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ABSTRACT 

Epigenetic contributions to different developmental trajectories of male and female 

hippocampus 

Sara Stockman, Doctor of Philosophy, 2017 

Dissertation Directed by: Margaret McCarthy, Professor and Chair, Dept. of Pharm. 

Embryonic neurogenesis is recognized as a key process in brain formation and 

maturation. Discovery of ongoing neurogenesis in the adult brain was a transformative 

observation and has garnered much investigation. However, the nexus between 

embryonic and adult phases of neurogenesis have largely gone ignored. During the period 

immediately following birth, male rats generate more new cells than female littermates. 

This is also a time when hippocampal androgen or estrogen content does not differ 

between males and females, suggesting steroids do not mediate the observed sex 

difference. Instead, we hypothesized that sexually differentiated epigenetic regulation is 

responsible for the sex difference in cell proliferation. Administration of the DNMT 

inhibitor and demethylating agent, Zebularine (ZEB; 300ng  ICV), or the histone 

deacetylase (HDAC) inhibitor, Trichostatin A (TSA; 0.5 mg/Kg, IP) on PN0 and PN1 

exerted sex specific effects on proliferation within the dentate gyrus (DG) of the 

hippocampus, as assessed by BrdU quantification. ZEB treatment significantly reduced 

proliferation in males, but caused only a minimal decline in females. Males also had 

higher levels of global DNA methylation in the DG compared to females, likely as a 

result of limited demethylation established by reduced GADD45α expression. 

Conversely, administration of TSA increased cell genesis in females, but not males. 



 

 

HDAC activity was relatively higher in the DG of females. Expression of the pro-

proliferative gene, BDNF, was up regulated in the male DG, by increased permissive 

methylation. No pro-proliferative target genes were found to be regulated by histone 

acetylation. Together this data suggests that sexually dimorphic epigenetic regulation 

mediates the difference in neonatal cell genesis within the DG, whereby, elevated 

methylation promotes proliferation in males and HDAC activity represses proliferation in 

females. A novel transgenic approach, adapted for the first time for use in the neonate, 

provided the means to blunt proliferation in the male DG and induce a feminized 

proliferative profile. Using this technique, greater proliferation in the male DG was found 

to mediate suppression of behaviorally inhibited responses. Identification of the 

functional significance of greater neonatal proliferation in the developing male DG 

provides insight into how hippocampally-dependent behaviors may develop differently in 

males and females.
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I. GENERAL INTRODUCTION 

Sexual Determination and Mechanisms of Sexual Differentiation of the Developing Brain 

Mammalian sex is determined by the inheritance of the X and Y chromosomes. Male 

individuals possess an X chromosome, inherited from their mother, and Y chromosome, 

inherited from their father. The Y chromosome gene responsible for male sex 

determination is the sex-determining region y (sry; Berta et al. 1990; Koopman et al. 

1991). Prior to sry gene expression on embryonic day 10.5 (E10.5) and 11.5 (E11.5) in 

the mouse and rat, respectively,  all individuals have the primordia for both the male 

Wolffian and female Mullerian reproductive duct systems (Koopman et al. 1991; Hacker 

et al. 1995). At this point in development, the gonads are considered to be bipotential, as 

both immature male and female systems are present and capable of further maturation. 

Expression of sry initiates development of Sertoli and subsequently Leydig cells (Sekido 

et al. 2004; Sekido and Lovell-Badge 2008; Habert, Lejeune, and Saez 2001). The Sertoli 

cells produce anti-Mullerian hormone that leads to degeneration of the female Mullerian 

duct system, while the Leydig cells start to secrete testosterone. Most secondary sex 

characteristics are determined by this hormonal secretion from the gonads. Gonadectomy, 

prior to sex determination, results in a female phenotype, regardless of chromosomal 

composition (Jost 1947).  

Similar to the ability of the mammalian gonad to adopt either a male or female 

phenotype, the embryonic brain is also bipotential. In the rat, sexual differentiation of the 

brain primarily occurs during a perinatal critical period beginning at E18 and extending 

roughly through postnatal day 10 (PN10; (Rhees, Shryne, and Gorski 1990; Arnold and 
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Gorski 1984). The start of the period is marked by the beginning of testosterone 

production by the testes in genetic males and the end is defined as the point at which 

females are no longer masculinized by exogenous steroid treatment. During this critical 

period, the testis release copious amounts of testosterone into the bloodstream. The 

testosterone then circulates to the brain, and there a portion is locally aromatized to 

estradiol by the enzyme, p450 aromatase (McEwen et al. 1977; Weisz and Ward 1980). 

Estradiol then binds to nuclear receptors, estrogen receptor alpha (ERα) and beta (ERβ) 

to play a significant role in the differentiation of the neural substrate into the male 

phenotype (Kudwa et al. 2006).   

While much of hormonal masculinization of the rodent is believed to depend on 

estradiol signaling through ERs, androgens and androgen receptor (AR) signaling also 

play an important role in sexual differentiation of the brain (for review see Zuloaga et al. 

2008). The first evidence of masculinization accomplished through AR signaling came 

from evidence that the greater number of motorneuons in the male spinal nucleus of the 

bulbocaverosus (SNB), which mediate penile reflex during copulation, is dependent on 

AR activation (Breedlove and Arnold 1980, 1981). Subsequent studies have established a 

role for AR signaling in masculinization of various brain morphologies including greater 

male volume of the posteromedial nucleus of the bed nucleus of the stria terminalis 

(BNST; Durazzo et al. 2007), vasoactive intestinal polypeptide containing subnucleus of 

the suprachiastmatic nucleus in males (Morris et al. 2005) and ventrolateral ventromedial 

hypothalamus (Dugger et al. 2007). Androgen signaling is also critical for a number of 

sexually differentiated behavioral phenotypes, as ARs have been demonstrated to be 
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crucial for organizing elevated male juvenile social play in adolescence (Meaney et al. 

1983;  Meaney 1988; Field et al. 2006). 

In addition to organization by the differential action of gonadal hormones, sex 

differences in the brain are also shaped by the different complement of sex chromosomes 

in males and females. Manipulation of genes responsible for gonadal differentiation 

allows for production of mice with different complements of chromosomes (XX vs. XY), 

but with the same gonadal type (De Vries et al. 2002). This model, referred to as the four 

core genotypes, utilizes deletion of the sry gene from the Y chromosome to generate XY 

animals that lack testes and instead have ovaries, as well as insertion of an sry transgene 

onto an autosome to produce XX animals with testes. Ultimately, four genotypes are 

established; these include XX and XY mice with testes and XX and XY mice with 

ovaries (Arnold 2009). Comparison of these four core genotypes allows for identification 

of specific traits that are influenced by sex chromosomes, independent of gonadal 

hormones. Using this model, XY gonadal males or females were identifying as having a 

higher density of vasopressin fibers in the lateral septum compared to XX gonadal male 

or females (De Vries et al. 2002). Additionally, in midbrain cells harvested from mouse 

embryos, dissociated and grown in vitro, XY cultures contained more dopamine neurons 

that XX cultures, regardless of the gonadal type found in the embryo (Carruth, Reisert, 

and Arnold 2002). These studies implicate a clear role of the genetic sex of cells on 

shaping brain phenotype, independent of gonadal sex.  

However, estradiol maintains a primary role in sexual differentiation of the rodent 

brain. Aspects of brain sexual differentiation that are directly involved in reproduction 

are largely determined through this gonadal steroid exposure during development and are 
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best exemplified by the preoptic area (POA). The POA is a telencephalic brain area 

anterior to the hypothalamus that is important for masculinization of sexual behavior 

(Houtsmuller et al. 1994).  Neurons in the POA of males contain a greater density of 

dendritic spines, which are a major site of excitatory input into these cells (Amateau and 

McCarthy 2002, 2004). Estradiol plays a critical role in mediating sex differences in 

synaptic patterning within this brain region. Estradiol induces synthesis of the 

cyclooxygenase enzymes, COX-1 and COX-2, which increase production of 

prostaglandin-E2 (PGE2) that binds to receptors EP2 and EP4 to activate protein kinase A 

(PKA; Wright and McCarthy 2009). PKA phosphorylates α-amino-3-hydroxy-5-methyl-

4-isoxazolepropionic acid receptor (AMPA) receptors and induces increased insertion of 

AMPA receptors into the cell membrane (Lenz et al. 2011). Activation of the AMPA 

receptors that have been trafficked to the synaptic membrane by glutamate, likely 

supplied by astrocytes, induces the formation and stabilization of dendritic spine synapses 

(Wright et al. 2010; Lenz and McCarthy 2010). At birth, males have over eight times the 

amount of estradiol as females in the POA (Konkle and McCarthy 2011). Elevated 

estradiol in the male POA initiates this cascade of events to coordinate a two-three time 

greater spine density in male POA (Amateau and McCarthy 2004; Wright and McCarthy 

2009). The density of spines in the POA positively correlates with the degree of 

masculinized sexual behavior. Male sexual behavior consists of greater numbers of 

mounts and intromissions and a reduced latency to engage in these behaviors (Wright, 

Burks, and McCarthy 2008). 
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Beyond Reproduction: Sex Differences in the Developing Hippocampus 

While the most obvious and robust sex differences in brain and behavior relate to 

reproduction, there are many sex differences reported that extend beyond this facet of 

behavior. There are robust sex differences in the prevalence of many disorders. Early 

onset and developmental disorders including autism, attention deficit hyperactivity 

disorder (ADHD) and early-onset schizophrenia are diagnosed more frequently in boys 

and men (Cohen 1992; Yeargin-Allsopp et al. 2003; Levy et al. 2005). Alternatively, 

females experience greater incidence of diseases found in later life including mood 

disorders like depression and anxiety, eating disorders, late-onset schizophrenia and 

Alzheimer’s Disease (Nolen-Hoeksema 1987; Pigott 1999; Striegel-Moore et al. 2009; 

Cohen 1992; Baum 2005). Sex differences relevant to these disorders are often present in 

more than just incidence rates and frequently the manifestation or course of these 

diseases can also differ by sex. For example, not only are at least twice as many women 

affected by depression than men (Nolen-Hoeksema 1987), but women are more likely to 

attempt suicide (Weissman et al. 1999). Additionally, while women statistically report 

more anxiety disorders than men, evidence suggests the burden of disease is greater for 

women as anxious women are more likely to seek service form the emergency 

department, urgent care, or doctors than anxious men (McLean et al. 2011). Many of the 

disorders that women experience greater prevalence or severity, are frequently associated 

with hypothalamic-pituitary-adrenal (HPA) axis dysregulation and memory loss (Pariante 

and Lightman 2008). The hippocampus is a brain region that exerts negative feedback on 

the HPA axis and plays a critical role in aspects of spatial and declarative memory. 

Changes in the hippocampus, secondary to stress, have been suggested as a central 
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component of the development of depression and related mood disorders in vulnerable 

individuals (Duman, Heninger, and Nestler 1997). 

The hippocampal formation is a highly laminated brain structure found within the 

telencephalon. It is a complex brain region and is comprised of two primary components 

– the hippocampus proper and dentate gyrus (DG), but also contains the subiculum, 

presubiculum, parasubiculum, and entorhinal cortex. The hippocampus is further divided 

into three subfields CA3, CA2, and CA1 (CA - cornu ammonis; Figure 1A).  These 

divisions are based on cell size and the composition of inputs and outputs. The laminated 

structure of the hippocampus arises as a consequence of defined strata consisting of 

unique cell types and fibers. Beginning with the most superficial, these layers are the 

stratum oriens – containing the basal dendrites and axon collateral of the pyramidal cells, 

as well as cell bodies of inhibitory basket cells and horizontal trilaminar cells; the stratum 

pyramidale – containing the somata of the large pyramidal cells and cell bodies of many 

interneurons; the stratum lucidum – which is only found in the CA3 and contains mossy 

fibers from DG granule cells; the stratum radiatum – containing the apical dendrites and 

recurrent axon collaterals of the pyramidal cells and the septal and commissural fibers; 

the stratum lacunosum-moleculare – containing the distal dendrites of the pyramidal cells 

and some afferents of hippocampal pathways. The DG mirrors this laminar composition. 

It is formed by the most superficial polymorphic layer containing many interneurons and 

axons of dentate granule cells; the stratum granulosum which contains cell bodies of the 

dentate granule cells and the stratum molecular where commissural fibers from the 

contralateral DG and the perforant path run. 
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Figure 1. Morphology and synaptic structure of the hippocampus. (A) The two primary 

components of the hippocampal formation are the hippocampus proper, also known as 

Ammon’s horn, and the dentate gyrus (DG). Ammon’s horn is made up of layers, the most 

superficial of which is the stratum oriens (SO) and then the stratum pyramidale (SP), the 

stratum radiatum (SR) and the stratum lacunosum-moleculare (SLM). It is also further 

divided in CA1, CA2 and CA3 subfields. The DG is also laminated and contains the 

polymorphic layer (hilus; H), most superficially, followed by the stratum granulosum (SG) 

and the stratum molecular (SM; Rubenstein and Rakic 2013). (B) The trisynaptic loop is a 

major relay of synaptic transmission in the hippocampus. Information enters through axons 

of the entorhinal cortex, which synapse on granule cells in the DG. Granule cell axons 

project through the mossy fiver pathway to synapse on pyramidal cells in CA3 that then 

branch to either connect to the contralateral hippocampus through the corpus callosum or 

form Schaffer collateral pathways that synapse onto pyramidal cells in CA1 and feed back 

to the entorhinal cortex (Biel et al. 2009).  
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Not only is hippocampal anatomy well defined, the circuitry within the structure is 

also firmly established. The trisynaptic loop of the hippocampus is the primary relay of 

synaptic transmission within the brain region. The loop begins with entry of information 

through axons of the entorhinal cortex, known as the perforant path, which synapse on to 

the granule cells of the DG. Unmyelinated axons of the granule cells project along the 

mossy fiber pathway to synapse on dendrites of the pyramidal cells in CA3. Axons of the 

pyramidal cells divide into two branches. One forms the commissural fibers that connect 

to the contralateral hippocampus through the corpus callosum. The other branch forms 

the Schaffer collateral pathways that synapse onto pyramidal cells in the CA1. This 

subregion feeds back to the deep layers, mainly layer V, of the entorhinal cortex (Figure 

1B).  

During gestation, hippocampal cells originate from precursor cells located in a 

discrete portion of the ventricular neuroepithelial layers found below the ventricular wall 

along the CA1 area (Altman and Bayer 1990b). Pyramidal neurons are generated first, 

between E16 and E21 in the rat brain (Bayer 1980). These multiplying neurons migrate 

from the ventricular zone to their final destination within Ammon’s horn of the 

hippocampus (Altman and Bayer 1990c).   

In the rat, the granule cells are generated one day later than the first pyramidal 

neurons on E17 (Bayer 1980). However, only 15% of granule cells are generated before 

birth with the remaindered being made postnatally (Schlessinger, Cowan, and Gottlieb 

1975). Like the pyramidal precursor cells, the granule precursor cells originate from the 

ventricular germinal layer and migrate along the formed hippocampus where they begin 

to form a cup surrounding the tip of CA3. The two of blades of the DG and the tip of the 
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Figure 2. Source and migratory pathway of DG granule cells produced during the 

early postnatal period. Granule cells destined to populate the DG are generated in the 

ventricular germinal layer. Progenitor cells migrate from the ventricular germinal layer, 

which serves as the primary germinal matrix, and begin to populate the secondary 

matrix found within the hilus. From here, migrating cells move to the granule cell layer 

and few establish a tertiary germinal matrix in the SGZ of the DG, which continues on 

as the sole source of proliferating cells in the hippocampus throughout adulthood 

(Gould and Cameron 1996). 
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CA3 delineate the perimeter of another region of the DG referred to as the hilus. Many 

cells reach the DG before undergoing final division. These precursor cells remain in this 

hilar region forming a secondary germinal zone that acts as a source of granule neurons 

born during the postnatal period (Altman and Bayer 1990a).  Newly formed cells in the 

hilus rapidly move to the granule cell layer, but some stay between the granule cell layer 

and hilus, forming the subgranular zone (SGZ), which continues to generate new cells in 

the hippocampus into adulthood (Seress 1977; Figure 2).  

A sex difference in cell genesis in the hippocampus is evident early in postnatal 

development. Cell genesis is frequently quantified using 5-bromo-2'-deoxyuridine (BrdU) 

administration and subsequent immunohistochemistry. BrdU is a synthetic nucleoside 

analog of thymidine that incorporates into proliferating cells during replication. Newborn 

male rats have significantly more BrdU+ cells compared to female littermates in multiple 

subregions of the hippocampus including CA1, CA3 and the DG (Zhang et al. 2008; 

Bowers, Waddell, and McCarthy 2010). Greater proliferation in the male DG persists 

through PN6, but is no longer evident at PN14 (Figure 3). There is substantial naturally 

occurring cell death within the developing hippocampus, but evidence of a sex difference 

in cell death has yet to be identified (Nuñez, Alt, and McCarthy 2003; Zhang et al. 2008). 

Instead, elevated male proliferation is believed to mediate the sex difference in BrdU+ 

cells, particularly because cells are only labeled for short periods, which does not provide 

adequate time to capture cell death (Taupin 2007; Zhang et al. 2008). Greater numbers of 

newborn cells in males survive through the neonatal period, as cells labeled in the male 

right after the birth still persist in greater numbers by the third week of life compared to 

females (Bowers, Waddell, and McCarthy 2010). Not only do males produce more new  
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Figure 3. Sex differences in proliferation are evident only through the first week. 

Animals were injected with BrdU (100 mg/Kg) on either PN6, PN14 or PN22 and 

euthanized six hours after BrdU administration. Brains were collected and quantified 

for BrdU immunohistochemistry. Proliferation decreased over the course of 

development (F[2,24] = 129.4, p < 0.0001). PN6 significant differed from PN14 (t[18] 

= 7.530, p<0.0001) and PN22S (t[18] = 10.79, p<0.0001) and PN14 also significantly 

differed from PN22 (t[18] = 5.927, p>0.0001). Sex interacted with age to effect BrdU+ 

cell number (F[2,24] = 5.249, p = 0.0128). At PN6, males had more BrdU+ cells in the 

granule cell layer of the DG than females (t[8] = 2.904, p = 0.0198). No sex differences 

were evident on PN14 (t[8] = 1.106, p = 0.3008) or PN22 (t[8] = 0.2325, p = 0.8220). 

Male group, n=5/timepoint; female group, n=5/timepoint; *p<0.5, ***p<0.001.  
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cells than females, more of these cells go on to differentiate into glia and in to neurons 

(Zhang et al. 2008; Bowers, Waddell, and McCarthy 2010). The proportion of new cells 

which differentiate into neurons is greater in newborn males than females, suggesting 

newborn males exhibit higher rates of neurogenesis. Neurogenesis is a multistep process 

that begins with neuronal stem cells (NSCs) which give rise to progenitor cells that 

proliferate, differentiate into neurons and migrate to the appropriate location to integrate 

in to the greater network.   

By adulthood, most regions of the brain cease to proliferate. However, cell genesis 

persists into adulthood within two neurogenic niches – the subventricular zone of the 

lateral ventricles and SGZ of the DG. Over the course of development, the SGZ forms a 

third tertiary germinal matrix, which is established by migrating cells from the hilus. The 

SGZ continues to generate new cells and acts as the sole source of proliferating cells in 

the hippocampus throughout the course of adulthood (Altman and Bayer 1990a). 

Sex steroids are potent modulators of postnatal neurogenesis in adulthood. The 

highest levels of cellular proliferation in females occur during proestrous (P. Tanapat et 

al. 1999; Rummel, Epp, and Galea 2010; Tzeng et al. 2014), the period of the rodent 

estrous cycle in which estradiol and progesterone peak  (Butcher, Collins, and Fugo 

1974). Additionally, ovariectomy reduces cell proliferation (P. Tanapat et al. 1999), while 

acute estradiol replacement following this ovariectomy restores cell proliferation (Barha, 

Lieblich, and Galea 2009; P. Tanapat et al. 1999; Patima Tanapat, Hastings, and Gould 

2005). Androgens are important for the survival of new neurons, as castration is 

associated with a reduction in the number of newly generated neurons that survive to 

maturity in adult rodents (Spritzer and Galea 2007; Spritzer et al. 2011; Wainwright, 
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Lieblich, and Galea 2011; Hamson et al. 2013). The effects of castration on the survival 

of new neurons in males can be ameliorated with long-term administration of testosterone 

or dihydrotestosterone, a potent androgen metabolite of testosterone (DHT; Spritzer and 

Galea 2007; Hamson et al. 2013). The developing hippocampus is exposed to both 

androgens and estrogens and receptors for both these gonadal hormones are present and 

elevated in the hippocampus during development (Tabori et al. 2005; Mendoza-Garcés et 

al. 2011). Taken together, the role of sex steroids in modulating proliferation later in life 

and the availability of estradiol, testosterone and DHT in the developing brain to act on 

their cognate receptors expressed in high levels during the early postnatal period, 

suggests these steroids could be essential regulators of rat hippocampal development.  

In development, as in adulthood, gonadal hormones act as powerful modulators of 

proliferation in the hippocampus. Administration of both testosterone and DHT to new 

born rat pups increase proliferation in females to levels evident in males. Testosterone 

has a more potent effect on induction of proliferation than its 5-alpha-reduced product 

DHT, despite DHT being recognized as a more potent androgen (Zhang et al. 2008). 

Testosterone is also aromatized to estradiol, and this metabolite also initiates a significant 

increase in proliferation in females, similar to the level of proliferation found in males 

(Zhang et al. 2008; Bowers, Waddell, and McCarthy 2010). Interestingly, exogenous 

steroid treatment with either testosterone, DHT or estradiol of males does not further 

increase proliferation (Zhang et al. 2008; Bowers, Waddell, and McCarthy 2010). 

