-dependent. Of interest among these 

methylation-dependent feminization gene candidates was Ppp1r1b, also known as 

DARPP-32, which is involved in dopaminergic signaling and necessary for 

hormonally-induced female sexual behavior in the rat (Mani et al., 2000).  In 

humans this gene is implicated in schizophrenia, bipolar disorder, and autism, all 

of which have marked sex differences in prevalence, age of onset, and/or severity 

(Arnold, 2003; Yger and Girault, 2011; Bardenstein and McGlashan, 1990; Baron-

Cohen, 2004). 

  Although methylation is generally associated with decreases in gene 

expression, and one might expect to see only increases in gene expression 

following DNMT inhibition, it must be noted that the gene expression data 

collected in these experiments is not solely determined by the presence of 

methylation on every gene that changed its expression level.  Therefore, changes in 

the expression of a given gene (gene 1) following ZEB treatment could be the 
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result of alterations in the expression of another gene (gene 2) which regulates 

gene 1’s expression.  We believe this is a plausible explanation for the few genes 

that decreased in expression with zebularine treatment, especially considering that 

many of our methylation-dependent gene candidates are transcription factors.    

DNMT inhibition in females increased the expression of 313 genes 

compared to control females, indicating that a large number of genes are repressed 

by DNA methylation, only a subset of which are relevant to sexual differentiation.  

By contrast, only 140 genes were up-regulated by ZEB in the male POA.  The 

finding that more genes are increased by ZEB in the female compared to the male 

supports our finding that DNA methylation is higher in the female and adds 

support to our prediction that repression of genes by DNA methylation in the 

female POA may be important for normal feminization.  

Surprisingly, 387 genes that normally do not exhibit sex differences in 

expression became differentially expressed when both sexes were subject to 

DNMT inhibition (Table 15), suggesting that some underlying sex differences in 

gene expression are actively suppressed by DNA methylation, resulting in a 

convergence as opposed to divergence in males and females (McCarthy and 

Arnold, 2011; McCarthy et al., 2012). A notable example of this is FoxP2 in which 

males showed increased expression after ZEB treatment, making them different 

from females. We have recently observed a sex difference in FoxP2 mRNA and 

protein in multiple brain regions, but not the POA and hypothalamus (Bowers et 

al., 2012), suggesting epigenetic pressure toward convergent expression of this 

gene in males and females in reproductively relevant brain regions.  The origins of 
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the methylation pattern eliminating sex differences is unknown and could originate 

with X or Y chromosome genes. This methylation-dependent convergence in gene 

expression may provide an undifferentiated backdrop against which divergence in 

gene expression is more greatly amplified.  We identified surprisingly few sex 

differences in X-linked genes. Only 1 gene out of the 34 genes more highly 

expressed in males, and 3 genes out of the 36 genes higher in females are X-linked, 

suggesting that autosomal genes play a large role in sexual differentiation of the 

POA.  In addition, only 5 of the 313 genes that increased in females following 

ZEB are x-linked.   

In addition to identifying sex differences in overall gene expression, we 

found that many gene isoforms are expressed in a sexually dimorphic manner.  We 

identified 100 isoforms that are more abundant in the male POA, 32% of which 

were exclusively detected in males and not females.  The expression of more than 

half of these male-biased isoforms was methylation-dependent, as ZEB induced a 

male-like pattern of isoform expression in females. One isoform that is exclusively 

expressed in males and induced by ZEB in females, codes for a variant of Drebrin 

1, a synaptic protein which determines dendritic spine morphogenesis in other 

brain regions (Takahashi et al., 2003) and therefore may be important for sex 

differences in dendritic spine densities in the POA.  