Inhibition of endogenous estradiol synthesis using the drug formestane, which targets 

aromatase, or blockade of estradiol action with the estradiol receptor antagonist, 

tamoxifen, reduces cell proliferation in the male but not in the female hippocampus 
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(Bowers, Waddell, and McCarthy 2010). Estradiol, also significantly increases newly 

born glia in females (Zhang et al. 2008) and nearly doubles the percentage of newborn 

cells which differentiate into neurons in females (Bowers, Waddell, and McCarthy 2010), 

indicating a role for the gonadal hormone in modulation of cell fate.  

Studies of the effects of hormonal modulation on cell genesis in the hippocampus 

suggest that higher cell genesis in the neonatal male hippocampus occurs as a result of 

greater gonadal steroids during the critical period. However, there is a critical caveat; 

there is no sex difference in estrogens or androgens in the developing hippocampus at this 

time (Konkle and McCarthy 2011). Quantification of sex steroid content using 

radioimmunoassay indicated there is no difference in estradiol, testosterone or DHT 

across development from E19 to PN60. Moreover, hippocampal estradiol levels are 

extremely low (<5.0pg/mg embryonically to <1.0 pg/mg early postnatal), which is 

tenfold lower than that found in the hypothalamus and less than half of the content of the 

cortex throughout the perinatal sensitive period.  This is consistent with the low level of 

aromatase activity detected in the neonatal hippocampus (Roselli and Resko 1993; 

Roselli and Klosterman 1998). Thus, the primary source of the sex difference in neonatal 

cell genesis within the hippocampus cannot be endogenous gonadal hormones in the 

neonatal male.  

However, the factor that does establish the sex difference is likely susceptible to 

hormonal modulation, which is why exogenous hormones in females can stimulate 

proliferation and blockade of these hormones in males can reduce proliferation.   
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Epigenetic Control of Cell Fate and Gene Expression 

Maintenance of a proliferative state requires suppression of anti-proliferative factors, 

in favor of expression of pro-proliferative genes.  In the brain, this balancing act is at play 

in NSCs, the self-renewing, multipotent cells that generate the neurons and glia of the 

nervous system through development. Proliferation is maintained by transcription factors 

like  neuronal PAS domain protein 3 (NPAS3) and sonic hedgehog (SHH), growth 

factors such as brain derived neurotrophic factor (BDNF) and ciliary neurotrophic factor 

(CNTF) and cell cycle regulators including Cyclin-dependent kinase 1 (CDK1) and 5 

(CDK5) (Lee, Duan, and Mattson 2002; Müller et al. 2009; Suh, Deng, and Gage 2009; 

Li et al. 2013; Jiang and Hsieh 2014). Control of transcription is crucial for expression of 

these factors important to maintenance of a proliferative state. Epigenetic modifications 

control many aspects of transcription, through alterations of higher order chromatin 

structure which ultimately translates to gene expression. Canonical modes of epigenetic 

regulation include direct modification of the DNA, through methylation of cytosine 

residues proximal to guanines (CpGs) and alterations to the histone tails found extruding 

from nucleosomes.  

DNA methylation is accomplished by a family of DNA cytosine-5-methyltransferases 

(DNMTs) that each maintain a unique function. DNMT1 exhibits a high preference for 

hemimethylated DNA and thus is recognized as a maintenance methyltransferase (Yoder 

et al. 1997; Pradhan et al. 1999). De novo methylation is thought to be catalyzed by 

DNMT3a and DNMT3b (Okano et al. 1999; Hsieh 1999). DNMT3a and DNMT3b are 

distinguishable by temporal patterns of expression, in which DNMT3b is limited to 

embryonic stem cells, whereas DNMT3a is expressed both embryonically and postnatally 
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(Watanabe, Uchiyama, and Hanaoka 2006). Studies suggest that DNMT3b may 

coordinate de novo methylation embryonically, while DNMT3a is responsible for 

postnatal de novo methylation occurring during the period of sexual differentiation. 

Methylation of DNA can serve as a physical blockade that disrupts protein binding 

and gene transcription, however, repression of gene expression is more effectively 

accomplished by the binding of methyl-binding proteins to methylated DNA and 

subsequent recruitment of nuclear corepressor and histone deacetylase repressor 

complexes (Nan et al. 1998). 

Although it has been much more controversial, active demethylation is now a widely 

accepted process through which dynamic methylation is maintained throughout the 

lifespan. 5-methylcytosine (5mC) can either be manipulated at the amine group or the 

methyl group. The amine group can be deaminated by AID/APOBEC to a carbonyl group 

which converts 5mc into thymine (Morgan et al. 2004).  This results in a G/T mismatch 

and stimulates the BER pathway to correct the mispaired bases. The methyl group can be 

hydroxylated by a family of TET enzymes to form 5-hydroxymethylcytosine (5hmC; 

Tahiliani et al. 2009; Ito et al. 2010). This intermediate can be converted back to cytosine 

by two separate mechanisms. The first involves oxidation by TET enzymes that continue 

to oxidize 5hmC to 5-formyl-cytosine and then to 5-carboy cytosine. The second again 

utilizes deamination by AID/APOBEC to convert 5hmC to 5-hydroxymethyl-uracil (Guo 

et al. 2011). BER again acts as the final common pathway, as TDG cleaves the modified 

residue and replaces it with an unmethylated cytosine (Cortellino et al. 2011). The 

Growth arrest and DNA-damage-inducible protein 45 (GADD45) family play an active  
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Figure 4. A mechanism of active DNA demethylation. Multiple pathways of 

demethylation have been proposed, but a generally excepted mechanism involves 

hydroxylation of 5mC by a family of TET enzymes to form 5hmC, which is deaminated 

by AID/APOBEC to convert 5hmC to 5-hydroxymethyl-uracil. This results in a DNA 

mismatch that stimulates the BER pathway and TDG and MBD4 repair enzymes to 

correct the mispaired bases. GADD45β facilitates active DNA demethylation through 

the recruitment of TDG and other repair enzymes to the site of demethylation.  
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role in DNA demethylation through recruitment of base excision repair factors to gene-

specific loci (Niehrs and Schäfer 2012; Figure 3). The genome is contained within 

chromosomes that are organized into a specialized structure to ensure DNA is efficiently 

packaged and to aid in process of mitosis, meiosis and regulation of gene expression 

(Widom 1998). Histones act as the chief protein components of chromatin and are 

responsible for packaging DNA into structural units called nucleosomes. DNA wraps 

around protein complexes of histone cores. The histone cores are composed of 8 subunits, 

two each of H2A, H2B, H3 and H4 histones, which form a cylindrical shape that the 

dsDNA can wrap around (Kornberg and Lorch 1999).  

Active gene transcription occurs when chrodenmatin is in a loosened state, known as 

euchromatin. When chromatin is in a tight condensed heterochromatin state, gene 

expression is silenced.  H3 and H4 histones contain long tails that protrude from the 

nucleosome and can be covalently modified in multiple locations. These modifications 

play an important role in chromatin regulation and subsequent gene transcription by 

either affecting electrostatic links between DNA and histone proteins which modulates 

the shift between eu- and heterochromatin or by changing histone-histone interactions 

which impacts chromatin reassembly following transcription (Hansen, Tse, and Wolffe 

1998; Wolffe and Hayes 1999; Ye et al. 2005). These modifications include acetylation, 

methylation, phosphorylation, ubiquination, SUMOylation, citrullination and ADP-

ribosylation.  

Gene expression is altered by posttranslational modification of histones depending on 

the modification made and the specific histone tail and amino acid reside modified 

(Strahl and Allis 2000).   Generally, acetylation of nucleosomal histones stimulates 
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transcription through neutralization of the positive charge of lysine residues which 

disrupts the interaction between the positively charged lysine residue and negatively 

charged DNA resulting in a looser, euchromatin state that makes the DNA more 

accessible to transcription factors (Grunstein 1997; D. Y. Lee et al. 1993).  

Histone acetyltransferases (HATs) facilitate the transfer of an acetyl group from a 

molecule of acetyl coenzyme-A (acetyl-coA) to lysine residues on the histone tail (Kuo 

and Allis 1998). HATs are classified into many conserved families, which are categorized 

based on subcellular location and sequence similarities between members of each family 

(Marmorstein 2001). Alternatively, deacetylation is performed by histone deacetylase 

enzymes (HDACs) and has the opposite effect on transcription. Deacetylation results in a 

tighter wrapping of DNA around the histone cores, restricting binding of transcription 

factors and subsequent gene silencing. HDACs are also grouped in families again based 

on homology (de Ruijter et al. 2003). Class I includes HDACs 1, 2, 3, and 8 which are 

localized to the nucleus within the cell and are expressed ubiquitously throughout the 

body.  Class II is further subdivided into subclasses: IIa made up of HDAC 4, 7, and 9 

and IIb containing HDAC 6 and 10.  Class II HDACs exhibit tissue-specific expression 

and have the ability to shuttle between nucleus and cytoplasm, implicating this class in 

acetylation of non-histone proteins. Less is known about the Class III HDACs, or sirtuins, 

as they do not respond to classic HDAC inhibitors and uniquely require the coenzyme 

NAD+ as a cofactor (Ropero and Esteller 2007). 

Epigenetic Regulation and Sexual Differentiation 

In the brain, epigenetic changes to the genome are often considered to a be a form of 

memory, as they serve as a mechanism by which exposure, experience and environment 
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can shape neural circuits and thus influence the structure of brain morphology and 

behavioral function throughout the lifespan. In the process of sexual differentiation, 

fleeting hormone exposure produces enduring, lifelong consequences on the nervous 

system. Epigenetic coordination is a likely candidate to encode hormonal effects during 

the critical period into the genome where it can direct adult hormonal and behavioral 

responses in later life.  

Epigenetic regulation is important to sexual differentiation from very early in 

development, beginning with the process of X-inactivation in females. Because females 

possess two X chromosomes, one of the X chromosomes is largely silenced by histone 

modifications and DNA methylation, in order to achieve appropriate dosage 

compensation (Avner and Heard 2001). However, some genes are able to escape X 

inactivation. Those that are not silenced and therefore are expressed two-fold in females 

provide a potential source for sex differences in somatic and neuronal cells  (Berletch et 

al. 2011). 

Epigenetic regulation can also control sex differences through the imprinting of 

paternal or maternal genes. Classically, genetic imprinting is the process by which DNA 

methylation silences a portion of a chromosome from one parent, which leads to 

monoallelic expression (Surani, Barton, and Norris 1984). This process allows for genes 

to function differently depending on whether they are inherited maternally or inherited 

paternally (Cattanach and Kirk 1985). Limited imprinted genes have been identified. 

While the first genes found to be regulated in the manner are primarily related to 

developmental and placental biology, more recent discoveries have identified imprinted 

genes in a wide array of biological process, which extend into adulthood. Aberrations in 
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this epigenetic phenomenon are emerging in the etiology of a broad range of common 

diseases from obesity to psychiatry disorders (Peters 2014). 

Epigenetic underpinnings drive diverse sex differences in a number of different brain 

regions. In the POA, neonatal females have more highly active DNMT enzymes which 

increase methylation of DNA in the POA of females. Elevation of gonadal steroids 

promotes lower DNMT enzyme activity and subsequently reduces DNA methylation. 

Lower levels of DNA methylation release genes from epigenetic repression that 

masculinize brain morphology, including the dendritic spine density of the POA. 

Ultimately this epigenetic-driven morphologic change is thought to underlie aspects of 

the masculinization of sexual behavior (Nugent et al. 2015). 

Epigenetic factors, particularly DNA methylation and subsequent protein recruitment, 

also contribute to sexual differentiation of the developing amygdala and social behavior. 

In the amygdala, sex differences exist in the expression of the methyltransferase 

DNMT3a, where by males express significantly less DNMT3a, at least partly as a result 

of hormone exposure (Kolodkin and Auger 2011). DNMT3a, which is responsible for de 

novo methylation occurring during the critical period of sexual differentiation, likely 

contributes to similar trends in reduced expression of the methyl CpG binding protein 2 

(Mecp2) and nuclear receptor co-repressor (NCoR) in the amygdala of males (Kurian, 

Forbes-Lorman, and Auger 2007; Jessen et al. 2010). Within the developing amygdala, 

MeCP2 and NCoR play an important, yet apparently opposing, role in the organization of 

juvenile social play behavior. In males, transient reductions in Mecp2 reduces juvenile 

social play behavior and also causes a temporary decrease in AR expression and a lasting 

reduction in arginine vasopressin (AVP) expression, a hormone important for the 



22 

 

development of play (Forbes-Lorman et al. 2012). This suggests that MeCP2 acts to 

increase expression of these genes, contrary to the traditional role of the protein. 

Alternatively, transient disruption of NCoR expression results in increased juvenile social 

play behavior and therefore may be acting in a more traditional repressive role (Jessen et 

al. 2010).  

Despite the importance of epigenetics in coordination of sexual differentiation in the 

developing brain and the robust sex differences within the developing hippocampus, little 

is known about sex differences in epigenetic regulation within the developing 

hippocampus. One of the extremely limited studies exploring this intersection found that 

cortex+hippocampi (CTX/HIP) dissected from neonatal mouse brain revealed sex 

differences in two epigenetic marks on histones which promote gene expression – 

acetylated lysines 9 and 14 on histone 3 (H3K9/14Ac) and tri-methylated lysine 9 on 

histone 3 (H3K9Me3). Male CTX/HIP contained higher levels of H3 acetylation than 

females on E18 and PN0, though no sex difference was evident on PN6. Males also had 

more of H3K9 trimethylation on PN0 and PN6, but not at the earliest timepoint on E18 

(Tsai, Grant, and Rissman 2009). The temporal changes in these epigenetic marks 

suggest that hyperacetylation in males precedes hypermethylation of H3 during the 

critical period for neural sexual differentiation in the hippocampus and cortex.  

The Two-fold Function of the Hippocampus 

The functional significance of the sex difference in cell genesis during the early 

critical period with in the hippocampus is unclear. Males make more new neurons during 

the first week of life (Zhang et al. 2008; Bowers, Waddell, and McCarthy 2010). Newly 

born neurons require up to two weeks to fully mature and integrate in the network. Males 



23 

 

generate more new cells in the first week of life that must develop in this manner before 

they are functionally mature. This suggests that the male hippocampus is less mature in 

the third and fourth weeks of postnatal life, as cells newly born in the first week are 

continuing to develop. In support of this, markers of immaturity persist longer in the 

postnatal male hippocampus. GABA is the primary inhibitory neurotransmitter in the 

mature brain. In immature cells, GABA induces cell membrane depolarization, due to 

relatively high levels of the NKCC1 cotransporter that pumps chloride into the cells to 

establish a gradient that allows for chloride efflux and depolarization upon GABA 

opening. The duration of GABA-mediated depolarization, a state of immaturity, is longer 

in male hippocampal development compared to females (Nuñez et al. 2005; Nuñez and 

McCarthy 2009). The third and fourth weeks of life are critical periods of development, 

as animals become fully mobile and cease to require maternal care. Also at this time, 

many hippocampal-dependent functions begin to appear (Raineki et al. 2010). Therefore, 

sex differences in maturation of the hippocampus at this point in development could have 

lifelong implications on later adult behavior.  

The hippocampus functions in spatial memory as well as stress and emotion. Function 

of the hippocampus is believed to be anatomically segregated. Dorsal lesions impair 

performance on a range of spatial memory tasks, whereas ventral lesions have 

significantly limited, if any, effect on completion of these tasks (Moser, Moser, and 

Andersen 1993; Hock and Bunsey 1998; Pothuizen et al. 2004). In contrast, lesions of the 

ventral, but not dorsal hippocampus alter emotional and stress responses (Dedovic et al. 

2009; Jacobson and Sapolsky 1991; Bannerman et al. 2003; McHugh et al. 2004). 

However, it is important to note that not all functions of the hippocampus fit into this 
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classification schema and these areas are not completely isolated from each other and can 

interact through several routes.  

The role of the Hippocampus in Spatial Memory 

The groundbreaking case of H.M., who lost much of his memory following bilateral 

medial temporal lobectomy that removed both hippocampi in an attempt to cure his 

epilepsy, first laid the foundation for the role of the hippocampus in memory (Corkin et 

al. 1997; Scoville and Milner 1957). The hippocampus also contains place cells, which 

are particularly dense in dorsal regions (Jung, Wiener, and McNaughton 1994). These 

cells are pyramidal neurons that are activated as an animal moves through a specific 

location in the environment. The presence of these cells, so important for spatial 

recognition, provides further evidence for involvement of the hippocampus in spatial 

navigation and memory.  

Assessment of spatial cognition in rodents most often utilizes the Morris water maze 

(MWM). In this task, animals must swim to a hidden location using landmarks that 

surround the pool (Morris 1984). Lesions of only the dorsal hippocampus diminish 

acquisition in the MWM (Moser et al. 1995). Similar effects of dorsal hippocampal lesion 

on memory are found in the radial arm maze, which also tests spatial memory but does so 

by requiring rodents to identify the arm of the maze that contains a food reward, by 

minimizing repeat visits to arms that do not contain the reward (Olton and Samuelson 

1976). Animals subject to dorsal hippocampal lesions also exhibit a deficit in the ability 

to identify the appropriate arm and this impairment is indicative of reduced spatial 

memory (Pothuizen et al. 2004).  
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The Role of the Hippocampus in Emotion and Stress Regulation 

The HPA axis is a neuroendocrine system that controls reactions to stress. Responses 

are driven by stimuli that signal a direct threat and cause ascending brain systems to send 

direct projections to the hypothalamic paraventricular nucleus (PVN). Neurons within the 

PVN produce corticotrophin releasing hormone (CRH), which signals to the anterior 

pituitary to initiate release of adrenocorticotropin (ACTH; Makara 1992; Whitnall 1993). 

ACTH is secreted from neurosecretory nerve terminals at the median eminence into the 

bloodstream and travels to the adrenal gland where it stimulates release of glucocorticoid 

hormones.  Glucocorticoids, which are predominantly corticosterone in the rodent, bind 

to glucocorticoid (GR) and mineralocorticoid receptors (MR) to initiate a vast array of 

responses including suppression of immune responses and metabolic actions to increase 

and maintain normal concentrations of glucose in blood (Hollenberg et al. 1985; Arriza et 

al. 1987). They also mediate negative feedback through actions on the hypothalamus and 

pituitary to suppress CRH and ACTH production respectively (Keller-Wood and Dallman 

1984). The hippocampus expresses GR and MR receptors in high abundance (Van 

Eekelen et al. 1988; J. P. Herman et al. 1989; Reul and de Kloet 1986). The presence of 

these receptors allows the hippocampus to detect circulatory glucocorticoid concentration 

and modulate negative feedback inhibition. The hippocampus exerts a trans-synaptic 

inhibitory influence on the PVN. Glutamatergic outflow from the hippocampus contacts 

relay areas including the BNST, the POA, dorsomedial hypothalamus and other 

hypothalamic nuclei, which have rich GABAergic neurons that project to the PVN 

(Herman et al. 2003; Cullinan, Herman, and Watson 1993). Through activation of these 

GABAergic relay areas, the hippocampus is able to initiate a two-neuron relay to inhibit 
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HPA response to stressors.  Lesions of the hippocampus elevate basal glucocorticoid 

levels (Fendler, Karmos, and Telegdy 1961; Knigge 1961) and can prolong the 

corticosteroid response to certain stressors including restraint (Sapolsky et al. 1989) and 

novelty (Herman, Dolgas, and Carlson 1998). Increases in corticosteroid secretion are 

also induced through blockade of GR in the hippocampus (Feldman and Weidenfeld 

1999) or through deletion of hippocampal and cortical GR (Boyle et al. 2005).  

While the hippocampus is well recognized for negative modulation of the HPA, it is 

also believed to contribute to other behaviors important to emotion and stressful 

responding, potentially though mechanisms independent of glucocorticoid secretion. 

Animals subject to ventral hippocampal lesions and examined in unconditioned 

ethologically based tests of anxiety display behaviors consistent with reductions in 

anxiety. Selective ventral hippocampal lesions produce reductions in the inhibition of 

feeding produced by a novel environment referred to as hyponeophagia, enhanced social 

interaction and a reduced latency to enter the anxiety-inducing compartment of the two 

compartment box test (Bannerman et al. 2002, 2003). The implications of ventral 

hippocampal lesion on diminished anxiety-like behavior further strengthen the role of this 

brain region in modulation of emotion. The effect of these lesions on anxiety-like 

behaviors are the opposite of what would be expected from lesion-induced elevations in 

corticosterone, therefore suggesting that these behavioral effects arise from another 

mechanism.  

The Specific Function of the DG 

Just as specific anatomical regions of the hippocampus are believed to modulate 

particular behaviors, individual subregions of the hippocampus also specifically modulate 
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different aspects of hippocampal function. The proximity of an unfamiliar adult male 

poses a threat to young rat pups because roaming males often intrude on areas occupied 

by other males and kill the offspring of resident pairs (Mennella and Moltz 1988). 

Unweaned rat pups frequently fall victim to infanticide by adult male rat intruders (Paul 

and Kupferschmidt 1975) and so rat pups have developed the capacity to recognize and 

respond to adult male odor. Following exposure to an unfamiliar adult male rat, 

preweanling pups between developmental ages PN12 and PN21 immediately reduce 

exploratory behavior, grooming and ultrasonic vocalizations and assume an immobile 

posture (Takahashi 1992). Development of this behavioral inhibition (BI) is prevented by 

colchicine lesion of the DG granule cell layer on P9 (Takahashi 1995). This effect on 

freezing behavior is specific to the DG, as lesions induced by kainic acid, which target 

the CA3 subregion, do not produce similar disruptions in the behavioral inhibition. 

A Dynamic Interaction Between Cell Genesis and Hippocampal Function 

Newborn neurons within the adult hippocampus are not only affected by, but also 

modulate, hippocampal-dependent behaviors. Despite persistent generation of new 

neurons within the hippocampus throughout adulthood, the function of these newly 

produced cells is not firmly established. Research suggests that continued generation of 

these new cells is important for hippocampus-dependent learning. This view was initially 

substantiated by reports that rearing of animals in a complex environment enhances cell 

genesis within the hippocampus (Kempermann, Kuhn, and Gage 1997). In further 

support, the number of neurons generated in the adult animal doubles in response to 

training on associative learning tasks dependent on the hippocampus, including the 

MWM, suggesting learning has a trophic effect on hippocampal neurons generated in 
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adulthood (Gould et al. 1999). Hippocampal cell genesis is not just influenced by 

learning and memory, but variations in new cell production can also alter the ability to 

learn and remember. Hippocampal neurogenesis declines with increasing age and 

generally spatial memory impairments are also evident as animals get older (Seki and 

Arai 1995; Markowska et al. 1989; Rapp and Amaral 1992). The extent of spatial 

navigation impairment in aged rats is quantitatively correlated with deficits in 

hippocampal neurogenesis, establishing a role for hippocampal cell genesis in normal 

execution of spatial cognition (Drapeau et al. 2003). Generation of new neurons is 

reduced with the antimitotic agent methylazoxymethanol acetate (MAM). Use of this 

drug to reduce cell genesis produces impairments in the ability to learn hippocampal 

dependent tasks, including the MWM. Acquisition of spatial navigation is improved 

following restoration of the population of new neurons, further supporting the 

involvement of new neurons in successful performance of these behaviors (Shors et al. 

2002). These data, along with those from previous studies, suggest that newly generated 

neurons in the adult hippocampus are not only affected by, but also participate in, the 

learning process.  

Similarly, cell genesis in the hippocampus is not only altered by stress, but alterations 

in cell genesis can in turn influence stressful responding. Stress consistently initiates a 

decrease in proliferation of new neurons in the hippocampus. Adult  neurogenesis in the 

DG  of the hippocampus is decreased by a wide range of stressors including predator 

odor exposure (Galea, Wide, and Barr 2001), social stress (Czeh et al. 2001; Gould et al. 

1997), restraint stress that is both acute and chronic (Pham et al. 2003; Vollmayr et al. 

2003; Rosenbrock et al. 2005), footshock stress (Malberg and Duman 2003; Vollmayr et 
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al. 2003) and chronic mild stress (Alonso et al. 2004). Alternatively, several classes of 

antidepressants, including widely used serotonin selective reuptake inhibitors (SSRIs), 

increase neurogenesis in the adult hippocampus, both through increases in the 

proliferation of neural progenitors (Malberg et al. 2000) and through enhanced survival 

of the newly generated neurons (Nakagawa et al. 2002). In response to a variety of 

stressful responses, antidepressant treatment blocks the reduction of neurogenesis 

initiated by the stress exposure (Alonso et al. 2004). Furthermore, elevated neurogenesis 

is recognized to underlie the behavioral effects of chronic antidepressants, as disruption 

of antidepressant induced neurogenesis, either through genetic or radiological methods, 

blocks behavioral responses to antidepressant treatment (Santarelli et al. 2003). Together 

this data implicates a role for adult neurogenesis in modulation of stressful responding, in 

addition to being subject to effects of stressful exposures, much in the same way 

proliferation is effected by and also participates in spatial navigation behavior.  

Effects of Early Hippocampal Cell Genesis on Later Behaviors 

Factors which modify cell genesis and survival during the neonatal period can 

alter hippocampal dependent behaviors in adulthood, suggesting that early neurogenesis 

may contribute to organization of these behaviors. Volatile anesthetics administered 

during early life effect hippocampal neurogenesis. A low, subanesthetic dose of one of 

these agents, sevoflurane, given to neonatal rats from P4-6 promotes neonatal 

neurogenesis in the hippocampus and increases the survival of newborn cells in the DG. 

Spatial navigation assessment in the MWM during adolescence reveals that sevoflurane-

treated rats perform better in the training-days of the test compared to control treated 

littermates (Chen et al. 2015). When the dosage of sevoflurane is increased to anesthetic 
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levels, but administered in the same early time period, neurogenesis is suppressed (Fang, 

Xue, and Cang 2012). Interestingly, adolescent animals given this higher dose of 

sevoflurane during neonatal period exhibit deficits in spatial reference memory, as 

assessed by the MWM (Fang, Xue, and Cang 2012). The use of these two different doses 

of the volatile anesthetic, sevoflurane, which exert differential effects on neonatal 

neurogenesis, introduces the possibility that there is a positive correlation between 

neonatal neurogenesis within the DG and later spatial navigation performance.  

Alteration of cell production in the hippocampus during early development also 

effects the strength of BI. The rate of granule cell production in the DG negatively 

correlates with levels of circulating adrenal steroids (Gould and Cameron 1996). Rats 

administered corticosterone on P5 exhibit phenotypically normal BI, however, the 

duration of immobilization is greatly enhanced in these animals (Gould and Cameron 

1996).  Alternatively, NMDA receptor blockade with CGP 43487 increases granule cell 

proliferation in a dose dependent manner. This is mirrored by a similar dose dependent 

impairment in behavioral inhibition (Gould and Cameron 1997).  This suggests an 

inverse relationship between cellular proliferation in the DG and the development of BI. 

Ultimately, studies examining the relationship between neonatal hippocampal cell genesis 

and later behaviors indicate that proliferation in early life can affect temporally disparate 

behaviors.  

Sex Differences in Hippocampally Dependent Behaviors 

Sex differences are evident in various hippocampal-dependent tasks. In the 

MWM, male rats are reported to learn faster and perform more accurately than females 

(Roof 1993). However, further investigation reveals that strategy is the actual basis for 
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this sex difference in spatial ability. Males and females use different cues during 

acquisition and navigation of the MWM. Females utilize landmark cues, while males 

primarily rely on environmental geometry (Rodríguez et al. 2010). Thus, testing bias is 

responsible for the male advantage in spatial navigation. In the elevated plus maze 

(EPM), female rats, particularly those in the proestrus phase of estrus, show reduced 

aversion to the open arms compared to male rats (Frye, Petralia, and Rhodes 2000). As 

entrance into the open arms reflects anti-anxiety behavior, this suggests that females 

display diminished anxiety compared to males. Both before and after restraint stress, 

females maintain higher concentrations of corticosterone. Additionally, the increase in 

corticosterone following multiple  forms of stress is proportionally greater in females 

compared to males (Park et al. 2008; Babb et al. 2013).  

The host of sex differences evident throughout the lifespan in hippocampally-

dependent behaviors, together with evidence that asserts the importance of hippocampal 

cell genesis in modulating both ongoing and future behaviors, suggest males may invest 

in greater cell production during the neonatal period for some behavioral advantage. 

Thus, we are interested in identifying sexually differentiated hippocampally-dependent 

behaviors that are shaped by differences in neurogenesis shortly after birth, in order to 

understand if this mechanism may contribute to greater female vulnerability to particular 

female-biased disorders. 

A Novel Approach to Determine the Function of Sexually Differentiated Postnatal Cell 

Genesis  

Manipulation of neurogenesis in rats is achieved through chemical, radiological 

and viral strategies, however, these methods are fairly invasive and difficult to 
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accomplish on a timescale appropriate for developmental investigation. In order to 

address these shortcomings, a transgenic rat line has been developed that specifically 

inhibits neurogenesis, either partially or completely, at any age. This GFAP-TK rat 

utilizes a well characterized pharmacogenetics approach whereby controlled expression 

of the Herpes Simplex Virus Thymidine Kinase (HSV-TK) gene under the human glial 

fibrillary acidic protein (GFAP) promoter allows for phosphorylation of ganciclovir, a 

nucleoside analog, which is then incorporated into the DNA of dividing cells fated to 

become neurons, resulting in cell death. Through targeted injection, proliferating cells in 

the hippocampus during the early neonatal time period can be ablated. Use of these 

animals during development, for the first time, provide a means  to determine both the 

general importance of neonatal cell genesis and how it contributes to sex differences in 

hippocampal-relevant physiology and behavior. 

In addition to the function of the sex difference in newborn cell genesis, we seek 

to also understand the etiology of this difference. Unlike many other sexually 

differentiated brain regions, during the critical period, the hippocampus does not differ in 

estrogen or androgen content. Epigenetic regulation is poised to direct sexual 

differentiation and has been identified in modulation of sex differences across the brain. 

Cell fate is organized by shifts in gene expression orchestrated through changes to the 

epigenome. Ultimately, we hypothesize that the observed sex difference in cell genesis in 

the neonatal hippocampus occurs as a result of epigenetic repression of proliferation in 

females and that this sex difference in cell genesis during the early period acts to sexually 

differentiate hippocampally dependent behaviors in later life.
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II. GENERAL METHODS 

Animals 

All animal experiments were conducted with approval from the University of Maryland 

School of Medicine Institutional Animal Care and Use Committee. The majority of rat 

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

in the Bressler Research Building animal facility. Female transgenic GFAP-TK rats were 

obtained from Dr. Heather Cameron at the National Institute of Mental Health and bred 

with wild-type Long Evans males purchased from Harlan Laboratories. 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 reverse 12 hour light/dark cycle. 

   

Treatment 

Epigenetic modulatory drug injections were administered on the animals’ day of birth 

(denoted as postnatal day 0 – PN0) and PN1. Trichostatin A (TSA; 0.5 mg/Kg in 5% 

DMSO in saline) was administered intraperitoneally (IP) and sealed with Vetbond tissue 

adhesive (3M). Zebularine (ZEB; 300 ng in 1% DMSO in saline) was injected 

intracerebroventricularly (ICV). ICV injections were performed under bright light 

illumination, allowing for visualization of the cranial landmark, Bregma, to approximate 

the location of the lateral ventricle. Injections were targeted at 1mm rostral and 1 mm 

lateral to Bregma, to spare penetration of the hippocampus. A 23-gauge, 1 ul Hamilton 

syringe was lowered 2 mm below the surface of the skull to reach the ventricle. ICV 
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injections were delivered bilaterally. Each hemisphere was infused with a 1ul volume of 

drug delivered over 60 seconds. Prior to ICV injections, pups were cryoanesthetized for 

approximately 10 minutes. Ganciclovir (0.3125 ng) was administered PN0-2 i.c.v. in the 

same manner. BrdU (50 or 100 mg/Kg, IP) was injected two hours after drug 

administration. Following drug treatments, animals received small subcutaneous 

injections of ink in the paw for treatment group identification.  

 

Tissue Collection 

To dissect the DG, brains were bisected sagittally in ice-cold phosphate-buffered saline 

(PBS; pH 7.4), and thalamic tissue was removed to expose the ventricular surface of the 

hippocampus. The entire DG was removed as a discrete structure by inserting a fine-

gauge needle along the length of the hippocampal fissure. Fiber projections along the 

dentate axis proximal to CA3 were removed with fine forceps. DG were placed in fresh 

microcentrifuge tubes, immediately frozen on dry ice and then stored at -80°C until use. 

 

BrdU Immunohistochemistry 

Six hours after BrdU administration, pups were pups were transcardially perfused with 

0.9% saline and 4% paraformaldehyde. Brains were post-fixed for 48 h and allowed to 

sink in 30% sucrose prior to cryosectioning throughout the rostrocaudal extent of the 

hippocampus. Sections were mounted to slides and heated in 0.1 M citric acid (pH 6.0), 

rinsed in PBS, incubated in trypsin for 10 min, denatured in 2 M HCl:PBS for 30 min, 

rinsed and incubated with mouse antibodies to BrdU (BD Biosciences diluted 1:500 in 
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0.5% Tween-20). The next day, slides were rinsed, incubated with biotinylated anti-

mouse (1:200, Vector) for 60 min, rinsed, incubated with avidin–biotin complex (1:500; 

Vector), rinsed and reacted in 0.01% DAB. Slides were counterstained with cresyl violet, 

dehydrated, cleared and coverslipped. Unbiased stereology was used to estimate the 

number of BrdU + cells in the hippocampus using the optical dissector method (West et 

al., 1991). StereoInvestigator software (MBFbioscience, Williston, VT) was used to 

delineate the granule cell layer of the dentate gyrus (DG) in each hemisphere. Analysis of 

BrdU + cells was conducted on the left and right hemisphere of 4 sections of the dorsal 

hippocampus and an estimation of total cells was generated. 

 

Protein Extraction  

DG samples were homogenized in 75 uL radioimmunoprecipitation assay buffer (RIPA 

buffer) with phosphatase and protease inhibitors both at 1:1,000 concentration. Samples 

were then centrifuged at 4,000 rpm for 10 minutes and the supernatant was collected and 

transferred to a fresh tube. Protein concentration was determined by Bradford assay. 

Aliquots were made of the nuclear and used immediately or frozen at -80°C until use in 

the HAT activity assay.  

 

Nuclear Extraction 

Nuclear extracts were generated from DG dissections using the EpiQuick Nuclear 

Extraction Kit (Epigentek) following the manufacturer’s protocol. Each mg of tissue was 

homogenized in 5uL cold pre-extraction buffer containing dithiothreitol (DTT) diluted 

1:1,000 and incubated on ice for 15 minutes before centrifugation for 10 minutes at 
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12,000 rpm at 4°C. The supernatant was removed and nuclear pellets were suspended in 

cold extraction buffer containing DTT and protease inhibitor diluted 1:1,000 and 

incubated for 15 minutes on ice with vortexing every 3 minutes. The suspensions were 

sonicated three times for 10 seconds and then centrifuged for 10 minutes at 14,000 rpm at 

4°C. The supernatant containing the nuclear extracts was transfe,rred to a fresh tube. 

Protein concentration was determined by Bradford assay. Aliquots were made of the 

nuclear extract and used immediately or frozen at -80°C until use in the DNA 

methyltransferase or HDAC activity assays.  

 

Histone Extraction 

Histones were extracted from DG dissections with the EpiQuick Total Histone Extraction 

Kit (Epigentek). Pre-lysis buffer was added to the tissue at a ratio of 1 mL/200 mg of 

tissue and tissues pieces were disaggregated with a Dounce homogenizer. The solution 

was centrifuged at 3,000 rpm for 5 minutes at 4°C and the supernatant was removed. 

1uL/mg of lysis buffer was added to the pellet and samples were incubated at 4°C 

overnight. Samples were then centrifuged at 12,000 rpm for 5 minutes at 4°C and the 

supernatant fraction containing the acid-soluble proteins were transferred to a new vial. 

DTT was added to the balance buffer at 1:500 ratio and 0.3uL of balance-DTT buffer was 

added to every 1uL of supernatant. Histone concentration was determined by Bradford 

assay. Aliquots were made, frozen at -80°C and utilized for western immunoblotting.  
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Western Immunoblotting  

Histone extracts form the DG were prepared at a protein concentration of 2.5 

ug/20ul and electrophoresed in separate lanes on a 4-20% SDS-polyacrylamide gel 

(Invitrogen) and transferred to a nitrocellulose membrane (Bio-Rad). Membranes were 

blocked in Odyssey Blocking Buffer (LI-COR), diluted 1:1 with tris-buffered saline (TBS) 

for 1 hour at room temperature and then incubated overnight at 4°C in primary antibody, 

anti-acetyl-histone H3 (1:5,000, Millipore), anti-acetyl-histone H4 (1:2,000) or histone H3 

(1:1,000, Cell Signaling Technologies). Following a 1 hour incubation with anti-rabbit 

(IR800; 1:20,000) and anti-mouse (IR700; 1:20,000) IRDye-linked secondary antibodies 

in Odyssey Blocking Buffer (LI-COR) diluted 1:1 with 0.1% tween in TBS, the 

immunoreactive bands were detected using the Odyssey Clx infrared imaging system (LI-

COR). The protein of interest was detected as a band with a relative molecular mass of ~17 

kDA for acetyl-histone H3, ~10kDA for acetyl-histone H4 and ~17 kDA for histone H3. 

Acetylated histone expression was normalized to total H3 expression. Data were analyzed 

by one-way ANOVA and post hoc pairwise comparison using the Holm’s sequential 

Bonferroni correction to control for familywise error or Student’s t-test. All statistical tests 

used α<0.05 as the criterion for significance. Data in graphical form represent the mean 

±SEM for each group.  

 

DNMT Activity Assay 

2ug of nuclear extracts from the DG were analyzed in triplicate for relative levels of 

DNMT activity using the EpiQuik DNA Methyltransferase Activity Assay (Epigentek) 

according to the manufacturer’s instructions. The EpiQuick DNA Methyltransferase 
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Activity/Inhibition Assay Kit is designed to measure total DNMT activity from all three 

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

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

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

methylated DNA is then recognized with a anti-5-methylcytosine antiserum. The amount 

of methylated DNA, which is proportion to enzyme activity was colorimetrically 

quantified using 450 mm absorbance readings from a microplate reader. Data were 

analyzed by Student’s t-test. All statistical tests used α<0.05 as the criterion for 

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

 

HDAC Activity Assay 

Total relative HDAC activity was measured with the EpiQuick HDAC Activity/Inhibition 

Assay Kit (Epigentek) according to the manufacturer’s instructions. The kit contains an 

acetylated histone substrate that is stably captured on strips wells. 3ug of nuclear extracts 

were added to wells and HDACs in the sample bound to and deacetylated the substrate. 

The un-deacetylated substrate was recognized with an acetylated histone antibody. 

HDAC activity, which is inversely proportional to the enzyme activity was 

colorimetrically quantified using 450 mm absorbance readings from a microplate reader. 

HDAC activity analyzed as OD/h/mL, which was calculated using the following equation 

supplied by the manufacturer: 

HDAC activity =  
[OD (control − blank) − OD (sample − blank) 

reaction time
 x sample dilution 
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Data were analyzed by Student’s t-test. All statistical tests used α<0.05 as the criterion 

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

 

HAT Activity Assay 

Relative HAT activity was quantified with the Histone Acetyltransferase Activity Assay 

Kit (Abcam) according to the manufacturer’s instructions. This kit measures total HAT 

activity using strip wells coated with peptide substrate and a solution with the cofactor 

acetyl-CoA. Acetylation of the peptide substrate by functional HATs initiates release of 

the free form of CoA that acts as an essential coenzyme for production of NADH.  

NADH is then detected spectrophotometrically following reaction with a soluble 

tetrazolium dye. 40 uL of 1ug/uL whole-cell tissue extracts were incubated with assay 

mix at 37°C for 1 hour. The plate was assessed in a microplate reader at 440nm. Data was 

analyzed as the relative O.D. value per ug. Data were analyzed by Student’s t-test. All 

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

represent the mean ±SEM for each group.  

 

DNA Isolation 

DNA from DG samples was extracted using the Wizard Genomic Purification Kit 

(Promega) following the manufacturer’s instructions. Briefly, tissue was homogenized in 

the Nuclei Lysis Solution and incubated at 65°C for 30 min. Proteinase K was added to 

each sample and incubated at 55°C with gentle shaking overnight. Protein Precipitation 

Solution was added and samples were vortexed vigorously and chilled on ice for 5 
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minutes. Samples were then centrifuged at 16,000g to remove protein. The supernatant 

was transferred to a clean microcentrifuge tube containing 600 uL of isopropanol. The 

solution was mixed by inversion until white thread-like strands of DNA formed a visible 

mass and then centrifuged for 1 minute sat 16,000g. The supernatant was removed and 

the pellet washed in ethanol, allowed to air-dry for 15 minutes and rehydrated in 100uL 

of DNA Rehydration Solution for 1 hour at 65°C and then DNA was stored at 4°C until 

use in the global DNA methylation study.  