There were fewer isoforms with higher expression in the female POA 

compared to the male, and about half showed methylation-dependent expression 

patterns.  Many of the isoforms that are exclusively expressed in females compared 

to males and ZEB-masculinized females code for proteins involved in basic 
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cellular structure and physiology, such as Ankyrin 1 and the voltage-gated Ca2+ 

channel, Cav2.1.  The potential sources of sex differences in isoform expression 

include differential promoter usage, splicing variants and parental imprinting 

(Gregg et al., 2010; Luco et al., 2011).  Only about 5% of the 187 isoforms that are 

differentially expressed between males and females code for x-linked gens.  Many 

genes observed to have sex specific isoform expression were not found to have 

overall differential expression, greatly amplifying both the amount and nature of 

sex differences in the transcriptome.   

 Since our overall hypothesis is that estradiol decreases DNMT activity 

during the critical period in the male POA to increase the expression of 

methylation-dependent genes for masculinization, we next quantified % 

methylation on two of the candidate genes for masculinization identified via RNA-

Seq, the transcription factors Nr2f2 and Ebf3.  Both of these genes were more 

highly expressed in the male and ZEB-treated female POA compared to control 

females, and as predicted there were higher levels of methylation on small portions 

of the promoters for these genes in females compared to males.  We predicted that 

24 hours of estradiol (the same timing and dosage protocol used to decrease 

DNMT activity and global methylation), would reduce methylation on these 

promoters to male-like levels.  We found this to be true on the Nr2f2 promoter, but 

the data from the Ebf3 promoter were inconclusive and not easily interpretable.  

Although the estradiol-induced decrease was not statistically significant, estradiol 

did produce a statistical trend toward decreased methylation on Ebf3, which may 

have been significant if quantified in a different region of the promoter or using a 



!#&"

more sensitive technique.  Methylation specific PCR is a fairly insensitive, semi-

quantitative measure of methylation and takes into account methylation on very 

small regions of a gene’s promoter.  We used this technique because it is relatively 

fast and easy to obtain a general approximation of relative differences in 

methylation between groups, without the need for bisulfite sequencing.  An 

additional consideration, which has been a longstanding issue when studying 

promoter methylation, is that small changes in methylation at a specific CpG site 

can alter gene expression, whereas large changes at another site may have no 

impact on expression levels.  This issue is especially relevant when using 

methylation-specific PCR, since methylation at very few CpG sites is measured 

and differences at specific sites are not taken into account. 

In conclusion, although there are relatively few genes expressed 

differentially in the developing male and female POA, the majority of these genes 

are regulated by DNA methylation.   These methylation-dependent sex differences 

in gene expression likely result from differential DNMT activity regulated by 

estradiol.  Future studies will assess the necessity of the candidate genes 

indentified herein for the processes of masculinization and feminization.  
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VI. GENERAL DISCUSSION 

  

A new view of sexual differentiation of the brain: active repression of 

masculinization by DNA methylation 

The traditional doctrine of sexual differentiation of the brain is that the 

bipotential brain diverges to a male phenotype following hormonal exposure.  

Masculinization of neural anatomy and physiology is presumed to be a 

consequence of ER activation and direct genomic effects by ERs. Conversely, the 

mechanisms controlling the “default” pathway of feminization of the brain have 

not been discovered.  Our data suggest a potential paradigm shift in the way we 

view the processes of masculinization and feminization of the developing brain.   

We have discovered that feminization of the brain requires active suppression of 

masculinization via DNA methylation. This suppression must be maintained 

throughout the animal’s lifespan in order to maintain the female phenotype.   

The concept of permanent organizational effects of steroids on the 

developing brain is not without controversy.  Examples of female rodents 

exhibiting male-like behavior either in response to adult hormone treatment 

(Sodersten, 1972) or consequent to genetic manipulation (Kimchi et al., 2007), are 

used as evidence for the duality of the brain, with some arguing for the 

simultaneous presence of both male and female circuits or phenotypes.  The 

current data are wholly consistent with that view but shed new light by revealing 

that rather than the male genetic program simply not being induced, it is actively 

repressed in the female.  In the very few studies describing adult hormone 
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manipulations inducing male-like behaviors in females, it is possible that hormonal 

treatments of appropriate duration and dose are unmasking the male genetic profile 

by removing epigenetic marks.  

A recent study found that following gonadecomy (i.e. removal of hormonal 

influences), changes in gene expression profile are much more modest in the adult 

female than in the male brain (Xu et al., 2012). This finding is consistent with the 

view that females maintain tight control of sexually relevant gene expression. This 

same principle appears to apply to the ovary, wherein the deletion of a single gene, 

Foxl2, results in emergence of testicular tissue in the adult female (Uhlenhaut et 

al., 2009). Much like the brain, the developing ovary is referred to as “quiescent”, 

while the testis is responsive to gonadotropins and steroidogenically active 

(Huhtaniemi, 1995), suggesting the ovary is actively repressed. The current results 

suggest that at least part of the reproductive axis is regulated throughout life by 

suppression of a male-biased pattern via DNA methylation in females.  

In addition to learning more about the active process of feminization, we 

have uncovered an additional route by which estradiol masculinizes the neonatal 

brain: via DNMT inhibition.  Whether or not the impact of estradiol on DNMT 

activity in the male brain is due to activation of ERs remains to be determined.  

Our gene expression data suggest that low levels of DNMT activity during the 

critical period serve as a parallel route to masculinization, in addition to the well-

characterized ER-mediated effects.  Of the 35 genes that were up-regulated in the 

male POA, 25 appeared to be methylation-dependent, as DNMT inhibition 

masculinized the expression of this subset in the female.  The origin of the sex 
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difference in the remaining 10 genes is unknown, but may be a consequence of 

classical ER-mediated induction of transcription or genetic factors, such as 

chromosomal complement.   

 Activated ERs form complexes with coregulators at specific docking sites 

on gene promoters called estrogen response elements (EREs) (Klinge, 2001).  

Activation of ERs by estrogens, the presence of EREs on a given gene, as well as 

the recruitment of coactivators or corepressors to the ERE, collectively determine 

the effects of hormones on gene transcription (Shang et al., 2000).  This enables a 

level of specificity in determining which genes are influenced by estradiol and 

whether the expression of a gene is up or down-regulated.  The basis for 

establishing sex-specific methylation patterns is less clear.  Global de novo 

methylation by DNMT3a and DNMT3b appears to be derived from intrinsic 

sequence preferences for regions of DNA surrounding CpG sites (Handa and 

Jeltsch, 2005). Site-specific de novo methylation may be influenced by crosstalk 

with other proteins, as both of the de novo DNMTs contain multiple domains for 

protein interaction (Jurkowska et al., 2011).  It is well established that DNA 

methylation and histone modifications are linked, sometimes literally and 

sometimes via their cooperative influence over gene expression (Cedar and 

Bergman, 2009).  Studies have suggested that DNMTs recognize specific histone 

modifications, which directs their activity to regions of a nucleosome carrying 

specific marks (Brenner and Fuks, 2007).  However, with so little known regarding 

the basis for establishing methylation patterns, it is impossible to know how and 
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why estradiol creates female and male-specific methylation patterns on genes in 

the POA.   

 

Sex differences in the epigenome: new discoveries and support for previously 

characterized sex differences in the brain 

 The use of transcriptome sequencing enabled our discovery-based approach 

to determine the role of DNA methylation in the establishment of sex differences 

in gene expression and substantially advances our collective knowledge of sex 

differences in the POA.  Although the POA is arguably the most sexually 

dimorphic brain region, a region critical to sex-specific behaviors and 

gonadotropin release, few genes have been associated with masculinization of the 

this brain region, and none were previously implicated in feminization. We 

identified 70 genes with sex differences in overall expression and characterized 

which of these genes are controlled by methylation in the female. In addition, ours 

is the first account of sex differences at the level of gene isoform expression.   