 

Quantification of Global DNA Methylation 

The MethylFlash Methylated DNA Quantification Kit (Epigentek) was used to quantify 

global methylation of DNA collected from DG samples following the manufacturer’s 

instructions. 100 ng of sample DNA was bound to plate wells and then probed with an 

anti-5-methylcytosine antibody and HRP-linked secondary to produce a colorometric 

reaction read at an absorbance of 450 nm using a microplate reader. Percent methylation 

was calculated using the following equation supplied by the manufacturer: 

5 − mc% =  
Sample OD − Negative Control 

Slope of Standard Curve x S
 x 100% 

In the equation S is the amount of input sample DNA in ng. Data were analyzed by 

Student’s t-test. All statistical tests used α<0.05 as the criterion for significance. Data in 

graphical form represent the mean ±SEM for each group.  
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Quantitative qPCR 

RNA was extracted using the RNAse easy kit with Qiazol and columns and DNase 

digestion per Qiagen's protocol. Single-strand complementary DNA was synthesized with 

the high capacity cDNA kit (Applied Biosystems) by mixing 1 μg total RNA with 4 μL 

random hexamers, 4 μL of 10× RT Buffer, 4 μL of 25× dNTP Mix, 2 μL of MultiScribe 

reverse transcriptase and 2 μL of RNase inhibitor and bringing the total volume to 40 μL 

with nuclease free water. The mixture was then incubated at 25 °C for 10 min, 37 °C for 

2 h and 85 °C for 5 min and then was stored at −20 °C until used. Aside from gapdh, 

which was designed in Primer Express (version 3.0, Applied Biosystems), all other 

primers were designed at http://www.ncbi.nlm.nih.gov. All primers were synthesized by 

Integrated DNA Technologies (IDT). qPCR was quantified using the standard curve 

method on a ViiA 7 real-time PCR machine (Applied Biosystems) using ViiA 7 software 

(version 1.1). The standards were generated by pooling an equal amount of cDNA from 

all the samples and diluting the pool 1:20, 1:60, 1:180, 1:540, 1:1,620. Values attained 

from the 1:60 standard were defined as one genomic equivalent (GE). The cDNA from 

each sample was diluted to 1:60. Performing all reactions in triplicate, 5 μL of each 

diluted sample or standard was then added to 15 μL of Power SYBR Green PCR Master 

Mix (Applied Biosystems) containing 100 nM of the primer pairs above and cycled in the 

real-time machine as follows: 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s 

and an extension step of 60 °C for 60 s. Melting curves were generated at 0.1 °C 

increments between 65 °C and 95 °C after the 40 cycles. Threshold fluorescence was set 

to a value that generated cycle thresholds from the standard curve with a regressed 

exponential growth of 2 (R2> 0.98). The GE for each sample was determined against the 
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standard curve. The GE for the gene of interest for each sample was normalized to the 

GE for gapdh for each sample. Data was analyzed by two-way ANOVA and a priori 

planned comparisons where indicated. All statistical tests used α<0.05 as the criterion for 

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

 

Behavioral Inhibition 

Behavior was assessed under indirect red-light illumination during the dark phase 

of the cycle between 3 and 7 hours after lights off. On PN14, animals were first habituated 

to the room for 30 minutes prior to BI assesment. During the predator absent habituation, 

each rat pup was removed from the litter and transported a short distance to the novel 

testing room in a clean plastic cage. The rat pup was removed from the clean cage, weighed 

and placed in a polycarbonate arena (49 × 37 × 24 cm) filled with TekFresh cellulose 

bedding (Harlan Laboratories) containing a small translucent perforated plastic box (20 × 

20 cm) in one corner of the arena. Pups explored freely for 5 minutes, while recorded. Pups 

were then returned to the dam and an adult male Long Evans rat was introduced into the 

perforated plastic box. Pups were returned to the arena and given another 5 minutes to 

explore, again while being recorded. Videos were analyzed for immobile behavior defined 

as cessation of body movement with the head in an elevated position, in order to distinguish 

between the behavioral response and sleeping. Total amount of time spent immobile was 

determined for each animal. Data were analyzed by two-way ANOVA and post hoc 

pairwise comparison using the Holm’s sequential Bonferroni correction to control for 

familywise error. All statistical tests used α<0.05 as the criterion for significance. Data in 

graphical form represent the mean ±SEM for each group.  
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III. CONTRIBUTIONS OF EPIGENETIC PROGRAMMING TO 

PROLIFERATION IN THE DEVELOPING HIPPOCAMPUS 

Introduction 

Unlike other sexually differentiated brain regions organized by gonadal hormones, 

the sex difference in cell genesis of the hippocampus during the early neonatal period 

cannot be explained by hormonal organization. Male brain regions organized in this 

manner contain higher levels of sex steroids (Konkle and McCarthy 2011). In these regions, 

estrogen signals through a variety of different mechanisms to induce defeminization and 

masculinization (for review see McCarthy 2008). There is no sex difference in estrogen or 

androgen content in the hippocampus during the early neonatal period (Konkle and 

McCarthy 2011). Estradiol likely does play a modulatory role in this sex difference, as 

exogenous administration of estradiol increases proliferation in females only, but not males 

(Bowers, Waddell, and McCarthy 2010). Ultimately, other factors must be responsible for 

greater cell genesis in the hippocampus of new born males relative to females.  

Stemness is maintained through the expression of pro-proliferative factors, which 

include transcription factors, growth factors and other permissive cell cycle regulators. 

Increased expression of anti-proliferative genes mediates the transition away from 

proliferation, towards paths of maturation and differentiation. This balance is at play in 

NSCs, where the activation or repression of these various factors, and ultimately the 

determination of cell fate, is coordinated through epigenetic regulation (for review see 

Namihira et al. 2008; Hirabayashi and Gotoh 2010).  
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Two of the most well studied epigenetic modifications include DNA methylation 

and histone acetylation. The addition and removal of these epigenetic modifiers are tightly 

coordinated by a unique set of enzymes. HATs catalyze the addition of acetyl moieties 

from acetyl-CoA to lysine residues of the N-terminal tail of core histones. Histone 

acetylation is a reversible process and in the opposing reaction, HDAC enzymes remove 

the acetyl groups. DNMTs catalyze the transfer of a methyl group from S-adenosyl-L-

methionine to cytosines to produce methylated DNA. The reverse reaction is significantly 

more complicated and involves a multi-step enzymatic action, in which, the methylated 

cytosine is hydroxylated and deaminated and then subject to BER, to resolve the resulting 

base mismatch.  

Contributions of DNA methylation to the maintenance of stemness is well studied 

(Juliandi, Abematsu, and Nakashima 2010). During development, all DNMTs are highly 

expressed in postnatal NSCs (Goto et al. 1994). Mutation of any of the three major DNMTs 

lead to deficits in developmental trajectory. Deletion of DNMT1 in neuronal progenitor 

cells accelerates glial differentiation, through early de-repression of astroglial marker genes 

such as GFAP (Fan 2005). Knockdown of DNMT3a impairs postnatal neurogenesis in both 

neurogenic niches of the SGZ and SVZ (Wu et al. 2010). DNMT3b deletion in the 

neuroepithelium accelerates maturation of early stage NSCs (Martins-Taylor et al. 2012). 

Knockdown of DNMT1 also increases expression of the cell cyclin-dependent kinase 

inhibitors p21 and p57, which impair proliferation (Noguchi et al. 2016). Thus, the role of 

DNA methylation in maintenance of stemness is two-fold; it silences factors that drive 

differentiation and reduces expression of cell cycle inhibitors, both of which uphold NSC 

proliferative capacity. 
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Histone acetylation exhibits a more dynamic role in modulation of the balance of 

NSC cell fate. NSC deletion of the HAT, GCN5, results in reduced proliferating precursor 

cells (Martínez-Cerdeño et al. 2012). HDAC-mediated gene silencing is also essential for 

self-renewal of neural stem cells, as HDACs repress expression of cyclin-dependent kinase 

inhibitors p21 and p57 that limit proliferation (Zupkovitz et al. 2006). HDACs have been 

implicated in conflicting roles in NSC differentiation, as well. Evidence implicates HDACs 

in both inhibition of differentiation through the suppression of neuron-specific genes 

(Balasubramaniyan et al. 2006; Hsieh et al. 2004; Siebzehnrubl et al. 2007; Yu et al. 2009) 

and the silencing of neural-progenitor specific gene expression (Jawerka et al. 2010). 

Histone acetylation is certainly important in regulating gene expression involved in cell 

fate specification, but the mechanism through which this is achieved remains unclear and 

necessitates further study.  

Given the importance of epigenetic coordination in the regulation of stemness and 

determination of cell fate, we hypothesized that elevated cell genesis in the male neonatal 

DG is due to differential epigenetic regulation within the DG of developing males and 

females. Differential epigenetic regulation could manifest through many different paths. 

The developing male DG may contain enhanced repressive DNA methylation targeting 

drivers of differentiation and other anti-proliferative factors. Alternatively, factors 

important for maintenance of cell genesis could be silenced, by increased DNA methylation 

in females. Histone acetylation could also possibly mediate the sex difference in cell 

genesis in the DG. Males could have elevated permissive acetylation of proliferation 

stimulating factors. Enhanced acetylation of differentiation drivers in females could also 

contribute to elevated male cell genesis as well.  
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Few studies have examined sex differences in epigenetic regulation of the 

developing brain and the majority of which, primarily focus on the POA (Schwarz, Nugent, 

and McCarthy 2010; Matsuda et al. 2011; Nugent et al. 2015; Shen et al. 2015) and 

amygdala (Jessen et al. 2010; Kolodkin and Auger 2011; Forbes-Lorman et al. 2012; Kigar 

et al. 2016). Though largely understudied, investigation of sex differences in epigenetic 

regulation of the hippocampus indicates that males have higher acetylation of H3 in male 

CTX/HIP on E18 and PN0 (Tsai, Grant, and Rissman 2009). Elevated H3 acetylation in 

the hippocampus, during the period of enhanced proliferation in the male DG, suggests that 

males may have greater acetylation of pro-proliferative factors and potentially implicates 

differential epigenetic regulation in the DG as a source of sex differences in neonatal cell 

genesis. 

Some of the enzymes which add and remove these canonical epigenetic 

modifications are well established pharmacological targets. HDAC inhibitors (HDIs) are 

used in psychiatry and neurology, as mood stabilizers (Macritchie et al. 2001) and anti-

epileptics (Mattson et al. 1978), respectively. Continued investigation shows promise of 

these drugs as treatments for cancers (Johnstone 2002), parasitic (Andrews, Haque, and 

Jones 2012) and inflammatory diseases (Halili et al. 2009). The majority of classic HDIs 

act by binding to the zinc-containing catalytic domain crucial for HDAC functionality. 

However, because of this broad mechanism of action, none are able to target individual 

HDACs. A wide range of moieties are capable of binding to this domain, but primarily can 

be divided into chemical classes including hydroxamic acid derivatives, cyclic 

tetrapeptides, benzamides, electrophilic ketones and carboxylates. Hydroxamic acids 

exhibit the greatest zinc binding affinity and are the most active inhibitors (Drummond et 
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al. 2005). Of the hydroxamic acid-type chelators, Trichostatin A (TSA) is the most well 

studied and effective. TSA inhibits both Class I and Class II HDACs.  

TSA exerts dynamic effects on proliferation. In cancer, TSA initiates inhibition of 

cell proliferation, stimulation of apoptosis and induction of cell cycle arrest (Sun et al. 

2014). Within the brain, however, TSA is implicated in elevated cellular proliferation. 

HDAC inhibition by TSA in utero increases proliferation in the ventricular and 

subventricular zones (Shakèd et al. 2008).  TSA also up regulates proliferation following 

ischemic induced brain injury in both young and adult animals in the SVZ and DG (Kim, 

Leeds, and Chuang 2009; George et al. 2013).  

HAT inhibitors are also emerging as drugable targets. Many of the small molecules 

that effectively inhibit HATs are derived from natural products including curcumin, 

garcinol and anacardic acid. HAT inhibitors selectively target groups of HATs. For 

example, curcumin and anacardic acid inhibit acetyltranferase activity of P300/CBP, but 

spare PCAF HAT activity (Marcu et al. 2006; Y. Sun et al. 2006), whereas garcinol inhibits 

PCAF and P300, but not other families (Balasubramanyam et al. 2004). While progress has 

been made in the identification of small molecules to inhibit HAT enzymes, currently 

identified inhibitors suffer from low potency, lack of specificity or low cell permeability 

necessitating further development of these drugs before their use becomes widespread. 

Overall, HATs as pharmacological targets are in a much more rudimentary state and with 

few exceptions (Zhao et al. 2012), HDACs are the preferred  agents for manipulation of 

histone acetylation.   

Two azanucleosides, azacytidine and decitabine, are the first molecules to be 

characterized as the archetypal DNMT inhibitors. These drugs are cytidine analogs, which 
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are modified in position five of the pyrimidine ring. The analogs are transported into cells 

and converted into active triphosphate forms. The activated compounds derived from 

azacytidine and decitabine are then incorporated into RNA and DNA, respectively.  Once 

incorporated, the cytosine analogs can be recognized as substrates by DNMTs and the 

enzymes can initiate a methylation reaction. This reaction involves the establishment of a 

covalent bond between the cytosine ring and the enzyme. The cytosine analog does not 

allow for the bond to be resolved and so the reaction is blocked and the enzyme remains 

covalently bound to DNA, which inhibits the methyltransferase function. The covalent 

bond with the protein also compromises the integrity of the DNA and triggers DNA 

damage signaling, resulting in degradation of the trapped DNMTs. Methylation is halted, 

causing passive loss of DNA methylation in the daughter cells after replication. Both 

azacytidine and decitabine are approved by the United States Food and Drug 

Administration for treatment of patients with acute myeloid leukemia and myelodysplastic 

syndrome (Gros et al. 2012; Gnyszka, Jastrzebski, and Flis 2013). These drugs are also in 

clinical trials for patients with solid tumors (Cowan, Talwar, and Yang 2010). General 

clinical application of these DNMT inhibitors is limited by relative toxicity and poor 

chemical stability.  

Zebularine (ZEB) is another demethylating agent characterized by chemical 

stability and low cytotoxicity (Yoo, Cheng, and Jones 2004; Holleran 2005), which 

distinguishes it from other nucleoside inhibitors (Ben-Kasus et al. 2005). The enhanced 

stability of ZEB over other azanucleosides allows for effective maintenance of 

demethylation following repeated administration (Cheng et al. 2004). ZEB is widely 

recognized as an inhibitor of tumorigenesis (Cheng et al. 2004; Balch 2005; Billam, 
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Sobolewski, and Davidson 2010; Yang et al. 2013). In the brain, DNMT inhibition and 

demethylation by ZEB also inhibits NSC proliferation (Lin et al. 2014).  

We began to assess the contributions of epigenetic regulation on sex differences in 

DG cell genesis, by pharmacologically targeting epigenetic regulators and examining for 

sex-specific effects on proliferation. The hydroxamic acid class of HDAC inhibitors are 

the most effective and so TSA, the most commonly used member, was used to assess 

whether sex differences in histone acetylation contribute to sexually differentiated cell 

genesis of the developing hippocampus. To elucidate potential contributions of differential 

methylation to this sex difference, the DNMT inhibitor and demethylator, ZEB, was 

administered. In the brain, TSA is implicated in stimulation of proliferation. Thus we 

predicted that administration of TSA would increase proliferation in the developing DG, 

as well. If proliferation was differentially enhanced in males versus females this would 

provide evidence that histone acetylation regulates proliferation differently in males and 

females. ZEB is known to inhibit proliferation and accordingly we predicted that 

administration of the demethylator would cause reductions in proliferation. Sex-dependent 

alterations in proliferation, following ZEB administration would suggest that methylation 

differentially regulates proliferation between males and females. Use of these 

pharmacological agents to assess epigenetic regulation of sexually differentiated 

proliferation of the hippocampus during development can reveal alternative sources of the 

sex difference. 
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Methods 

Drug Evaluation 

Prior to BrdU quantification, the efficacy of TSA was evaluated. To evaluate the 

efficacy of the selected dose of TSA, male and female rat pups were injected with vehicle, 

0.50 mg/Kg or 2.5 mg/Kg of TSA (Sigma; 5% DMSO in saline i.p.) on PN0 and PN1. Two 

hours after injection animals were sacrificed and hippocampus dissected. Histones were 

extracted using the EpiQuik Total Histone Extraction kit (Epigentek), as described in the 

General Methods. Protein concentration was measured by Bradford assay and 2.5 ug of 

histones were electrophoresed and transferred to a nitrocellulose membrane (Bio-Rad). 

Membranes were probed for H3K9/14ac or pan-acetylated lysines on histone 4 (H4ac) and 

normalized to H3. Immunoreactive bands were detected using the Odyssey Clx. 

H3K9/14ac and H4ac were normalized to total H3. Data were analyzed by one-way 

ANOVA and post hoc pairwise comparison using the Holm’s sequential Bonferroni 

correction to control for familywise error. All statistical tests used α<0.05 as the criterion 

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

Drug Treatment 

On PN0 and PN1, male and female rat pups were injected with either 300 ng ZEB 

(Calbiochem; 1% DMSO in saline ICV), 0.5 mg/Kg TSA (Sigma; 5% DMSO in saline IP) 

or appropriate vehicles. Two hours after each drug injection animals were administered 

100 mg/Kg of BrdU. Six hours after the last BrdU injection on PN1 animals were 

transcardially perfused with 0.9% saline and 4% paraformaldehyde.  
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Immunohistochemistry 

As described in the General Methods, brains were post-fixed in 4% 

paraformaldehyde, sunk in sucrose and cryosectioned. Sections were mounted to slides, 

prepared for BrdU immunohistochemistry and quantified using the optical dissector 

method on the left and right hemisphere of 4 sections of the dorsal hippocampus as 

described earlier. Data were analyzed either by one-way or two-way ANOVA and post hoc 

pairwise comparison using the Holm’s sequential Bonferroni correction to control for 

familywise error. All statistical tests used α<0.05 as the criterion for significance. Data in 

graphical form represent the mean ±SEM for each group.  

 

Results 

TSA increased histone acetylation in the hippocampus.  

TSA dose-dependently increased acetylation of H3 (F[2,29] = 37.31, p < 0.0001; 

Figure 5A) and H4 (F[2,20] = 3.813;  p = 0.0395; Figure 5B). A dose of 0.5 mg/Kg 

significantly increased H3 (t[20] = 5.540, p < 0.0001; Figure 5A) and H4 acetylation (t[16] 

= 2.344, p = 0.323; Figure 5B), compared to vehicle treatment. Increasing the dose to 2.5 

mg/Kg only further elevated H3 acetlyation relative to the level of acetylation produced by 

the 0.5 mg/Kg dose (t[19] = 2.588, p = 0.0180; Figure 5A). Based on these observations, 

TSA was used at a dose of 0.5 mg/Kg for the remainder of the studies, as this was 

determined to be the lowest effective dose.   
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Figure 5. HDAC inhibitor TSA increases H3 and H4 acetylation. Male and female 

rat pups were injected IP with vehicle (5% DMSO in saline), 0.5 mg/Kg or 2.5 mg/Kg 

TSA on PN0 and PN1. Two hours after the last injection, histones were collected from 

the hippocampus and histone acetylation was quantified with western immunoblotting. 

TSA dose-dependently increased acetylation of H3 (F[2,29] = 37.31, p < 0.0001; A) and 

H4 (F[2,20] = 3.813;  p = 0.0395; B). Both 0.5 mg/Kg (t[20] = 5.540, p < 0.0001; A) 

and 2.5 mg/Kg (t[19] = 8.894, p <0.0001; A) of TSA significantly elevated H3 

acetylation over controls. 2.5 mg/Kg further increased acetylation of H3 compared to 

0.5mg/Kg (t[19] = 2.588, p = 0.0180; A). Both 0.5 mg/Kg (t[16] = 2.344, p = 0.0323; 

B) and 2.5 mg/Kg (t[12] = 2.752, p = 0.0175; B) also increased H4 acetylation. 

However, H4 acetylation was not further enhanced by the higher dose. For H3K9/14ac 

vehicle group, n=11; TSA 0.5 mg/Kg, n=11; TSA 2.5 mg/Kg, n=10; for H4ac vehicle 

group, n=9; TSA 0.5 mg/Kg, n=9; TSA 2.5 mg/Kg, n=5; *p<0.5, ***p<0.001.  
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Reduction of methylation with the DNMT inhibitor, ZEB, reduced proliferation 

significantly more in the neonatal DG of males 

 A main effect of sex was revealed (F[1,20] = 22.81, p = 0.0001; Figure 6), in which 

males generated more new cells. In confirmation of the original sex difference in cell 

genesis, vehicle treated males administered BrdU on PN0 and PN1 had greater BrdU+ cells 

in the DG granule cell layer than vehicle treated female littermates (t[10] = 5.1536, p = 

0.0004; Figure  6). There was also a main effect of treatment (F[1,20] = 33.73, p <0.0001; 

Figure 6), whereby ZEB decreased proliferation. Treatment with ZEB interacted with sex 

to alter cell genesis in the developing DG (F[1,20] = 47.40, p < 0.001; Figure 6). ZEB 

significantly reduced proliferation in males to levels evident in control females (t[10] = 

4.7791, p = 0.0007; Figure 6) and a much smaller decline in proliferation was evident in 

females treated with ZEB (t[10] = 3.3399, p = 0.0075; Figure 6).  

Increased acetylation with the histone deacetylase inhibitor, TSA, elevated neonatal 

hippocampal proliferation in females only 

 While cell genesis was significantly more altered in the DG of males treated with 

ZEB, TSA also interacted with sex, to solely affect proliferation in females (F[3,28] = 

3.529, p = 0.0276; Figure 7). Males again had more BrdU+ cells in the DG than females 

on PN1 (t[15] = 3.389, p = 0.0040; Figure 7). Treatment of females with TSA increased 

the number of BrdU+ cells to male-like levels (t[13] = 2.836, p = 0.0140; Figure 7). Males 

treated with TSA did not show any additional increase in BrdU+ cell number 

(t[14]=0.8163, p = 0.4280; Figure 7).  
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Figure 6. DNMT inhibitor and demethylating agent, ZEB, causes a much greater 

decrease in proliferation within the DG than males. On PN0 and PN1 male and 

female rat pups were injected with vehicle or Zebularine (300ng/ICV). Two hours after 

drug injection, all animals were treated with BrdU (100 mg/Kg). On PN1, animals were 

euthanized 6 hours after BrdU treatment. Brains were collected and quantified for BrdU 

immunohistochemistry. A main effect of sex (F[1,20] = 22.81, p = 0.0001) and 

treatment (F[1,20] = 33.73, p <0.0001) were identified. Vehicle treated males contained 

more BrdU+ in the DG compared to vehicle treated females (t[10] = 5.1536, p = 0.0004). 

ZEB treatment also interacted with sex to alter cell genesis (F[1,20] = 47.40, p < 0.001). 