Our gene candidates for methylation-dependent masculinization are 

strongly implicated in immune cell function.  The McCarthy lab has previously 

shown that inflammatory signaling during the first few days of life is critical for 

masculinization of the POA (Amateau and McCarthy, 2004).  Prostaglandin-E2 

(PGE2) is an inflammatory mediator produced in response to immune challenge, 

but findings from our lab demonstrate that this molecule is necessary for normal 

male brain development.  Pathway analysis of our methylation-dependent 

masculinization gene candidates indicates that 14 of the top 16 most influenced 
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biological processes are involved in immune function (Figure 31).  This finding 

validates previous work from our lab, implicates novel aspects of immune function 

in masculinization, and links sex differences in epigenetic gene regulation to well-

established immune mediators of sexual differentiation.   

In addition to immune related signaling components, we identified several 

transcription factors as methylation-depended candidate genes for masculinization.  

Because transcription factors are at the top of biological cascades, impacting the 

expression of innumerable genes, differential expression of transcription factors 

has the potential to lead to an\ substantial degree of downstream divergence of 

males and females.  Males have higher expression levels of two members of the 

COE (Collier/Olf1/EBF) transcription factor family, Ebf2 and Ebf3.  Members of 

this family are highly-conserved mediators of various developmental decisions in 

both invertebrates and mammals (reviewed in Dubois and Vincent, 2001).  The 

EBF transcription factors were first identified as key mediators of beta cell 

differentiation (Rothenberg, 2000)  but also play a role in the specification and 

differentiation of neuronal populations (Dubois et al., 1998; Garel et al., 1997; 

Garel et al., 1999), and appear to be exclusively expressed in the brain during 

development and not thereafter (Garel et al., 2000; Pattyn et al., 2000).  Ebf2 

knockout mice have defective migration of GnRH neurons, and therefore have a 

severely impaired neuroendocrine axis (Corradi et al., 2003).  These animals show 

a hypogonadotropic hypoganadism phenotype, associated with little to no gonadal 

hormone production.  Ebf2 is therefore a key mediator of neuroendocrine 

development whose expression is dependent on sex-specific methylation patterns.   
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Analysis of genes up-regulated in the female suggests that retinoic acid 

(RA) may play a role in the process of feminization of the POA.  In fact, the three 

most statistically significant processes associated with our “feminization” gene 

candidates are RA receptor (RAR) activation (Figure 32), RA mediated apoptosi s 

signaling, and retinoid X receptor  (RXR) activation.  RA is a metabolite of 

vitamin A, with a well-established role in neuronal patterning and differentiation, 

as well as axon outgrowth in the developing CNS  (Maden and Holder, 1992).  In 

the adult brain, RA is necessary to maintain the differentiated phenotypes of adult 

neurons (Kr$z et al., 1998; Asson Batres et al., 2003) and alterations in RA 

signaling are associated with neurodegeneration (Corcoran et al., 2004).  To exert 

its biological effects, RA acts via two distinct nuclear receptors, RAR and RXR.  

These receptors belong to the same transcription factor superfamily as the steroid 

hormone receptors (Mangelsdorf et al., 1995).  Like steroid hormone receptors, 

activated RARs and RXRs bind to specific consensus sequences on gene 

promoters to induce or repress gene expression.  In addition, both groups of 

nuclear receptors can bind to AP-1 sites when affiliated with coregulating partners.  

Interestingly, activation of RARs negatively regulates AP-1 responsive genes (e.g. 

the Fos/Jun family of immediate early genes) (Schüle et al., 1991), whereas 

activated ERs are well known to induce this same group of genes (Kushner et al., 

2000).  This difference in transcriptional regulation by RA and ER signaling may 

potentiate sex differences in the brain.   

 Another interesting, potentially “feminizing” facet of RA signaling is its 

capacity to decrease inflammation in the CNS and periphery (Choi et al., 2005;  
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Nozaki et al., 2006).  Since inflammation masculinizes the developing POA, 

enhanced RA signaling in the female POA may serve as an additional protective 

mechanism to prevent masculinization.  Our lab has been recently shown that the 

developing male POA contains more activated microglia than the female (Lenz et 

al., 2012).  As the resident immune cells of the brain, microglia in their quiescent, 

ramified state detect inflammatory signals and respond by adopting an ameboid 

shape and producing additional inflammatory molecules such as prostaglandins, 

cytokines, and growth factors (Aloisi, 2001).  RA has been shown to induce the 

transition of active, ameboid microglia to their quiescent, ramified state in cultured 

microglia isolated from the developing brain (Giulian and Baker, 1986) and reduce 

the expression of microglia-derived pro-inflammatory mediators (Dheen et al., 

2005).  

  

DNA methylation: an adapted mechanism for sexual differentiation and 

convergence 

 DNA methylation is a phylogenetically ancient biochemical process that is 

present in all groups of eukaryotes, including protists, plants, fungi and animals.  

However there are examples of species from each of these groups whose genomes 

do not contain detectable levels of 5-methyl-cytosine, including Caenorhabditis 

elegans and Drosophila melanogaster in the animal kingdom (Regev et al., 1998).  

DNA methylation is nearly universal in organisms with large genomes that have 

undergone expansion over the course of evolution (Cedar, 1988).  Thus, DNA 

methylation may have evolved as a mechanism to compensate for repetition and to 
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repress non-coding regions of the genome, making transcription of coding regions 

more accessible and efficient.  Analysis of mammalian DNMT sequences reveled 

that DNMTs may have evolved from fusion of a prokaryotic restriction 

methyltransferase gene, used to protect bacteria from phage infection, to a second 

sequence of unknown origin (Bestor, 1990).  This ancient process plays many 

biological roles by regulating gene expression, including differentiating the 

bipotential brain.  

In sexually reproducing species, sex differences in the brain have evolved 

to facilitate the expression of sex-specific behaviors that increase an animal’s 

reproductive fitness.  An individual’s neural sex must be in register with his/her 

somatic sex in order to be reproductively competent, but also to enable crucial 

behaviors such as aggression, parental, and social behaviors, which allow 

individuals to attract a mate and ensure the wellbeing of their offspring.  Neural 

traits that make a male or female most reproductively competent are the result of 

sexual selection, and are therefore most often different between males and females. 

In many mammalian species, females adopt a more “choosy” mating strategy 

designed to ensure that her genes are efficiently passed on despite her limited 

number of gametes.  Because their pool of gametes is perpetually replenished, 

males often employ a more promiscuous mating strategy.  

Just like sex differences in behaviors and neural physiology, sex 

differences in gene expression are also selected based on which combinations of 

expression confer the greatest chances of survival and reproductive fitness 

(Arnold, 2004). Without these sex differences in gene expression, which are 
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necessary to differentiate the male and female brain and enable reproductive 

competence, two-sex sexual reproduction would not exist.  The mechanisms 

controlling how and which genes are differentially expressed between the sexes are 

also most likely the result of sexual selection.  As a mechanism to preserve the 

female brain, high DNMT activity may have evolved in females to ensure that her 

social and reproductive behaviors favor a conservative mating strategy.  In other 

words, gene regulation via DNA methylation may help the female avoid the 

development of neural circuits associated with the male mating strategy of frequent 

and promiscuous copulations, which if practiced by females could result in 

catastrophic loss of her precious few gametes. 

 An interesting conclusion drawn from our data set is that DNA 

methylation compensates for latent sex differences in the genome, limiting the 

number of genes that are differentially expressed.  This is evident by our finding 

that ZEB treatment in both sexes allowed 387 genes to be differentially expressed 

between males and females in the POA, as opposed to 70 when animals were 

administered vehicle.   This observation highlights the importance of 

developmental sex differences in DNMT activity in controlling normal brain 

development.  Art Arnold, an expert on the influences of sex chromosomes and 

hormones in the developing brain, has argued that sexually-dimorphic signals (i.e. 

hormonal and/or genetic influences) induce sex differences in cellular functions 

that are generally beneficial in one organ or during one developmental time period, 

but maladaptive at/during others.  He therefore proposed that sex differences in 

compensatory mechanisms must have evolved to diminish detrimental sex 
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differences induced by chromosomal compliment or hormonal effects (Arnold, 

2004).  Our data suggest that DNA methylation provides this critical regulation of 

sex differences in gene expression, causing convergent expression of genes which 

would otherwise be differentially expressed, perhaps to the detriment of the 

animal.   