With ZEB administration, proliferation in males significantly reduced to levels evident 

in vehicle treated females (t[10] = 4.7791, p = 0.0007) and a very small decrease in 

proliferation was evident in females treated with ZEB as well (t[10] = 3.3399, p = 

0.0075). Male vehicle group, n=6; Male ZEB group, n=6; Female vehicle group,  n=6; 

Female ZEB group, n=6; **p<0.01, ***p<0.001.  
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Figure 7. HDAC inhibitor TSA increases proliferation in females only. On PN0 and 

PN1, male and female rat pups were injected with vehicle or TSA (0.5 mg/Kg/IP). Two 

hours after drug injection, all animals were treated with BrdU (100 mg/Kg). On PN1, 

animals were euthanized 6 hours after BrdU treatment. Brains were collected and 

quantified for BrdU immunohistochemistry. Treatment of TSA interacted with sex to 

effect proliferation in the DG (F[3,28] = 3.529, p = 0.0276). A sex difference was again 

evident in vehicle treated animals (t[15] = 3.389, p = 0.0040). TSA treatment increased 

proliferation in the female DG (t[13] = 2.836, p = 0.0140), but not in the male DG 

(t[14]=0.8163, p = 0.4280). Male vehicle group, n=9; Male TSA group, n=8; Female 

vehicle group, n=8; Female TSA group, n=7; *p<0.5,  **p<0.01. 
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Within the same cohort, ZEB decreased male proliferation and TSA increased female 

proliferation 

 To be sure that these effects were not due to litter or experimental biases, the effect 

of ZEB on males and TSA on females were tested within the same cohort of animals. This 

treatment paradigm replicated the interaction of drugs with sex evident in individual 

cohorts (F[3,20] = 6.792, p = 0.0024). As previously reported, males had more BrdU+ cells 

than females (t[11] = 4.617, p = 0.0007) . Treatment of males with ZEB decreased BrdU+ 

cell number (t[10] = 4.546, p = 0.0011), while treatment of females with TSA increased 

BrdU+ cell number (t[10] = 2.379, p=0.0387).  

 

Discussion 

 Epigenetic regulation plays an important role in modulating the balance between 

pro- and anti-proliferative factors, to coordinate cell fate. Our findings suggest that 

epigenetic regulation offers sex-specific contributions to the male-biased sex difference in 

proliferation in the developing DG. Treatment of females on PN0 and PN1 with the 

HDACi, TSA, eliminated the sex difference in cell genesis evident in the DG during early 

life. TSA treatment increased female proliferation, but did not cause any further increase 

in proliferation in the male DG, eliminating the sex difference. ZEB treatment significantly 

decreased proliferation in the DG of males and caused only a minimal decline in female 

proliferation.  The sex difference was also eliminated by this drug administration, as ZEB 

treated males and vehicle treated females produced the same number of new cells. These 

findings suggest that males and females predominantly utilize different epigenetic 

modifications to regulate neonatal cell genesis in opposite directions.  
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Figure 8. Zebularine decreases proliferation in males and TSA increases 

proliferation in females. On PN0 and PN1 male rat pups were injected with vehicle or 

Zebularine (300ng/ICV) and female rat pups were injected with vehicle or TSA (0.5 

mg/Kg/IP). Two hours after drug injection, all animals were treated with BrdU (100 

mg/Kg). On PN1, animals were euthanized 6 hours after BrdU treatment. Brains were 

collected and quantified for BrdU immunohistochemistry. Cell proliferation, measured 

by BrdU+ cells, was higher in newborn male rats than newborn female rats. Zebularine 

significantly decreased cell proliferation in neonatal males. TSA significantly increased 

cell proliferation in neonatal females. Male vehicle group, n=6; Male ZEB group, n=6; 

Female vehicle group, n=7; Female TSA group, n=5; *p<0.5; **p<0.01, ***p<0.001. 
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Through inhibition of HDACs, enzymes which coordinate the removal of acetyl 

groups on histone tails, treatment with TSA increases histone acetylation. TSA augmented 

both histone acetylation and cell genesis in females, which suggests a link between histone 

acetylation and cell genesis. Histone acetylation is a permissive epigenetic modification 

and causes increased expression of the gene with which it is associated. Net proliferation 

is a result of a balance between factors that stimulate cell genesis and those that repress it. 

The increase in cellular proliferation indicates a shift towards expression of pro-

proliferative factors. This suggests that in females, treatment with TSA causes de-

repression of genes which stimulate proliferation. Since TSA targets HDAC activity, it also 

suggests that females have elevated acetyl removal by HDACs, which initiates the 

repression of these pro-proliferative factors and contributes to limited cell genesis within 

the DG. Both these predictions were assessed in subsequent chapters.  

Methylation of DNA is traditionally viewed as a repressive epigenetic 

modification. ZEB inhibits DNMT activity and causes demethylation of DNA. Following 

a reduction in DNA methylation with ZEB treatment, cell genesis in the male DG 

significantly decreased, suggesting that in males, methylation-induced inhibition of anti-

proliferative genes promotes enhanced cell genesis. Later studies focus on characterization 

of DNA methylation in the developing DG and identification of anti-proliferative genes, 

which may be targeted by this epigenetic regulation. 

Taken together these data provided evidence of two sexually dimorphic epigenetic 

mechanisms that converge to establish the sex difference in DG cell genesis. From this, we 

developed the hypothesis that in males, DNA methylation predominantly silences anti-
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proliferative factors, causing elevated proliferation and in females, reduced acetylation 

represses transcription of pro-proliferative factors to limit proliferation. These two separate 

mechanism ultimately contribute to differential proliferative capacity, where males 

generate more new cells than their female littermates.  

Most sex differences exist along a continuum such that males and females can fall 

at any point, but the average differs between the sexes. The sex difference we see in early 

cell genesis is an example of this. A sexual dimorphism exists when a particular endpoint 

exists in two forms, one nearly exclusively or predominantly in males and the other in 

females. The majority of such sexual dimorphisms relate to reproduction and include male-

specific courtship displays, territory defense, copulation, nurturing and postpartum 

aggression (McCarthy et al. 2012). Continued study has revealed that sexual dimorphisms 

are not explicitly restricted to elements of reproductive behavior and do have precedent in 

regulation of other cellular processes. In response to cytotoxic challenge, programmed cell 

death proceeds in a sexually dimorphic manner, whereby XY neurons principally respond 

with an apoptosis-inducing factor-dependent pathway, while a cytochrome c-dependent 

pathway predominates in XX neurons (Du et al. 2004). Serotonin and AVP also act in 

sexually dimorphic ways within the hypothalamus, to regulate dominance and aggression. 

Aggression is promoted by serotonin in females and AVP in males (Terranova et al. 2016). 

Our data provides further evidence that reproductive behaviors are not the only sexually 

dimorphic phenotypes. Instead, sex differences in many assets of biology including 

immunology, social behaving and neural development, as we assert here, actually exist in 

two distinct forms in males and females. 
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IV. CHARACTERIZATION OF SEX DIFFERENCES IN DNA METHYLATION 

IN THE DEVELOPING DG 

Introduction 

 In the previous chapter, we identified sex-specific effects of the DNMT inhibitor 

and demethylator, ZEB, on proliferation in the developing DG. While proliferation in the 

female DG only declined slightly following ZEB treatment, ZEB caused significant 

reductions in proliferation of the developing DG of newborn male pups, eliminating the 

male-biased sex difference.  The sex-specific effect of ZEB lead us to hypothesize that 

elevated methylation in the male DG contributes to greater cell genesis during early 

development. We next sought to further investigate sex differences in DNA methylation 

within the developing DG that could contribute to differential cell genesis. We predicted 

that DNA in the male DG would be more methylated than that of females and that 

administration of ZEB would reduce male methylation of DNA in the DG to similar 

levels of methylation found in females.  

Greater DNA methylation in the newborn male DG could either be established 

through enhanced addition of methyl groups to the DNA or through their limited 

removal. DNA methylation is mediated by a family of DNMTs that catalyze the transfer 

of a methyl group from the methyl donor S-adenyl methionine to the fifth carbon of a 

cytosine residue, which precedes a guanine nucleotide. Three major members of the 

DNMT family that catalyze the addition of methyl groups onto DNA include DNMT1, 

DNMT3a and DNMT3b (Bestor et al. 1988; Yoder and Bestor 1998; M. Okano, Xie, and 

Li 1998; T. H. Bestor 2000; Cheng and Blumenthal 2008). DNMT1 preferentially 

methylates hemimethylated DNA (Pradhan et al. 1999). During DNA replication, 

DNMT1 binds to newly synthesized DNA, methylating it in a manner which preserves 
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the original methylation pattern (Hermann, Goyal, and Jeltsch 2004) and is thus referred 

to as the maintenance DNMT. The other DNMTs, 3a and 3b, share a similar structure and 

function. Both these DNMTs exhibit no preference for hemimethylated DNA and instead 

are referred to as de novo DNMTs because they can introduce methylation onto naked 

DNA (M. Okano, Xie, and Li 1998). DNMT3a and 3b are primarily distinguished from 

each other based on their temporal pattern of expression. DNMT3b expression occurs 

early and it is believed to be required for development, whereas DNMT3a follows and is 

more involved in normal cellular differentiation (Yen et al. 1992; Xie et al. 1999). 

Differences in expression of DNMT enzymes can alter global methylation status. 

Reduction in DNMT3b can induce hypomethylation (Masaki Okano et al. 1999), whereas 

overexpression of this methyltransferase results in hypermethylation (Roll et al. 2008). 

Even in the absence of expression differences, the activity of DNMT enzymes can vary 

and establish different levels of global DNA methylation. Within the developing POA, 

expression of DNMTs does not differ between males and females, but females have 

DNMT enzymes with greater intrinsic activity that contribute to more global DNA 

methylation (Nugent et al. 2015). Greater DNA methylation in the developing male DG 

could therefore be established through enhanced DNMT activity, induced either through 

more DNMT expression or through greater intrinsic DNMT activity. 

Limited demethylation of DNA in the DG of males relative to females could also 

contribute to greater methylation in males. DNA demethylation occurs through both 

passive and active means. Through cell replication, DNMT1 must actively maintain DNA 

methylation or else the overall methylation is reduced after each cell division (Jones and 

Taylor 1980). Less is known about the process of active demethylation, though several 
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mechanisms have been proposed. In one of the proposed mechanisms, the methyl group 

is hydroxylated by a family of TET enzymes to form 5hmC that is then either further 

oxidized to 5-formyl-cytosine and then to 5-carboxy cytosine or is deaminated by 

AID/APOBEC to convert 5hmC to 5-hydroxymethyl-uracil, which converges on the 

common BER pathway to repair the damaged DNA and replace it with an unmethylated 

cytosine (Tahiliani et al. 2009; Ito et al. 2010; Guo et al. 2011). A family of GADD45 

proteins also play an important role in active DNA demethylation. While these proteins 

do not harbor any obvious enzymatic activity, they act as adapters for DNA repair factors 

to promote removal of methyl moieties from DNA (Niehrs and Schäfer 2012). Members 

of the GADD45 family can bind to and recruit BER repair proteins to sites of nucleotide 

mismatch to induce base excision of the deaminated or oxidized 5mC (Cortellino et al. 

2011; Maiti and Drohat 2011). If higher DNA methylation in the developing male DG 

results from limited DNA demethylation, we predicted that DNA demethylating enzymes 

would be expressed at lower levels in the DG of developing males compared to females.  

Our analysis of the effects of ZEB on proliferation indicate that ZEB treatment 

reduces proliferation much more robustly in the DG of males than females. This 

implicates a role for enhanced methylation in greater cell genesis of the male DG during 

the early neonatal period. To further understand the contributions of methylation to 

proliferation, we must first characterize this epigenetic mark in males and females during 

this period. Further investigation of the process that establishes differential methylation, 

whether it be enhanced addition of methyl moieties to the DNA or limited removal of the 

modification, will be important for understanding the mechanism that establishes the sex 

difference in cell genesis.  
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Methods 

Global Methylation Assay 

 See General Methods for a detailed description of the DNA extraction and global 

methylation quantification protocol. On PN1, rat pups were euthanized, the DG 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 100ng of DNA per animal was used in the 

assay. Global DNA methylation was quantified using the MethylFlash Global DNA 

Methylation (5-mC) ELISA Easy Kit (Epigentek) according to the manufacturer’s 

protocol. Data were analyzed by Student’s t-test. All statistical tests used α<0.05 as the 

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

group.  

ZEB Effects on Methylation 

 ZEB (300 ng, ICV) was administered on PN0 and PN1. Two hours after drug 

administration on PN1, DG was collected, DNA prepared and methylation assessed using 

the MethylFlash Global DNA Methylation (5-mC) ELISA Easy Kit (Epigentek), as 

described above and in the General  Methods. Data was analyzed by two-way ANOVA 

and post hoc pairwise comparison using the Holm’s sequential Bonferroni correction to 

control for familywise error. Data in graphical form represent the mean ±SEM for each 

group. 

Real Time Polymerase Chain Reaction 
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 DG was collected from PN0, PN2, PN4, PN6 and PN10 rat pups. As described in 

the General Methods in greater detail, RNA was isolated and purified with RNeasy 

MiniKit (Qiagen).  cDNA was synthesized from RNA with the High Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems), diluted 1:20 and added to a solution of 

Power SYBR green PCR Master Mix (Applied Biosystems) containing primers. See 

Table 1 for primer sequences. Real-time PCR was performed on an AB ViiA 7 machine 

(Applied Biosystems ) using ViiA 7 software. Data was analyzed by two-way ANOVA 

and a priori planned comparisons where indicated. All statistical tests used α<0.05 as the 

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

group. 

DNMT Activity Assay 

 DG tissue was collected from individual PN1 rat pups and immediately processed 

for nuclear extraction. Nuclear proteins were isolated using the EpiQuick Nuclear 

Extraction Kit (Epigentek). DNMT activity was measured using the EpiQuick DNMT 

Activity/Inhibition Assay Ultra Kit (Colorimetric; Epigentek), following the 

manufacturer’s instructions. Data were analyzed by Student’s t-test. All statistical tests 

used α<0.05 as the criterion for significance. Data in graphical form represent the mean 

±SEM for each group. See General Methods for detailed description of nuclear extraction 

and DNMT activity assay.   
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qPCR Primer Sequences  

 Forward Reverse 

DNMT1 5’ TCT TTG ACT CCA 
ACT CGT CTT GGT 3’ 

5’ GAC CGC GAC TGC 
AAT ACA CAC T 3’ 

DNTM3a 5’ CCA GAA AGA GCA 
CAA CAG AGA AAC 3’ 

5’ TCA TAC ACG AGC 
CGT TCT CTT G 3’ 

DNMT3b 5’ GGG ACT TGC AGG 
AAA CCA TGA 3’ 

5’ ACC CAC TGA CAC 
CCT CTT CA 3’ 

TET1 5’ AAG CAG AGA GGA 
AAA AA GCT TGA G 3’ 

5’ GAC GCC CCT CTT 
CAT TAC CAA GT 3’ 

TET2 5’ ACA GTG CTG CTG 
GAT TCA TTC A 3’ 

5’ AAG GTG ATG CTA 
TCA GGA ATG GA 3’ 

TET3 5’ GGA ACT CAT GGA 
GGA TCG GTA TG 3’ 

5’ CGG ATC ACC CAC 
TTG GCA AT 3’ 

GADD45α 5’ GAG CAG AAG CATC 
GAA AGG ATG GA 3’ 

5’ CGG GTC TAC GTT 
GAG CAG CTT 3’ 

GADD45β 5’ TCA CTC CTG GTC 
ACG AAC TGT 3’ 

5’ ACT GGT TAT CTC 
TGX TCT CTT C 3’ 

GAPDH 5’ TGG TGA AGG TCG 
GTG TGA ACG 3’ 

5’ TCA CAA GAG AAG 
GCA GCC CTG GT 3’ 

Table 1. Primer sequences for DNA methylation-related genes and the 

housekeeping gene GAPDH. 
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Results 

Global DNA methylation in the DG is greater in neonatal males compared to females and 

ZEB decreases methylation only in males 

Analysis of global DNA methylation on PN1 found that males have nearly twice as much 

methylated DNA in the DG compared to females (t[10] = 2.728, p = 0.0213; Figure 9). 

Administration of ZEB on PN0 and PN1 interacted with sex to effect DNA methylation 

differently in the DG males and females collected two hours after ZEB treatment on PN1 

(F[1,22] = 4.251, p = 0.0512; Figure 10). Post-hoc analysis revealed that following ZEB 

administration, DNA methylation was significantly reduced in males (t[11] = 2.617, p = 

0.0239; Figure 10), but not in females (t[11] = 0.5080, p = 0.6215; Figure 10). 

DNMT expression is not elevated in the developing male DG 

No main effect of sex was evident in neonatal DG mRNA expression of either 

DNMT3a (F[1, 70] = 0.04570, p = 0.8314; Figure 11A) or DNMT3b (F[1, 70] = 

0.000260, p = 0.9872; Figure 11B). Expression of DNMT3a increased over development 

(F[4,70] = 7.168, p <0.0001; Figure 11A), whereas expression of DNMT3b decreased 

(F[4,70] = 71.76, p <0.0001; Figure 11B). Expression of DNMT1 also decreased over the 

early postnatal period (F[4,70] = 37.69, p < 0.0001; Figure 11C). There was also a 

significant interaction of sex and age on DNMT1 expression (F[1,70] = 6.528, p = 

0.0002; Figure 11C). Females expressed more DNMT1 than males on PN0 (t[14] = 

2.567, p = 0.0224; Figure 11C) and PN2 (t[14] = 2.884, p = 0.0120; Figure 11C). 
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Figure 9. Newborn males have more methylation of DNA in the DG than females. 

On PN1, DNA was isolated from male and female DG and methylation was assessed. 

DNA isolated from male DG was significantly more methylated than DNA from female 

DG (t[10] = 2.728, p = 0.0213). Male group, n=6; female group, n=6; *p<0.5. 
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Figure 10. ZEB reduces methylation in the DG of males only. Pups were treated with 

ZEB (300 ng/ic.v.) on PN0 and PN1. Two hours after treatment on PN1, DNA was 

collected and methylation was assessed. No main effect of sex was identified (F[1,22] 

= 0.3964, p = 0.5354), but there was an interaction of ZEB treatment and sex (F[1,22] 

= 4.251, p = 0.05). Males again were found to have more DNA methylation compared 

to females (t[12] = 2.462, p = 0.0299). ZEB significantly reduced methylation in males 

(t[11] = 2.617, p = 0.0239), but not in females (t[11] = 0.5080, p = 0.6215). Male vehicle 

group, n=7; male ZEB group, n= 6; female vehicle group, n=6; female ZEB group, n=6; 

*p<0.5. 
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Figure 11. DNMT expression during development. RNA was extracted from DG 

tissue on PN0, PN2, PN4, PN6 and PN10 and cDNA was synthesized for quantification 

of DNMT3a, DNMT3b and DNMT1. (A) DNMT3a expression increased over time 

(F[4,70] = 7.168, p <0.0001), but there was no sex difference (F[1, 70] = 0.04570, p = 

0.8314). (B) Expression of DNMT3b decreases during the course of development (F[4, 

70] = 0.04570, p = 0.8314), but again there was no sex difference (F[1, 70] = 0.000260, 

p = 0.9872). (C) DNMT1 expression also decreased over time (F[4,70] = 37.69, p < 

0.0001). Sex interacted with age to alter DNMT1 expression on certain days (F[1,70] = 

6.528, p = 0.0002). Females expressed more DNMT1 than males on PN0 (t[14] = 2.567, 

p = 0.0224) and PN2 (t[14] = 2.884, p = 0.0120). Male group, n=8/timepoint; female 

group, n=8/timepoint; *p<0.5. 
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DNA methyltransferase activity does not differ in the dentate gyrus of newborn males and 

females.  

 There was no difference in DNMT activity between males and females in the DG 

on PN1 (t[18] = 1.207, p = 0.2429; Figure 12).  

The dentate gyrus of males and females contain similar levels of TET expression 

Expression of all TET enzymes decreased during the course of development including 

Tet1 (F[4,70] = 26.57, p < 0.0001; Figure 13A),  Tet2 (F[4,70] = 52.47, p > 0.0001; 

Figure 13B) and Tet3 (F[4,70] = 81.99, p <0.0001; Figure 13C). No sex difference was 

evident in expression of any of the TET family members assessed – Tet1: (F[1,70] = 

0.07940, p = 0.7789;  Figure 13A); Tet2: (F[1,70] = 0.1291, p = 0.7204; Figure 13B); 

Tet3 (F[4,70] = 0.2801, p 0.8899; Figure 13C).  

GADD45α expression is greater in neonatal females compared to males on PN0 

There was a decline in GADD45α expression until PN4 and then expression increased 

through PN10 (F[4,70] = 16.75, p <0.0001; Figure 14A). There was no main effect of sex 

on expression of GADD45α throughout early development (F[1,70] = 0.3926, p = 

0.5330; Figure 14A). There was also no significant interaction between sex and age on 

GADD45α expression (F[4,70] = 1.531, p = 0.2029; Figure 14A), but females did have 

significantly more GADD45α on PN0 by a priori comparison (t[14] = 2.884, p = 0.0120; 

Figure 14A). Expression of GADD45β was lowest early in development and increased 

with age (F[4,70] = 16.49, p <0.0001; Figure 14B), but there was no significant effect of 

sex (F[1,70] = 0.0073, p = 0.9321; Figure 14B).   
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Figure 12. DNMT activity does not differ in the male and female neonatal DG. DG 

was dissected on PN1, nuclei were extracted and DNMT activity was determined. Male 

and female DNMT activity was not significantly different in the DG at this time (t[18] 

= 1.207, p = 0.2429). Male group, n=10; female group, n=10. 
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Figure 13. TET expression during development. RNA was extracted from DG tissue 

on PN0, PN2, PN4, PN6 and PN10 and cDNA was synthesized for quantification of 

Tet1, Tet2 and Tet3 expression. Expression decreased over time for Tet1 (F[4,70] = 

26.57, p < 0.0001; A), Tet2 (F[4,70] = 52.47, p > 0.0001; B) and Tet3 (F[4,70] = 81.99, 

p <0.0001; B). None of the TET family members assessed displayed a significant main 

effect of sex, nor was there any interaction between sex and age in expression of Tet1, 

Tet2 or Tet3. Male group, n=8/timepoint; female group, n=8/timepoint. 
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Figure 14. GADD45 expression during development. RNA was extracted from DG 

tissue on PN0, PN2, PN4, PN6 and PN10 for quantification of GADD45α and 

GADD45β. (A) GADD45α expression decreased until PN4 and then increased through 

to PN6 and remained stable at PN10 (F[4,70] = 16.75, p <0.0001). There was no main 

effect of sex on expression of GADD45α throughout early development (F[1,70] = 

0.3926, p = 0.5330). While there was no interaction between sex and timepoint, (F[4,70] 

= 1.531, p = 0.2029), a prior comparison revealed males expressed significantly more 

GADD45α on PN0 (t[14] = 2.884, p = 0.0120). (B) Expression of GADD45β increased 

after PN4 (F[4,70] = 16.49, p <0.0001), but there was no significant effect of sex 

(F[1,70] = 0.0073, p = 0.9321) or interaction of timepoint and sex (F[4,70] = 1.072, p = 

0.3772). Male group, n=8/timepoint; female group, n=8/timepoint; *p<0.05.  
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Discussion 

 DNA methylation is appreciated as a means of epigenetic suppression that 

actively silences masculinizing factors. Our data suggests that this mechanism of sexual 

differentiation may not hold true throughout the entire brain. In the developing DG of 

males, DNA is nearly two-times more methylated than DNA within the female DG. 