   

Future Directions 

 Several mechanisms controlling DNMT expression have been proposed 

(see Denis et al., 2011 for review), however there is a general lack of knowledge 

concerning the control of DNMT enzymatic activity.  Although this thesis work 

does not directly address the mechanism(s) by which estradiol reduces DNMT 

activity, we hope future studies will tackle this question.  We present two 

hypothetical mechanisms by which estradiol decreases DNMT activity in the 

neonatal male brain: by regulating SAM/SAH ratio, and/or by inducing 

phosphorylation of DNMT enzymes. 

Estradiol may decrease the availability of the methyl-donor molecule SAM 

in males and hormonally-masculinized females by augmenting the activity of other 

methytransferases which utilize SAM, such as catechol-o-methyltransferase 

(COMT), which methylates catechol-estrogens and catecholamines leading to their 

metabolism. There is a substantial literature on the sex-specific COMT gene 

polymorphisms that have been linked to sex differences in the predisposition for 

various psychiatric disorders (reviewed in Tunbridge and Harrison, 2011). 

Estradiol has been shown to affect COMT activity outside of the CNS (Salama et 
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al., 2006; Salama et al., 2007), but the direction and magnitude of these changes in 

activity varies.  Sex differences in COMT activity have been widely reported in 

both the brain and periphery, with males showing higher levels of COMT activity 

compared to females (Fauhndrich et al., 1980; Floderus and Wetterberg, 1981; 

Bray et al., 2003; Chen et al., 2004; Tunbridge et al., 2004). We measured COMT 

protein levels the neonatal POA, but found no differences between males and 

females, and no effects of estradiol treatment (ANOVA, F(2,8) = 0.347, p = 

0.7168), Figure 33).  However, studies showing higher levels of COMT activity in 

the male brain compared to the female showed no changes in COMT mRNA or 

protein expression levels, indicating that much like DNMTs, genetic and hormonal 

influences alter activity independent of altering expression (Chen et al., 2004; 

Tunbridge et al., 2004). Unfortunately, there have been no comparisons of COMT 

activity levels in the developing male and female brain to date.   

Preliminary data suggest that SAM availability and COMT activity have an 

inverse effect on DNMT activity.  Administration of SAM directly into the 

developing male brain produces a trend toward increased DNMT activity (t-test, t 

(4) = 1.963, p = 0.12; Figure 34A).  Conversely, decreasing COMT activity with a 

systemic injection of specific COMT inhibitor, 3 5-dinitrocatechol, increases 

DNMT activity in the male brain (t (4) = 2.925, p = 0.04; Figure 34B).  This 

finding supports the hypothesis that DNMT activity and COMT activity are 

inversely related, and therefore higher levels of COMT activity in males may be 

the cause of decreased DNMT activity.  A decline in SAM in the male POA could 

impact the activity of both de novo and maintenance methyltransferases.   
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Catechol-estrogens are produced by hydroxylation of estradiol metabolites 

in the brain (Breuer et al., 1978).  These hydroxlated estrogens can bind to both 

membrane and nuclear ERs (Maclusky et al., 1981; Kirchhoff et al., 1981) and 

have been suggested to play a role in sexual differentiation (Parvizi and Naftolin, 

1977; Kirchhoff et al., 1983; MacLusky et al., 1983).  In fact, catechol-estrogens 

have even been known to stimulate prostaglandin synthesis, and prostaglandins are 

potent masculininzing molecules in the POA (Amateau and McCarthy, 2004; 

Pakrasi and Dey, 1983). 

The affinity of catechol-estrogens for COMT is very high, higher than that 

of catecholamines (Ball, 1980). Since estradiol levels are increased in the male 

brain during the first few days of life, COMT may be “busier” in the male POA 

during this time period, and thus utilizing more SAM.  This theory may explain 

why we observe a sex difference in DNMT activity only during the first few days 

of life, but not following the  perinatal hormone surge.  However, this hypothesis 

does not explain why or how estradiol decreases DNMT activity early in life, but 

not following the close of the critical period (at PN14).   

Catecholamines have been shown to mediate hormonally-induced sexual 

differentiation of the brain (Jarzab et al., 1990; Reznikov and Nosenko, 1995). 

Dopamine (DA) is the primary catecholamine targeted for COMT-mediated 

methylation in the developing POA and interfering with dopaminergic signaling in 

the developing POA has been shown to impair masculinization of sexual behavior 

(Hull et al., 1984).  Levels of DA appear to be higher in the neonatal female brain, 

however levels of DOPAC and the catalytic end products of DA and DOPAC, 3-
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methoxytyramine (3-MT) and homovanillic acid (HVA), have not been quantified 

in the neonatal POA.  If COMT activity is higher in males, we predict that males 

and hormonally-masculinized females would have higher levels of 3-MT and HVA 

compared to control females, potentially indicating higher COMT activity, and 

greater usage of SAM in the hormone exposed neonatal brain.   

 Our second hypothesized mechanism by which estradiol decreases DNMT 

activity in the neonatal POA is by altering signaling pathways leading to DNMT 

phosphorylation.  As mentioned above, estradiol is known to influence 

innumerable cellular signaling cascades (reviewed in Segars and Driggers, 2002; 

Driggers and Segars, 2002), enabling both rapid and long-term genomic cellular 

responses.   One well established means by which estradiol induces rapid effects is 

via modulation of kinase signaling.  Estradiol-activated ERs alter the activity of 

cyclin-dependent kinases (CDK) (Foster and Wimalasena, 1996; Prall et al., 1997), 

phospho-inositide-3 kinase (PI3K) (Patten et al., 2004; Schwarz et al., 2008), 

mitogen-activated kinases (MAPK)  (Migliaccio et al., 1996; Singh et al., 1999), 

and protein kinase C (PKC) (Ansonoff and Etgen, 1998). Phosphorylation is a 

well-known activator or repressor of enzymatic activity, impacting numerous 

cellular signaling pathways.  Multiple phosphorylation sites haven been discovered 

on DNMT1 (Glickman et al., 1997; Goyal et al., 2007), but there are no data on 

potential phosphorylation sites on DNMT3a and DNMT3b.  

 Thus far, there have been three independent reports detailing 

phosphorylation of DNMT1 by three different kinases.  The kinases that have been 

implicated in regulation of DNMT1 activity in vitro are cyclin-dependent kinase-
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like 5 (CDKL5), casein kinase 1 $/% (CK1$/%), and PKC&.  CDKL5 was identified 

first and shown to interact with a region of DNMT1’s N-terminal tail that serves as 

a docking site for various proteins and is important for DNA interactions 

(Kameshita et al., 2008; Suetake et al., 2006).  Overexpression of CDKL5 

enhances phosphorylation of DNMT1 in the presence of DNA.  Two years later, 

the same group of researchers proposed a different regulator of DNMT1 activity, 

CK1$/%. They claimed that phosphorylation of DNMT1 by CDKL5 was very 

weak, and its role in regulating DNMT1’s activity was unclear.  They showed that 

when CK1$/% is overexpressed, DNMT1 becomes methylated at Ser146 and loses 

its DNA-binding affinity (Sugiyama et al., 2010).  There have been no further 

studies on CK1$/%’s role in epigenetic programming and there are no reports of sex 

differences or hormonal influences on the expression or activity of this kinase.  