Greater DNA methylation in the male DG is likely established by limited demethylation, 

as expression of GADD45α, a regulator of this active process, is lower in the DG of 

males relative to females. Males did not express more DNMTs or possess greater DNMT 

activity, indicating there is little to no role for enhanced methyl addition. ZEB treatment 

only reduced global DNA methylation in the DG of males and not females. The effects of 

ZEB on methylation are similar to the effects of the drug on proliferation, supporting our 

hypothesis that elevated methylation in the male DG contributes to greater cell genesis 

during early development.   

Sexual differentiation of DNA methylation in other brain regions, including the 

POA, is achieved through differences in DNMT activity. However, the male DG does not 

possess greater DNMT activity and does not express more DNMT enzymes, suggesting 

the addition of methyl groups does not contribute to greater DNA methylation in the male 

DG. To our surprise, females actually expressed higher levels of the maintenance 

methyltransferase, DNMT1. During replication, the maintenance methyltransferase, 

DNMT1, localizes to the replication fork where new DNA is synthesized in a 

hemimethylated form (Leonhardt et al. 1992). Here, DNMT1 binds to the unmethylated 

newly synthesized DNA and catalyzes methylation to precisely mimic the original 

methylation pattern present prior to replication (Hermann, Goyal, and Jeltsch 2004). 
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Knock out of DNMT1 results in significant hypomethylation (Li, Bestor, and Jaenisch 

1992; Liao et al. 2015). However, compared to overexpression de novo 

methyltransferases DNMT3a and DNMT3b, overexpression of DNMT1 does not induce 

hypermethylation (Choi et al. 2011) and the majority of potential sites of methylation are 

actually resistant to de novo methylation, regardless of DNMT1 overexpression (Feltus et 

al. 2003).  Not only does elevated DNMT1 expression in the female DG at birth likely 

have negligible contributions to the level of global methylation, effects of this elevation 

on proliferation are also likely limited. Expression of DNMT1 is indisputably necessary 

for normal brain development. Knockout of the methyltransferase results in embryonic 

lethality between E8 and E10.5 (Li, Bestor, and Jaenisch 1992). DNMT1 is also 

particularly indispensable for appropriate DG development, as early deletion of DNMT1 

in neural stem cells results in a smaller granule cell layer due to failed establishment of 

proper radial processes and inadequate migration into the subgranular zone (Noguchi et 

al. 2016). While DNMT1 is clearly necessary for many cellular processes in the DG and 

throughout the brain, this particular methyltransferase does not affect proliferation in 

early postnatal stages (Noguchi et al. 2016). Since elevated expression of DNMT1 

traditionally does not significantly contribute to global DNA methylation, it is not 

surprising that greater DNMT1 expression in the female DG did not manifest in higher 

global DNA methylation. DNMT1 expression may be higher in females because limited 

global DNA methylation only leaves crucial sites methylated that require silencing for 

normal development and viability. Maintenance of this methylation becomes even more 

important and initiates up regulation DNMT1. However, this is merely speculation and 
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further research will be necessary to understand the role and implications of elevated 

DNMT1 in females during this early period.  

 Though no sex differences were evident in expression of DNMTs within the DG, 

the pattern of expression across development was very similar to the pattern identified in 

the POA. Like the DG, DNMT expression in the POA does not differ by sex.  In both the 

DG and POA, DNMT3a increases over development whereas DNMT3b and DNMT1 both 

decrease during this time (Nugent et al. 2015). While regulation of DNA methylation is 

often believed to be highly specific to each brain region, this suggests that 

methyltransferase expression may be more globally regulated throughout the brain.  

 Levels of enzyme expression do not necessarily translate to enzyme activity. 

Changes in enzymatic activity are ultimately responsible for altering patterns of DNA 

methylation and so DNMT activity was also assessed. No sex difference was identified in 

DNMT activity in the DG on PN1. The assay utilized to assess DNMT activity quantifies 

total enzyme activity, summating activity of both de novo and maintenance 

methyltransferase enzymes. Greater DNMT1 expression in the DG of females 

complicates the interpretation of DNMT activity, as DNMT1 expression could potentially 

compensate for less activity of de novo methyltransferases. More specific analysis of 

individual methyltransferase activities are necessary to rule out contributions of DNMT 

activity to the sex difference in global DNA methylation.  

Higher DNA methylation in the developing male DG could also be regulated by 

reduced removal of methyl moieties in the male compared to female. Among the number 

of enzymes involved in the multi-step process, TET proteins provide the mechanistic 

basis for the most likely pathway of active demethylation. This family of three enzymes 
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oxidize 5-mc to produce 5-hmc to initiate the initial step of active DNA demethylation 

(Tahiliani et al. 2009; Ito et al. 2010). No sex differences were found in mRNA 

expression of either Tet1, Tet2 or Tet3, indicating these enzymes likely do not contribute 

to sex differences in methylation. However, like the methyltransferase enzymes, enzyme 

activity is not solely dependent on enzyme expression and intrinsic enzyme activity can 

shape DNA methylation patterns. At present, no assay is available to reliably quantify 

TET activity in the developing DG, but with advancing technology sex differences 

should be investigated in the future. Another family of proteins that participate in active 

demethylation are GADD45 proteins. While these proteins do not possess their own 

catalytic activity, they promote active DNA demethylation by facilitating the recruitment 

of BER factors, including TDG, to specific sites of targeted demethylation which go on to 

excise deamination-induced DNA mismatches and complete DNA demethylation. 

Members of the GADD45 family are candidates for mediating sex dependent DNA 

demethylation, as sex differences in the expression of these enzymes have been reported 

elsewhere in the brain. GADD45β is more highly expressed in females in the amygdala 

after birth (PN1) and in adolescence (PN25; Kigar et al. 2016). Females also express 

more GADD45β in the medial prefrontal cortex in adulthood (Blaze and Roth 2013). 

Unlike the amygdala and mPFC, males and females had similar levels of vβ expression in 

the neonatal DG. GADD45α was expressed more in the DG of females compared to 

males. Overexpression of vα promotes global DNA demethylation, whereas GADD45α 

knockdown leads to DNA hypermethylation (Barreto et al. 2007). Greater GADD45α 

expression in the developing female DG may contribute to less global DNA methylation, 

while comparatively reduced expression in the male DG may orchestrate enhanced 
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methylation. In addition to its role in DNA demethylation, GADD45α is also involved in 

maintenance of genomic stability, DNA repair and suppression of cell proliferation 

(Carrier et al. 1999; Hollander and Fornace 2002; Nakayama et al. 1999; Jin et al. 2002). 

GADD45α induces cell cycle arrest through disruption of the CDK1/Cylcin B1 complex, 

which leads to an arrest at the GS/M checkpoint and results in reduced cellular 

proliferation ((Wang et al. 1999; Zhan et al. 1999). In the developing male DG, reduced 

GADD45α may contribute to elevated methylation and subsequent epigenetic regulation 

that promotes greater cell genesis, but it is also possible that GADD45α down regulation 

has direct effects on cell cycle progression which mediate the sex difference in cellular 

proliferation. Further investigation is necessary to fully understand how the sex 

difference in GADD45α expression modulates differences in cell genesis of the 

developing DG.  

The data in this chapter provides support for the discovery of a male-biased 

decrease in neonatal cell genesis in the DG following ZEB administration and introduces 

a mechanism by which greater DNA methylation in the DG of males may be established 

in the first place. We provide evidence to support sex-dependent patterns of methylation 

established by reduced GADD45α in the neonatal male DG, which likely contribute to 

limited removal of methyl groups and greater net methylation. Subsequent chapters focus 

on the targets of sex-specific methylation to understand how this sex difference 

contributes to differences in cell genesis.  
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V. CHARACTERIZATION OF SEX DIFFERENCES IN HISTONE 

ACETYLATION OF THE DEVELOPING HIPPOCAMPUS 

Introduction 

We previously observed that administration of TSA to newborn females caused 

an increase in cellular proliferation within the DG. Females treated with TSA produced 

similar numbers of new cells as vehicle treated males. TSA administration did not 

increase cell genesis in the male DG and so this treatment eliminated the sex difference. 

TSA increases histone acetylation through the inhibition of Class I and II HDACs. Since 

TSA only increased proliferation in females, this suggests that HDAC activity in females 

normally acts to limit production of new cells. Therefore, we predicted that HDAC 

activity in the DG during early life is more robust in females compared to males. We 

further predicted that administration of TSA initiates a greater reduction in HDAC 

activity within the female DG and eliminates the difference in this activity between males 

and females.  

There are three major classes of mammalian HDACs based on structural 

homologies to the three distinct yeast HDACs: Class I, similar to the yeast Rpd3, Class II, 

which resembles the yeast Hda1 and the Class III that shares homologies with yeast 

Sir2/HST (Yang and Seto 2008; Guarente 1999). Classes I and II are evolutionarily 

similar and share an enzymatic pocket with an active site zinc (Schuetz et al. 2008; 

Vannini et al. 2004). Within these HDAC1, -2, -3, and -8 make up Class I, while Class 

IIa is comprised of HDAC4, -5, -7 and -9 and Class IIb of HDAC6 and -10. Class III is 

structurally unrelated to other HDACs and has a unique enzymatic mechanism that is 

dependent on the cofactor NAD+ (Imai et al. 2000; Landry et al. 2000).   
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 Excess HDAC activity can induce hypoacetylation of histone substrates and 

subsequently alter patterns of gene expression (Ropero and Esteller 2007). The overall 

ability of HDACs to deacetylate a target is a product of both the expression of the 

enzyme and the intrinsic activity of the HDAC. Mechanisms regulating HDAC activity 

are still largely unknown, though we do understand how limited regulators can act to 

stimulate or repress enzyme efficiency. Post-translational modifications are capable of 

regulating the activity of many enzymes, including HDACs. Phosphorylation is one of 

the most common mechanisms of post-translational modifications. Nearly all HDACs 

possess phosphorylation sites (Pflum et al. 2001; Cai et al. 2001; Tsai 2002; Lee, Rezai-

Zadeh, and Seto 2004). However, the effect of phosphorylation is specific to each 

individual HDAC. Phosphorylation of HDAC1 is necessary for transcriptionally 

repressive activity (Pflum et al. 2001), while phosphorylation of HDAC8 reduces its 

enzymatic activity (Lee, Rezai-Zadeh, and Seto 2004). Sumolyation is another post-

translational modification that involves addition of a Small Ubiquitin-like Modifier 

protein. The modification potentiates activity of HDAC1 and HDAC4 (Colombo et al. 

2002; David, Neptune, and DePinho 2002). HDAC activity is also regulated by 

subcellular localization, as HDACs must reside in the nucleus to have access to histones 

for deacetylation. Accordingly, signals that enhance nuclear localization of HDAC 

enzymes positively regulate their activity, whereas those that retain the enzymes in 

cytoplasm negatively regulate HDAC activity. Class II HDACs maintain the ability to 

shuttle between the nucleus and cytoplasm and can associate with particular proteins 

resulting in sequestration of the enzyme to the cytoplasm (Miska et al. 1999; Grozinger 

and Schreiber 2000; McKinsey et al. 2000; Wang et al. 2000; Kao et al. 2001).  
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HDAC catalysis of acetyl group removal proceeds through a water-promoted 

mechanism, in which the substrate carbonyl is polarized by Zn2+ ions of the catalytic site, 

facilitating a general base-promoted nucleophilic attack of the Zn2+-bound water 

molecule (Finnin et al. 1999; Somoza et al. 2004; Vannini et al. 2004; Lombardi et al. 

2011; Gantt, Joseph, and Fierke 2010). Since HDAC activity contributes to histone 

hypoacetylation, if females have enhanced HDAC activity in the developing DG, it 

would follow that histones in the female DG should be less acetylated than those of 

males. Assessment of H3 acetylation in the developing CTX/HIP revealed males have 

greater acetylation of H3K9/14 on E18 and PN0 in this area of the brain (Tsai, Grant, and 

Rissman 2009), but no analysis has investigated histone acetylation of the hippocampus 

in isolation or in sub-regions, like the DG. We predicted that neonatal females have less 

acetylated H3 and H4 in the developing DG, subsequent to greater HDAC activity.  

 Steady state histone acetylation is maintained through a balance of histone 

acetylation and deaceylation. While HDACs catalyze the removal of acetyl groups from 

lysine residues, acetylation is established by a family of HAT enzymes. HATs facilitate 

the transfer of acetyl moieties from molecules of acetyl-CoA to the NH3+ of particular 

lysine resides in the histone tails.  The sexually differentiated response of proliferation to 

HDAC inhibition is most parsimoniously described by sex differences in HDAC activity. 

However, there is a possibility that the sex-specific effects of TSA treatment is a result of 

compensation for differences in HAT activity. Thus HAT expression and activity must be 

examined as well.  

 HATs are divided into three major families: GNAT, MYST and P300/CBP. This 

division is based on structural homology and kinetic mechanism. HAT proteins often 
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associate with large multiprotein coactivator complexes. Nuclear receptors can recruit 

coactivator complexes once bound to hormone response elements in the DNA. 

Recruitment of these complexes promotes the transcriptional activity of the nuclear 

receptors (Ogryzko et al. 1996; Chen et al. 1997; Blanco et al. 1998). The p300/CBP 

family of HATs are particularly active in coactivator complexes with hormone nuclear 

receptors (Daly et al. 1984; Chan and La Thangue 2001; Kahl et al. 2006). Steroid 

receptor coactivator-1 is one of the major coactivator proteins that recruits P300/CBP to 

androgen and estrogen nuclear receptors (Powell et al. 2004; Sheppard et al. 2001). This 

coactivator protein is involved in sexual differentiation of  the sexually dimorphic 

nucleus (SDN), which is three to four times larger in males than in females (Gorski et al. 

1978; A. P. Auger, Tetel, and McCarthy 2000). The HAT, p300, is also sexually 

differentiated, with males exhibiting greater expression in the hypothalamus. Knockdown 

of CBP causes behavioral feminization, implicating a role for CBP in control of sexual 

differentiation (Auger et al. 2002). We focused on expression of the P300/CBP HAT 

family because of its contributions to sexual differentiation elsewhere in the brain. 

 By assessing HDAC activity in the DG of males and females during the early 

postnatal period, we can understand whether sex differences in activity of these enzymes 

contribute to the sexually differentiated effects of TSA on proliferation. This information 

will provide insight into contributions of histone acetylation on the sex difference in cell 

genesis in the developing DG.  Together with studies examining differential regulation of 

DNA methylation, we can understand how sexually dimorphic programming of 

epigenetic regulation work together to shape cell genesis in the DG during the perinatal 

period.  
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Methods 

HDAC Activity Assay 

The DG was dissected from PN1 rat pups and nuclear extracts were collected. HDAC 

activity of 3ug of nuclear extract was assessed using the EpiQuick HDAC 

Activity/Inhibition Assay per the manufacturer’s instructions. Plates were read at 450 nm 

and HDAC activity was calculated using the provided equation described in the General 

Methods. To assess the effects of inhibition, 5uL of 100uM of TSA was added to each 

well and allowed to incubate with the sample. Data was analyzed by two-way ANOVA 

or repeated measures two-way ANOVA and post hoc pairwise comparison using the 

Holm’s sequential Bonferroni correction to control for familywise error. All statistical 

tests used α<0.05 as the criterion for significance. Data in graphical form represent the 

mean ±SEM for each group. 

Real Time Polymerase Chain Reaction 

DG was collected from PN0, PN2, PN4, PN6 and PN10 rat pups. As described in the 

General Methods in greater detail, RNA was isolated and purified with RNeasy MiniKit 

(Qiagen).  cDNA was synthesized from RNA with the High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems), diluted 1:20 and added to a solution of Power 

SYBR green PCR Master Mix (Applied Biosystems) containing primers. See Table 2 for 

primer sequences. Real-time PCR was performed on an AB ViiA 7 machine (Applied 

Biosystems) using ViiA 7 software. Data was analyzed by two-way ANOVA and a priori  
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qPCR Primer Sequences – Histone Acetylation-related Genes 

 Forward Reverse 

HDAC1 5’ ACC ACA GCG ACG 
ACT ACA TCA AG 3’ 

5’ CAA GCC ATC AAA 
TAC CGG ACA GT 3’ 

HDAC2 5’ TGG AAC AGG AGA 
CTT GAG GGA TAT T 3’ 

5’ GCT GGT ACA TCT 
CCA TCA CTT TTG A 3’ 

HDAC3 5’ CCC GGT GCT GGA 
CAT ATG AA 3’ 

5’ TCT GGA TGG AGC 
GTG AAA TCT G 3’ 

HDAC4 5’ GGG AGA GCT AAA 
GAA TGG CTT TG 3’ 

5’ CTG GAG AAG TTT 
GGC TGC AAT T 3’ 

HDAC5 5’ TCT AGT GCC GTG 
CGA ATG G 3’ 

5’ ACG GAG TTG AAG 
AAG CAG AAT CC 3’ 

HDAC6 5’ GGT GTG TCT GAC 
TTG TTA TCA GGT GTA 
C 3’ 

5’ GAG GTA ACA CCA 
GGT AGA CAG GTC AA 
3’ 

HDAC7 5’ GAA CTT CGG CAA 
CTT CTC AAT AAA 3’ 

5’ CAA GGG CTC AAG 
AGT TCT GT 3’ 

HDAC8 5’ CGA GTA TGT CAG 
CAT CTG CGA TT 3’ 

5’ GGG CTT CAC TAT 
CCT CAT TTG TTT ATG 
3’ 

HDAC9 5’ GAT CCA CAT GAA 
CAA ACT GCT ATC 3’ 

5’ CCAT TAG ACG TTG 
CTC TCT CTT C 3’ 

HDAC10 5’ GAT GAC CCT GAG 
TGC GAA AT 3’ 

5’ GGG CTA TAT ATT 
CTG GGC TGT G 3’ 

CBP 5’ AAT GAA GTC AAG 
GTT TGT GGA TT TG 3’ 
 

5’ GGG CAA TCG GAG 
CCA TAT TC 3’ 

P300 5’ CCA GAA TCC CTT 
CCC TTT CGT 3’ 
 

5’ ATA TTG CCA GGG 
CTC TTG ATA CTG T 3’ 

GAPDH 5’ TGG TGA AGG TCG 
GTG TGA ACG 3’ 

5’ TCA CAA GAG AAG 
GCA GCC CTG GT 3’ 

Table 2. Primer sequences for histone acetylation-related genes and the 

housekeeping gene GAPDH. 
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planned comparisons, where indicated. All statistical tests used α<0.05 as the criterion 

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

Western Immunoblot 

Histones were extracted from DG dissections from PN1 rat pups, as discussed in the 

General Methods and 2.5 ug/20ul of histone proteins were electrophoresed and 

transferred to a nitrocellulose membrane. Membranes were blocked and incubated 

overnight at 4°C in anti-acetyl-histone H3 or anti-acetyl-histone H4 with histone H3 

primary antibody. Membranes were incubated in IRDye-linked secondary antibody and 

immunoreactive bands were detected using the Odyssey Clx infrared imaging system. 

Acetylated histone expression was normalized to total H3 expression. Data were analyzed 

by Student’s t-test. All statistical tests used α<0.05 as the criterion for significance. Data 

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

HAT Activity Assay 

See general Methods for a detailed description of the protein extraction and HAT activity 

assay. On PN1, rat pups were euthanized, the DG manually dissected from each animal, 

and protein extracted. HAT activity was determined for 40uL of 1ug/uL whole-cell tissue 

extracts in the Histone Acetyltransferase Activity Assay Kit (Abcam) per the 

manufacturer’s instructions. Data were analyzed by Student’s t-test. All statistical tests 

used α<0.05 as the criterion for significance. Data in graphical form represent the mean 

±SEM for each group.  
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Results 

There is no sex difference in HDAC expression on PN0 in the DG of new born rats 

There was no main effect of sex or interaction between sex and age of any HDAC 

examined. At PN4, compared to females, males expressed more of the Class I HDAC 

enzymes, HDAC1 (t[14] = 2.413, p = 0.0301; Figure 15A), HDAC2 (t[14] = 2.518. p = 

0.0246; Figure 15B), HDAC3 (t[14] = 2.232, p = 0.0425; Figure 15C) and HDAC8 (t[14] 

= 2.902, p = 0.0116; Figure 15D) and there was also a trend for males to express more 

HDAC6 (t[14] = 2.087, p = 0.0556; Figure 15I) and HDAC10 (t[14] = 1.873, p = 0.0820; 

Figure15J). Males also more highly expressed HDAC2 on PN6 (t[14] = 2.335, p = 

0.0350; Figure 15B) and Class IIa HDAC9 on PN10 (t[14] = 2.809, p = 0.0139; Figure 

15H) in the DG, relative to females.  