 A different research group proposed a potential role for PKC in DNMT1 

phosphorylation.  They found that PKC& colocalizes, physically interacts with, and 

phosphorylates DNMT1 on its N-terminal tail.  In addition, overexpression of 

PKC& results in global hypomethylation and reduces DNMT activity in HEK cells 

(Lavoie et al., 2011).  Estradiol increases PKC activity in the POA (Ansonoff and 

Etgen, 1998), therefore high levels of estradiol in the male POA during the first 

few days of life may enhance PKC signaling leading to decreases in DNMT 

activity.  We are testing this hypothesis by administering PKC inhibitors and 

quantifying DNMT activity in male POA tissue.  We predict that PKC inhibition 

will increase DNMT activity in the male POA.   
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The experiments described in this dissertation have not discriminated the 

roles of DNMT1 and DNMT3a/DNMT3b in sexual differentiation of the brain.  

That is, we have measured overall DNMT activity, quantified global methylation, 

and utilized inhibitors that equally affect all DNMT isoforms.  Therefore, if we 

find no effect of PKC inhibition on DNMT activity it could indicate a) that PKC 

does not control DNMT1 activity in the neonatal POA, or b) that DNMT3a and 

DNMT3b are unaffected by PKC inhibition and their activity levels override 

potential decreases in DNMT1 activity, resulting in a null effect.   

In addition to uncovering the mechanism(s) by which estradiol regulates 

DNMT activity, and which DNMT isoforms exhibit sex difference in activity, 

future experiments will also expand upon the importance of “maintenance” of sex-

specific methylation patterns.  ZEB administration to juvenile rats, after the close 

of the critical period, results in masculinization of spinophilin protein and 

behavior, suggesting the importance of maintaining DNA methylation patterns 

established by sex differences in neonatal DNMT.  We propose that DNMT 

inhibitor-induced demethylation even later in life would therefore have the same 

effect as neonatal or juvenile DNMT inhibition on masculinization.  Ideally, we 

would like to cannulate and treat adult animals (raised normally with no 

hormonally manipulations), with DNMT inhibitors and assess sexual behavior.  

We predict that disrupting sex-specific DNA methylation patterns in the adult 

brain by inhibitor-induced demethylation, would have the same effect as in 

juvenile rats and produce full masculinization of the POA and behavior.    
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Societal and Cultural Implications 

Gender bias has pervaded societies and cultures for hundreds of years, as 

evident by ancient writings such as the bible and Koran.  Although men and 

women have long been viewed as different, prior to the 18th century it was widely 

held that men and women were two different versions of the same sex.  Early 

anatomists believed that the female reproductive system was essentially an 

internalized, and inferior, version of the male reproductive system. Shifts in 

philosophical and political ideals during the 18th century led to the shift from this 

“one-sex” theory creating the “two-sex” ideologies of today (Laqueur, 1990).  

Although male and female anatomy was well studied prior to the shift, now 

anatomists began focusing on sex differences instead of similarities.  

Distinguishing between sexes became such a focus that it trickled down into the 

study of animals and plants, which also became gendered (such that sex 

differences in plants became a foundation of Linnaeus’ classification system) 

(Laqueur, 1990).  

Today we know that gender can be viewed as a continuum from masculine 

to feminine and that somatic sex and gender identity (a consequence of sexual 

differentiation of the brain) do not always match.  Numerous cases of female-to-

male transexualism are known to be the result of early androgen exposure, and 

masculinization of the brain.  In many cases, boys born with physical 

abnormalities are surgically reassigned by the creation of a vagina from penile 

tissue and raised as girls.  In more cases than not, these individuals identify 

themselves as boys early on in childhood. They feel as though they are “trapped 
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inside the wrong body”, knowing that they are men instead of women despite their 

surgically feminized genitalia and lack of circulating androgens (cases reviewed in 

Swaab, 2004).  This devastating feeling is the result of societal stigmatization 

leading to the belief that gender identity must match gonadal sex.  A widespread 

understanding of the biological mechanisms creating sex differences in the brain 

(and gender identity) are critical to demonstrate to the general public that gender 

identity is an irreversible result of biology. 
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