HDAC activity is greater in the female DG and TSA induces a greater reduction in 

female HDAC activity 

On PN1, HDAC activity in the DG of females was greater than HDAC activity in the DG 

of males (t[12] = 3.057, p = 0.0100; Figure 16). HDAC activity following inhibition with 

TSA confirmed greater HDAC activity in females with a main effect of sex (F[1, 12] = 

8.347, p = 0.0136; Figure 17B). TSA reduced HDAC activity in both males and females 

(F[1,12] = 190.1, p<0.0001; Figure 17B), but there was also a significant interaction 

between treatment and sex (F[1,12] = 20.80, p = 0.0007; Figure 17B). The percentage of 

inhibition following TSA administration was greater in females compared to males (t[12] 

= 4.138, p = 0.0014; Figure 17A).  
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Figure 15. Expression of HDAC enzymes throughout development. RNA was 

extracted from DG tissue on PN0, PN2, PN4, PN6 and PN10 and cDNA was prepared 

for quantification of all Class I, Class IIa and IIb HDACs. On PN4, males expressed 

more of the Class I HDAC enzymes HDAC1 (A; t[14] = 2.413, p = 0.0301), HDAC2 

(B; t[14] = 2.518. p = 0.0246), HDAC3 (C; t[14] = 2.232, p = 0.0425) and HDAC8 (D; 

t[14] = 2.902, p = 0.0116). Males also expressed more HDAC2 on PN6 (B; t[14] = 2.335, 

p = 0.0350). Few sex differences were noted in Class IIa HDACs, as males and females 

did not differ in expression of HDAC4 (E), HDAC5 (F) or HDAC7 (G) at any time point. 

Class IIa HDAC9 (H) was more greatly expressed in males on PN10 (t[14] = 2.809, p = 

0.0139). No significant sex differences were evident in ClassIIb HDACs, although 

similar to Class I enzymes, both members HDAC6 (H; t[14] = 2.087, p = 0.0556) and 

HDAC10 (I; t[14] = 1.873, p = 0.0820) trended towards an increase in expression in 

males on PN4. Male group, n=8/timepoint; female group, n=8/timepoint; *p<0.5. 
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Figure 16. HDAC activity is greater in the newborn female DG. On PN1, nuclear 

extracts were generated from the DG of male and female DG and HDAC activity was 

assessed. Females exhibited greater HDAC activity than male littermates (t[12] = 3.057, 

p = 0.0100). Male group, n=7; female group, n=7; **p<0.1. 
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Figure 17. Inhibition of HDAC activity with TSA is greater in females. The DG was 

collected from male and female pups on PN1. Nuclear extracts were prepared and 

HDAC activity was assessed both the presence and absence of 5uM of TSA. (A) TSA 

induced a greater percentage of inhibition in females compared to males (t[12] = 4.138, 

p = 0.0014). (B) There was a main effect of sex on HDAC activity (F[1, 12] = 8.347, p 

= 0.0136) with greater HDAC activity in the DG of females compared to males. TSA 

significantly reduced HDAC activity in both sexes (F[1,12] = 190.1, p<0.0001), but 

there was a significant interaction between sex and TSA treatment (F[1,12] = 20.80, p 

= 0.0007), as TSA induced a more robust decrease in HDAC activity within the female 

DG. Male vehicle group, n=7; male TSA group, n=7; female vehicle group, n=7; female 

TSA group, n=7; *p<0.5, **p<0.1, ***p<0.01.  
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Acetylation of H3K9/14 and PanH4ac in the developing dentate gyrus does not differ 

between males and females 

Histone acetylation of H3K9/14 (t[18] = 0.6493, p = 0.5244; Figure 18A) or H4 (t[18] = 

1.016, p = 0.3231; Figure 18B) did not differ in the DG of males and females on PN1.  

Higher HDAC activity in the female DG does not compensate for greater HAT activity 

A main effect of sex was identified for CBP expression (F[1,70 = 4.679, p = 0.0339; 

Figure 19A), although there was no interaction with sex and age (F[4,70] = 0.8086, p = 

0.5239; Figure 19A) and females did not differ from males on PN0 by an a priori t-test 

(t[14] = 0.9478, p = 0.3593; Figure 19A). P300 was expressed similarly in the DG of 

males of females over the course of development (F[1,70] = 0.7389, p = 0.3929; Figure 

19B) and there was no interaction between sex and age (F[4,70] = 0.05581, p = 0.9941; 

Figure 19B). On PN1, HAT activity was not significantly different in the DG of males 

and females (t[12] = 0.3790, p = 0.7119; Figure 20). 

 

Discussion 

Few studies have examined the role of HDACs in sexual differentiation of the 

brain, despite their intimate relationship to nuclear hormone receptors through directed 

recruitment via corepressors. We report, that during early development of the DG, there 

is no sex difference in expression of HDAC enzymes, but females do have greater HDAC 

activity compared to males. Proportionally, TSA inhibits HDAC activity more in the DG 

of females compared to males and treatment with the HDAC inhibitor eliminates the sex  
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Figure 18. H3 and H4 acetylation does not differ in the developing DG. On PN1, 

histones were isolated from the DG of male and female DG and H3K9/14ac and H4ac 

was assessed by western blotting. Males and females had similar levels of acetylation 

of both H3K9/14 (t[18] = 0.6493, p = 0.5244; A) and H4 (t[18] = 1.016, p = 0.3231; B). 

Male group, n=10; female group, n=10. 
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Figure 19. Expression of HAT enzymes throughout development. RNA was 

extracted from DG tissue on PN0, PN2, PN4, PN6 and PN10 and cDNA was 

synthesized for quantification of CBP and P300. (A) There was a main effect of sex on 

CBP expression, with males showing greater expression than females within the DG 

(F[1,70 = 4.679, p = 0.0339). However, there was no interaction with sex and age 

(F[4,70] = 0.8086, p = 0.5239) and males and females expression similar levels of CBP 

on PN0 by an a priori t-test (t[14] = 0.9478, p = 0.3593). (B) P300 was expressed 

similarly in the DG of males of females over the course of development (F[1,70] = 

0.7389, p = 0.3929) and there was no interaction between sex and age (F[4,70] = 

0.05581, p = 0.9941). Male group, n=8/timepoint; female group, n=8/timepoint; *p<0.5.  
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Figure 20. HAT activity is the same in newborn male and female DG. On PN1, 

proteins were isolated from the DG of male and female DG and HAT activity was 

assessed. No sex difference was evident in HAT activity in the developing DG at 

this time (t[12] = 0.3790, p = 0.7119). Male group, n=6; female group, n=7.  
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difference in HDAC activity. Despite greater HDAC activity in the DG of females, 

overall histone acetylation did not differ by sex.  

Similar to other activity assays, the HDAC activity we used sums all histone 

deacetylase activity.  This includes the Class III enzymes, sirtuins, which are not 

inhibited by TSA (Imai et al. 2000) and therefore, are unlikely to participate in the effects 

on proliferation induced through HDAC inhibition by TSA. Even among classical HDAC 

enzymes, individual HDACs differ greatly, particularly with regard to targets and 

function (Haberland, Montgomery, and Olson 2009). Enzymes classified within the same 

family of HDACs, that otherwise show much structural homology and are similarly 

localized can participate in different complexes and can enact different functions. For 

example, Class I HDACs all share structural similarity to Rpd3, the founding member 

from budding yeast, all are expressed ubiquitously throughout the body and all are 

localized predominantly to the nucleus, where they nearly exclusively target histone 

substrates (de Ruijter et al. 2003; Yang and Seto 2008; Haberland, Montgomery, and 

Olson 2009) . Despite these similarities, HDAC1 and HDAC2 are found together in 

repressive complexes such as sin3, NuRD, CoRECT and PRC2 complexes (Laugesen and 

Helin 2014), but HDAC3 exists in distinct complexes such as the N-CoR-SMRT complex 

and no complex has yet to be described for HDAC8 (Li 2000). Furthermore, individual 

isoforms, even as similar as HDAC1 and HDAC2, are involved in drastically different 

functions during the development of the nervous system (MacDonald and Roskams 

2008). HDAC2, but not HDAC1, negatively regulates memory formation and synaptic 

plasticity (Guan et al. 2009), whereas HDAC1 has a protective role against immature 

teratoma formation, while HDAC2 does not (Lagger et al. 2010). 
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Activity of an enzyme can be a product of expression of the enzyme or the 

intrinsic efficiency of the enzyme. To determine if enhanced female HDAC activity was 

due in part to greater HDAC expression, mRNA of all HDACs targeted by TSA were 

quantified across early development. Sex differences in HDAC mRNA were primarily 

apparent on PN4. At this time, expression of all Class I HDACs were higher in males 

compared to females and Class IIb HDACs also trended to be higher in males as well. 

Importantly, no sex difference in HDAC expression was observed at PN0. The increase 

in proliferation in females was produced with TSA administration on PN0 and PN1, thus 

only differences at this time are likely to contribute to the sex difference in TSA response 

on proliferation. While increased HDAC expression in males at the later PN4 timepoint is 

certainly interesting, we will not pursue it for contributions to sex differences in DG cell 

genesis. From this data we concluded that sex differences in HDAC activity likely do not 

depend on expression, but instead, on differences in intrinsic activity of the enzymes in 

males and females. We must note that assessment of HDAC activity was made from a 

mixed cell population and it is unknown how HDAC activity may differ in different cell 

types. Quantification of HDAC activity in distinct cell populations would clarify whether 

HDAC activity in females is higher homogenously throughout the DG or if it limited to 

specific cell types or a distinct proliferative status.  

HDAC inhibition with TSA caused a greater reduction in HDAC activity in 

females compared to males. While TSA decreased HDAC inhibition in both males and 

females, the greater magnitude of the effect in females eliminated the sex difference in 

HDAC activity. TSA administration only altered proliferation in females, suggesting a 

negative correlation between HDAC activity and proliferation limited to this sex. The 
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fact that HDAC inhibition eliminated the sex difference in HDAC activity and eliminated 

the sex difference in proliferation offers further support that enhanced HDAC activity in 

females acts to suppress proliferation within the female DG.  

HDAC activity removes acetyl moieties from the lysine residues of histones. 

Females, who have elevated HDAC activity, were predicted to have reduced histone 

acetylation compared to males, but no sex difference was identified in H3K9/14ac or 

H4ac. While HDAC proteins are most commonly recognized for targeting histones, some 

of these enzymes can also target non-histone proteins. Other proteins targeted by HDACs 

primarily include transcription factors. The tumor suppressor and sequence-specific 

DNA-binding transcription factor, p53, was identified as the first non-histone target of 

HATs (Gu and Roeder 1997) and has since been shown to be deacetylated by HDACs 

(Murphy et al. 1999). Acetylation of p53 by the HAT, P300/CBP, activates sequence-

specific DNA binding activity and increases activation of target genes (Luo et al. 2004). 

Deacetylation by HDAC1 induces opposing functions and can also promote protein 

instability, ubiquination and destruction of the p53 protein (Ito et al. 2002). A number of 

other transcription factors including STAT and c-MYC are other non-histone targets of 

HDACs (Glozak et al. 2005). Nuclear receptors, including the AR and ER, are another 

class of transcription factors modulated by HDAC deacetylation (Kawai et al. 2003; 

Gaughan 2005). Cellular proteins are also non-histone HDAC targets, including the 

cytoskeletal protein, α- tubulin (Hubbert et al. 2002; Matsuyama 2002), and the 

molecular chaperone, Hsp90 (Bali et al. 2005; Kovacs et al. 2005). There is a possibility 

that although females exhibit greater HDAC activity, this activity does not function to 

remove acetyl groups from histones and instead functions in a non-traditional manner to 



97 

 

deacetylate proteins. Deacetylation of non-histone targets is more common among 

particular HDACs, most notably the Class IIb HDACs, HDAC6 and HDAC10. These 

enzymes also largely localize to the cytoplasm. Due to the nature of the HDAC activity 

assay, assessment of specific HDAC isoforms is not possible, but because the input of the 

assay is nuclear extracts, limited amounts of Class IIb HDACs are likely to be included in 

the assessment. Of the HDACs localized to the nucleus, few target these non-histone 

proteins, indicating that HDAC activity likely targets acetylated histone substrates.  

A more detailed analysis of sex differences in individual deacetylase activity can provide 

further insight into specific targets of elevated HDAC activity in females.   

Total histone acetylation is a balance between acetyl removal by HDACs and 

acetyl addition by HAT enzymes. Greater HDAC activity in the DG of females may not 

result in reduced total acetylation, if HAT activity is also elevated in females and thus 

balances out acetyl removal with addition. In order to determine if no sex differences are 

identified in histone acetylation of H3K9/14 and pan-H4 because of counter-balanced 

actions of elevated HAT function, the expression and activity of these enzymes were also 

assessed. Males did express significantly more CBP. However, enzyme function is a 

product of its activity and no sex difference in HAT activity was evident in the 

developing DG.  

Another possible explanation for similar levels of global H3 and H4 histone 

acetylation in males and females, despite robust differences in HDAC activity between 

males and females, may lie in differential targeting of particular genes. Histone-3 lysine-4 

trimethylation (H3K4me3) is another histone modification that is highly enriched at 

active promoters near transcription start sites and is associated with active transcription. 
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In the BNST/POA, the majority of loci throughout the genome exhibit similar H3K4me3 

enrichment in males and in females, but over 200 of these loci display sex differences in 

their degree of trimethylation of H3K4. In females, greater H3K4me3 enrichment 

targeted genes related to synaptic transmission, emotion/affective behavior and 

learning/memory conditioning, whereas higher enrichment of this marker in males 

modulated genes involved in embryogenesis, development and brain morphology (Shen, 

2015). Despite dynamic sex differences genes targeted by H3K4me3, there is no 

significant difference in total H3K4me3 between the sexes (Shen 2015). This suggests 

that global assessment of histone modifications does not accurately depict the dynamic 

changes of these marks at specific gene sites. While enhanced HDAC activity in the DG 

of neonatal females did not drive sex differences in global histone acetylation, it is 

possible that greater deacetylation in females targeted specific genes.  

In summary, elevated HDAC activity in the DG of newborn females is 

disproportionally inhibited by the HDACi, TSA. In females, HDAC inhibition by TSA 

caused an increase in proliferation within the DG. This suggests that at a basal state, 

HDAC activity potentially acts in a gene-specific manner, to repress genes that promote 

proliferation. Upon inhibition of this activity with TSA, these genes would be de-

repressed and initiate the increase in proliferation observed following administration of 

the HDAC inhibitor. To fully understand contributions of HDAC activity to regulation of 

proliferation, we next investigated pro-proliferative gene targets down regulated as a 

result of increased HDAC activity in females and whose silenced expression would limit 

cell genesis in the developing female DG.  
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VI. QUANTIFICATION OF PRO- AND ANTI-PROLIFERATIVE GENES IN 

THE DEVELOPING HIPPOCAMPUS 

Introduction 

Cells throughout multicellular organisms are genetically homogenous, but 

structurally and functionally heterogeneous, as a result of differential gene expression. 

Epigenetic modifications are important because ultimately, they determine gene 

expression.  Without changing the underlying DNA sequence, epigenetic regulation can 

drastically increase, decrease or even silence genes critical to a vast array of processes. 

The impact of an epigenetic modification on gene expression is dependent on the 

particular modification and where it is added (Strahl and Allis 2000).  

Control of gene expression by the two canonical forms of epigenetic regulation 

discussed in earlier chapters, histone acetylation and DNA methylation, have been 

extensively studied and are relatively well characterized. These two epigenetic 

modifications, traditionally, exert opposing actions on gene transcription. Chromatin 

compaction and access to genetic material for transcription depends on electrostatic 

interactions between histone tails and the DNA. Histones are basic proteins, which carry 

positive charges that interact with negatively charged DNA. Acetylation of lysine 

residues in histone tails neutralizes the positive charge of the amino acid and disrupts the 

DNA-histone interaction, allowing the chromatin to be accessed by transcription factors 

that promote expression. By contrast, methylation of DNA traditionally results in gene 

silencing. Bulky methyl groups can block access of transcription factors to promoter 
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binding sites. Sites of DNA methylation can also act as docking sites for methyl-binding 

proteins, which recruit chromatin remodeling complexes that frequently contain an 

HDAC enzyme and contribute to tightening of the chromatin structure. DNA methylation 

is inarguably important for repression of gene transcription, however, it is emerging as a 

dynamic regulator of transcription and in some instances can promote gene expression 

(H. Wu et al. 2010).  

In the previous chapters, we provided evidence for sexually dimorphic epigenetic 

regulation of proliferation in the developing DG. From this, we proposed that HDAC 

activity suppresses proliferation in females and that DNA methylation promotes 

proliferation in males. We next sought to determine what genes were modified by these 

different epigenetic modifications to produce the sex difference in proliferation. Silencing 

of pro-proliferative genes in females could orchestrate lower levels of proliferation found 

within the female DG, suggesting these genes are the target of enhanced HDAC activity. 

Greater male proliferation may be the result of reduced expression of anti-proliferation 

genes, silenced by greater DNA methylation within the male DG.  

Our laboratory has previously identified a sex difference in bdnf in the developing 

hippocampus.  BDNF is a member of the neurotrophin family of growth factors and 

functions in a vast number of capacities including normal neural development. Among its 

many roles, it is well established as a promoter of proliferation (Scharfman et al. 2005; 

Lee and Son 2009; Taliaz et al. 2010). It is unclear how BDNF stimulates proliferation, 

but increased NSC viability likely contributes (Matusica et al. 2008; Nguyen et al. 2009; 

C.-C. Wu et al. 2016). Males contain more BDNF transcripts in the DG during the first 

postnatal week  and this sex difference is gone by PN15 (Kight and McCarthy 2017). 
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Given the importance of BDNF in maintenance of a proliferative state and the sex 

difference in BDNF expression during the period of enhanced cell genesis in the male 

DG, the neurotrophin was among the pro-proliferative genes assessed. 

Quantification of gene expression is possible through many different avenues, 

each possessing individual strengths and challenges. The gold standard is RNA-Seq, 

which provides unbiased quantification of every mRNA in a sample. Though it provides 

a great deal of information, this application is unwieldy due to the immense quantity of 

data, bioinformatics demands and cost, which limit replicate number.  Postnatal 

neurogenesis is well characterized and extensive information is available on the basic 

gene expression profiles that control NSC proliferation and differentiation. Therefore, we 

used qPCR of targeted genes, which provided high fidelity quantification, free from the 

burdens of RNA-seq. Use of this technique came with the understanding that analysis of 

curated lists of pro- and anti-proliferation genes limit the potential for discovery. Gene 

expression was assessed at multiple points throughout early development, but we were 

most interested in differential expression at PN0, as the sex difference in cell genesis is 

greatest at this time and this is when pharmacological manipulation of epigenetic 

regulation was administered.  

Quantification of gene expression can reveal candidate genes differentially 

expressed in males and females, but does not identify the source of the sex difference in 

expression.  To understand if sex differences in epigenetic regulation contribute to 

differential expression of candidate genes, expression was re-evaluated following 

treatment with either TSA or ZEB.  We predicted that candidate pro-proliferation genes 

silenced by HDAC activity in the female DG would be up regulated in females following 
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TSA treatment and that expression of anti-proliferation genes repressed by greater DNA 

methylation in the male DG would increase in males with ZEB administration.  

Understanding of differential gene expression between males and females and how this 

gene expression is impacted by ZEB and TSA provide greater insight into targets of the 

epigenetic regulation implicated in sexually differentiated cell genesis in the developing 

DG.  

 

Methods 

Quantitative PCR 

DG was collected from PN0, PN2, PN4, PN6 and PN10 rat pups. As described in 

the General Methods in greater detail, RNA was isolated and purified with RNeasy 

MiniKit (Qiagen).  cDNA was synthesized from RNA with the High Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems), diluted 1:20 and added to a solution of 

Power SYBR green PCR Master Mix (Applied Biosystems) containing primers. See 

Table 3 for pro-proliferative primer sequences and Table 4 for anti-proliferative primer 

sequences. Real-time PCR was performed on an AB ViiA 7 machine (Applied 

Biosystems ) using ViiA 7 software. Data was analyzed by two-way ANOVA and a 

priori planned comparisons where indicated. All statistical tests used α<0.05 as the 

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

group. 
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qPCR Primer Sequences – Pro-proliferative Genes 

 Forward Reverse 

BDNF 5’ GCG GCA GAT AAA 
AAG ACT GC 3’ 

5’ CAG TTG GCC TTT 
TGA TAC CG 3’ 

CDK1 5’ GGG AAC AGA GAG 
GGT CCG 3’ 

5’ GAT CTG GCC AGT 
AGT CCT GTG 3’ 

CDK5 5’ TCT GTC ACA GCC 
GTA ACG TG 3’ 

5’ AGT AGC AGC GGA 
CTG GGA TA 3’ 

CNTF 5’ ATG GCT TTC GCA 
GAG CAA AC 3’ 

5’ GAG CAG TCA GGT 
CTG AAC GAA 3’ 

FGF 5’ CTC CTT GGA CAA 
GAC GTG GT 3’ 

5’ CGG TGG ATG AGA 
GGT GAC AG 3’ 

FGFR1 5’ GGG CCT TCC TGA 
TCT CCT GT 3’ 

5’ TGC GGA GAG GGA 
TGC TCT TA 3’ 

IGFR1 5’ ATC TCC GGT CTC 
TAA GGC CA 3’ 

5’ CCA GGT CTC TGT 
GGA CGA AC 3’ 

IGFR2 5’ GTT GGT GCT TCT 
CAT CTC TTT 3’ 

5’ GAA GGC CTG CTG 
AAG TAG AA 3’ 

NPAS3 5’ CGA AGA TCC AGA 
GCC TGA CC 3’ 

5’ GGG GTG TTC AAA 
GTC CGA GT 3’ 

SHH 5’ TGA TGA CTC AGA 
GGY GCA AAG 3’ 

5’ TCG ACC CTC ATA 
GTG TAG AGA C 3’ 

SOX2 5’ AGA ACT AGA CTC 
CGG GCG AT 3’ 

5’ ACC CAG CAA GAA 
CCC TTT CC 3’ 

TGFα 5’ GCA AGC ACT GTG 
AGT GGT G 3’ 

5’ CCA AAT TCC TCC 
TCT GGG ATC 3’ 

GAPDH 5’ TGG TGA AGG TCG 
GTG TGA ACG 3’ 

5’ TCA CAA GAG AAG 
GCA GCC CTG GT 3’ 

Table 3. Primer sequences for pro-proliferative genes and the housekeeping 

gene GAPDH. 
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qPCR Primer Sequences – Anti-proliferative Genes 

 Forward Reverse 

BMP 5’ AGC CAT CGA GGA ACT 
TTC AGA 3’ 

5’ CTG GAG CTC TGC AGA 
TGT GA 3’ 

DCX 5’ CCA GCT GAC TCA GGT 
AAC GA 3’ 

5’ TCC AGG GCT TGT GGG 
TGT 3’ 

NEUROD1 5’ GTC CAA GAT CGA AAC 
GCT GC 3’ 

5’ TGC ACA GAG TCT GCA 
CGT AG 3’ 

NEUROD2 5’ AGC CCC CTA ACT GAT 
TGC AG 3’ 

5’ TCG GTG GAT GGT TCG 
TGT TT 3’ 

P21 5’ TGT ACA AGG AGC CAG 
GCC A 3’ 

5’ TGT GAG CTC CCT TAG 
CCC C 3’ 

P53 5’ CCC CCA CAC ATT CAT 
CTT CA 3’ 

5’ GGG CAG TAC AGG AAC 
CAT TTT 3’ 

PAX6 5’ CAG AAC AGT CAC AGC 
GGA GT 3’ 

5’ CCG TTG GAC ACC TGC 
AGA AT 3’ 

PTEN 5’ TCC CAG TCA GAG GCG 
CTA T 3’ 

5’ TCC GCC ACT GAA CAT 
TGG AA 3’ 

GAPDH 5’ TGG TGA AGG TCG GTG 
TGA ACG 3’ 

5’ TCA CAA GAG AAG GCA 
GCC CTG GT 3’ 

Table 4. Primer sequences for anti-proliferative genes and the housekeeping 

gene GAPDH. 
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Assessment of Drug Effects 

TSA (0.5 mg/Kg, i.p.) was administered on PN0 and PN1. Two hours after drug 

administration on PN1, DG was collected and prepared for qPCR as discussed above. 

ZEB (300 ng) was injected i.c.v into both hemispheres on PN0 and PN1. DG was 

collected on PN2 and tissue was prepared the same as above. Gene expression was 

normalized by sex analyzed by two-way ANOVA. All statistical tests used α<0.05 as the 

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

group. 

NSC Quantification 

Rat pups were transcardially perfused on PN0. Brains were post-fixed, cryosectioned and 

mounted. Slides were heated in 0.1 M citric acid (pH 6.0) for 30 minutes, rinsed in PBS, 

blocked in 10% BSA for 1 hour and incubated in anti-Sox-2 (Sigma, 1:200) in 5% BSA 

for 48 hours at 4°C. Slides were then rinsed and incubated with biotinylated anti-rabbit 

secondary (1:800) for 1 hour, rinsed, incubated with avidin–biotin complex (1:500; 

Vector), rinsed and reacted in 0.01% DAB. Slides were counterstained with methyl 

green, dehydrated, cleared and coverslipped. Sox2+ cells were quantified using 

unbiased stereology in both the subgranular zone and hilus of each left and right 

hemisphere. See the General Methods for more details on slide preparation and 

quantification.  

Results 

Identification of pro-proliferative candidate genes 
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Figure 21. Three genes are relatively down regulated in the female DG at PN0 

compared to males. RNA was extracted from DG tissue on PN0, PN2, PN4, PN6 and 

PN10 and cDNA was synthesized for quantification of BDNF, CNTF and NPAS3. While 

there were no significant main effect of sex or interaction between sex and age on 

expression of these genes, each were up regulated in the male DG at PN0 [BDNF (t[13] 

= 2.734, p = 0.0170; A), CNTF (t[13] = 2.870, p = 0.0132; B) and NPAS3 (t[13] = 3.719, 

p = 0.0026; C). The female DG expressed more CNTF at PN2 (t[13] = 2.705, p = 0.0180; 

B) and NPAS3 at PN4 (t[12] = 3.487, p = 0.0045; C). Male group, n=8/timepoint; 

female group, n=8/timepoint; *p>0.05, **p>0.01.   
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No significant main effect of sex or interaction between sex and age were identified for 

any gene assessed. Three genes were down regulated in the female DG at PN0, relative to 

expression in the male DG. These included BDNF (t[13] = 2.734, p = 0.0170; Figure 

21A), CNTF (t[13] = 2.870, p = 0.0132; Figure 21B) and NPAS3 (t[13] = 3.719, p = 

0.0026; Figure 21C). Of these three genes, expression of CNTF was also significantly 

greater in the female DG at PN2 (t[13] = 2.705, p = 0.0180), while expression of NPAS3 

was up regulated in females at PN4 (t[13] = 3.487, p = 0.0045). Other pro-proliferative 

genes that did not differ by sex at PN0, did show sex differences at other timepoints. Sox2 

was more greatly expressed in the DG of females PN2 (t[13] = 2.212, p =0.0454; Figure 

22B) and FGFR1 expression was up regulated in females at  PN4 (t[14] = 3.134, p = 

0.0073; Figure 22E). FGF expression was greater in the male DG at PN4 (t[13] = 5.027, 

p = 0.0002; Figure 22D). 

No anti-proliferative genes differed by sex on PN0 

Of the eight anti-proliferative genes examined, none demonstrated a main effect of sex, 

interaction between sex and age or a sex difference on PN0. Three genes were up 

regulated in females on PN4. These included NeuroD1 (t[14] = 3.586, p = 0.0030; Figure 

23A), NeuroD2 (t[14] = 2.563, p = 0.0226; Figure 23B) and PTEN (t[13] = 2.809, p = 

0.0148; Figure 23C). One gene, p57, was up regulated in males on PN4 (t[13] = 2.235, p 

= 0.0436; Figure 23D). 
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Figure 22. Remaining pro-proliferative genes assessed showed no sex differences 

in gene expression at PN0. RNA was extracted from DG tissue on PN0, PN2, PN4, 

PN6 and PN10 and cDNA was synthesized for quantification of pro-proliferative genes. 

Again there was no significant main effect of sex or interaction between sex and age of 

any of these genes. Within the female DG there was greater Sox2 expression on PN2 

(t[13] = 2.212, p =0.0454; B) and FGFR1 expression on PN4 (t[14] = 3.134, p = 0.0073; 

E). FGF expression was greater in the male DG at PN4 (t[13] = 5.027, p = 0.0002; D). 

Male group, n=8/timepoint; female group, n=8/timepoint; *p>0.05, **p>0.01, 

***p>0.001.   
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Figure 23. Expression of anti-proliferative genes in the developing DG. RNA was 

extracted from DG tissue on PN0, PN2, PN4, PN6 and PN10 and cDNA was 

synthesized for quantification of anti-proliferative genes. No main effects of sex or 

interaction between sex and age were found to significantly effect expression of anti-

proliferative genes. Three genes were up regulated in females on PN4, including 

NeuroD1 (t[14] = 3.586, p = 0.0030; A), NeuroD2 (t[14] = 2.563, p = 0.0226; B) and 

PTEN (t[13] = 2.809, p = 0.0148; C). p57 was the only gene up regulated in males and 

this differed on PN4 (t[13] = 2.235, p = 0.0436; D). Male group, n=8/timepoint; female 

group, n=8/timepoint; *p>0.05, **p>0.01.  
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TSA does not differentially affect expression of any pro-proliferative candidate genes by 

sex 

There was no main effect of TSA treatment on any candidate gene including BDNF ([1, 

24] = 0.8212, p = 0.6689; Figure 24A), CNTF (F[1,24] = 1.972, p = 0.1730; Figure 24B) 

or NPAS3 (F[1,24] = 0.2564, p = 0.6172; Figure 24C). TSA treatment also did not 

interact with sex to differentially regulate expression of BDNF (F[1,26] = 0.1871, p = 

0.6689; Figure 24A), CNTF (F[1,24] = 0.2148, p = 0.6472; Figure 24B ) or NPAS3 

(F[1,24] = 0.1266, p = 0.7251; Figure 25C). 

ZEB reduces BDNF expression in males only 

ZEB did not alter expression of CNTF (F[1,20] = 0.0286, p = 0.8675; Figure 25A) or 

NPAS3 (F[1,20] = 0.0068, p = 0.9351; Figure 25B). There was also no significant 

interaction between ZEB administration and sex on CNTF expression (F[1,20] = 0.0328, 

p = 0.8581; Figure 25A) or NPAS3 (F[1,20] = 0.0080, p = 0.9294; Figure 25B) 

expression.  There was a trend for ZEB administration to interact with sex to alter BDNF 

expression (F[1,23] = 3.409, p = 0.0778; Figure 25C). BDNF expression was elevated in 

the male DG compared to the female (t[10] = 5.373, p = 0.0003; Figure 25C). ZEB 

decreased expression of BDNF in the male DG (t[12] = 8.523, p <0.0001; Figure 25C), 

but did not affect expression in the female DG (t[11] = 1.260, p = 0.2336; Figure 25C). 

Treatment with ZEB eliminated the sex difference in BDNF expression (t[13] = 1.724, p 

= 0.1084; Figure 25C).  
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Figure 24. Effects of TSA on pro-proliferative gene expression do not differ by sex. 

Male and female rats were treated with TSA (0.5 mg/Kg, IP) on PN0 and PN1. Two 

hours after injection on PN1, DG was dissected, RNA was extracted and cDNA was 

synthesized for quantification of BDNF, CNTF and NPAS3 expression. TSA did not 

alter expression of BDNF ([1, 24] = 0.8212, p = 0.6689), CNTF (F[1,24] = 1.972, p = 

0.1730) or NPAS3 (F[1,24] = 0.2564, p = 0.6172). TSA also did not interact with sex to 

effect expression of BDNF (F[1,26] = 0.1871, p = 0.6689, CNTF (F[1,24] = 0.2148, p 

= 0.6472) or NPAS3 (F[1,24] = 0.1266, p = 0.7251). Male group, n=8/timepoint; female 

group, n=8/timepoint. 
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Figure 25. Effects of ZEB administration on pro-proliferative gene expression. 

Male and female rats were treated with ZEB (300 ng, ICV) on PN0 and PN1. On PN2, 

DG was dissected, RNA was extracted and cDNA was synthesized for quantification of 

BDNF, CNTF and NPAS3 expression. (A) There was no main effect of ZEB 

administration (F[1,20] = 0.0286, p = 0.8675) or interaction between ZEB and 

administration on CNTF expression (F[1,20] = 0.0286, p = 0.8675). (B) NPAS3 

expression also showed no main effect of ZEB administration (F[1,20] = 0.0068, p = 

0.9351) or interaction of ZEB administration with sex (F[1,20] = 0.0080, p = 0.9294). 

(C) ZEB administration did trend to interact with sex to affect BDNF expression 

(F[1,23] = 3.409, p = 0.0778). As previously reported males expressed more BDNF in 

the DG compared to females (t[10] = 5.373, p = 0.0003). Expression of BDNF decreased 

in the male DG with ZEB treatment (t[12] = 8.523, p <0.0001), but not in the female 

DG (t[11] = 1.260, p = 0.2336).  ZEB treatment eliminated the sex difference in BDNF 

expression (t[13] = 1.724, p = 0.1084). Male group, n=8/timepoint; female group, 

n=8/timepoint. 
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Newborn males have more NSCs in germinal zones 

 On PN0, males had more SOX2+ cells in both the hilus (t[10] = 2972, p = 0.140; Figure 

26) and SGZ  (t[10] = 2.810, p = 0.0185; Figure 26), compared to females.  

Discussion   

Factors that promote proliferation and those which suppress it determine whether 

cells continue to proliferate or if they shift towards a path of differentiation. Expression 

of pro- and anti-proliferative factors are commonly regulated by epigenetic regulation, to 

shape cell fate. We identified three pro-proliferative genes up regulated in the male DG at 

PN0. At this time, none of the anti-proliferative genes examined were differentially 

expressed in males and females. Expression of pro-proliferative target genes were not 

affected by treatment with TSA. ZEB administration reduced expression of the pro-

proliferative gene, BDNF, potentially implicating differential methylation of this gene in 

regulation of the sex difference in cell genesis within the newborn DG.  

Previous studies to understand methylation-dependent gene expression important 

for sexual differentiation of the brain have primarily focused on specific genes involved 

in hormonal organization of neuronal substrate. In the POA and MBH, the estrogen 

receptor ERα is more methylated in females than males (Schwarz, Nugent, and McCarthy 

2010).  This implies that in areas like the POA and MBH, which are organized by early 

estradiol exposure, methylation of receptors that serve as critical transducers of endocrine 

information contributes to brain masculinization. Discovery-based approaches to 

understand sex differences in gene expression indicate that genes unrelated to hormonal 

organization are also differentially expressed in males and females and a subset of these 

genes are regulated by sex differences in gene methylation (Nugent et al. 2015). Given 
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that male and female androgen and estrogen content is the same in the hippocampus, we 

are unsurprised to find differential expression of genes unrelated to hormonal 

organization, within the DG.  

Greater cell genesis in the male DG led us to predict that expression of pro-

proliferative genes would be higher in the male DG. In addition to BDNF, which is 

known to be more highly expressed in the male DG (Kight and McCarthy 2017), two 

other pro-proliferative genes were up regulated in the male DG on PN0, NPAS3 and 

CNTF. NPAS3 encodes a member of the bHLH-PAS (basic helix-loop-helx—Per, Arnt, 

Sim) domain transcription factor family. The transcription factor is important for a 

variety of diverse functions including circadian oscillation toxin metabolism, hypoxia, 

tracheal development and particularly relevant, neurogenesis. Mice deficient in NPAS3 

expression demonstrate significantly reduced neural precursor cell proliferation in the DG 

(Pieper et al. 2010). CNTF is translated to a polypeptide hormone and neurotrophic 

factor. It was first identified as a survival factor for ciliary ganglion neurons (Adler et al. 

1979). It has since been implicated in survival of several other cell types including 

motoneurons (Oppenheim et al. 1991). Signaling of CNTF is important for regulation of 

a sex difference in SNB motoneuron number (Forger et al. 1997). In addition to roles in 

cell survival, CNTF also contributes to maintenance of proliferation. NSC proliferative 

activity is significantly impaired in CNTF mutants (Muller et al. 2009). The sex 

difference in motoneuron number in the SNB is dependent on the presence of androgens, 

which promote CNTF signaling to increase motoneuron number in males (Xu and Forger 

1998). Our sex difference in cell genesis is also modulated by the androgen metabolite, 

estradiol, suggesting that the increase in cell genesis in females administered exogenous 
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estradiol may occur through stimulation of CNTF, which itself is sexually differentiated 

by some other mechanism.  

Assessment of anti-proliferative genes did not reveal any sex differences at the 

earliest time points. Sex differences were evident in several genes on PN4 including 

NeuroD1, NeuroD2 and PTEN. NeuroD1 and NeuroD2 are both members of the NeuroD 

family of bHLH transcription factors.  Both members of the NeuroD family are found in 

differentiating neuronal progenitors that have begun to cease proliferation (D’Amico, 

Boujard, and Coumailleau 2013). Overexpression strongly induces neurite outgrowth, 

neuronal differentiation and promotion of a mature granule cell neuron phenotype 

(McCormick et al. 1996; Olson et al. 2001). PTEN encodes a phosphatase that functions 

as a tumor suppressor (Li 1997). Consistent with PTEN’s role in tumor suppression, it 

also contributes to neuronal differentiation (Lachyankar et al. 2000). Suppression of 

PTEN expression leads to decreased yields of neuronal cells (Reynolds, Tetzlaff, and 

Weiss 1992). The increase in these factors, which promote a shift towards terminal 

differentiation, likely contribute to limited cell genesis in the neonatal female DG. In the 

paradigm we utilized, drugs to alter epigenetic regulation were administered on PN0 and 

PN1and their effects were analyzed on PN1. Expression of genes on PN4 would not 

contribute to effects observed on PN1 and are not necessarily regulated by the sexually 

differentiated epigenetic regulation we propose. Sexual differentiation of proliferation 

continues through the first week and increased expression of these anti-proliferation 

genes at PN4 may contribute to early termination of proliferation in females, but 

potentially through some other means. The factors which control up regulation of anti-
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proliferation genes that shift cell fate towards terminal differentiation at these later 

timepoints will be the focus of additional study.   

 As we predicted, pro-proliferative genes were up regulated in the newborn male 

DG, but we also proposed that pro-proliferative genes were silenced in the DG of females 

by increased HDAC activity. Female proliferation is increased with TSA administration. 

To understand if increased proliferation by TSA is a result of reduced HDAC silencing of 

identified pro-proliferative candidate genes, we assessed candidate gene expression 

following treatment with TSA. We predicted that TSA would up regulate these genes to a 

greater extent in the female DG and thus eliminate the sex difference. Treatment with 

TSA did not differentially alter expression of any candidate genes assessed, suggesting 

that their up regulation in the male DG is not the result of sex differences in histone 

acetylation.  

 DNA methylation is traditionally recognized as a repressive epigenetic mark. 

Within the DNA, cytosine residues in CpG dinucleotides are the site of methylation. The 

majority, between 70-80%, of CpG dinucleotides in mammalian genomes are methylated 

(Jabbari and Bernardi 2004). CpG dinucleotides are clustered into CpG islands, most of 

which are localized in the gene promoter region (Bird 1986).  CpG islands located in the 

promoters of genes that are expressed in most cells, frequently referred to as 

housekeeping genes, remain unmethylated. Artificial methylation of the CpG islands 

found in the promoter regions of these genes markedly reduces their level of transcription 

(Keshet, Yisraeli, and Cedar 1985). As such, there is a definitive role for promoter 

methylation in silencing of gene expression. 
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Enhanced understanding of the complex interaction between DNA methylation 

and gene expression has expanded on the importance of site-specific methylation and 

suggests that certain DNA methylation can actually be permissive depending on the 

location in the genome.  Genome-wide sequencing studies report that DNA methylation 

of gene bodies positively correlates with increased transcription (Aran et al. 2011; Ball et 

al. 2009; Hellman and Chess 2007; Lister et al. 2009; Zemach et al. 2010). The prevailing 

dogma that DNA methylation induces transcriptional repression and gene silencing 

remains true, but is limited to methylation of CpG islands located in promoter regions 

within the vicinity of transcriptional start sites. In contrast, methylation sites occurring 

within the gene body do the exact opposite and permit expression of the associated gene.  

An alternative model to the one we initially proposed suggests that instead of 

greater methylation in the male DG repressing gene expression, it actually stimulates 

transcription of targeted genes. Towards this, we would expect that enhanced permissive 

methylation of pro-proliferative genes contributes to increased cell genesis within the 

DG. The decrease in proliferation observed as a result of DNA demethylation with ZEB 

would occur as reduced permissive methylation down regulates this gene expression. 

BDNF was significantly down regulated following ZEB administration in males, but 

expression in the female DG was unchanged. Therefore we propose that enhanced 

permissive methylation in the gene body of BDNF in the male DG leads to up regulation 

of this neutrophic factor that ultimately contributes to more cell genesis in the developing 

male DG. Continued research is necessary to solidify the contribution of sexually 

differentiated BDNF methylation and pursue alternative targets for histone acetylation. 

Future investigation will also focus on the mechanism by which methylation-derived 
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differences in BDNF expression contribute to the sex difference in proliferation. BDNF is 

known to up regulate proliferation through increased NSC viability. Preliminary data 

reveals that males have a greater number of SOX2+ NSCs in the hilus and SGZ. 

Quantification of NSC number following ZEB treatment can provide insight into whether 

methylation-induced BNDF expression functions to up regulate NSC-number to promote 

proliferation. Overall, the research conducted here provides a strong foundation on which 

to understand how two epigenetic modifications differentially contribute to the sex 

difference in proliferation in the neonatal DG.   
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Figure 26. Germinal zones display sex differences in NSC number early in 

development. On PN0, animals were euthanized and brains were collected and 

quantified for SOX2 immunohistochemistry. Newborn males had more SOX2+ cells 

in the hilus (t[10] = 2972, p = 0.140) and SGZ  (t[10] = 2.810, p = 0.0185) compared 

to females.  
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VII. BEHAVIORAL EFFECTS FROM BLUNTING PROLIFERATION IN THE 

NEONATAL MALE GFAPT-TK RAT 

Introduction 

 The discovery of ongoing neurogenesis in the adult brain is arguably among the 

most transformative findings in neuroscience. Despite much garnered attention, the 

function of continued neurogenesis remains uncertain. Limited understanding of the 

function of continued cell genesis is likely due, in part, to few available approaches to 

manipulate neurogenesis. Current strategies include X-irradiation, lentiviral inhibition of 

neurogenic signals and pharmacologic inhibition (Tada et al. 2000; Shors et al. 2001; 

Jessberger et al. 2009). Such approaches are generally invasive and non-specific, 

impeding definitive conclusions regarding the function of newly produced cells.  

 Transgenic animals avoid many of the issues presented by traditional approaches, 

but have largely been limited to use in mice, which do not possess the behavioral 

complexity necessary to determine neurogenic function. Recently, a transgenic rat has 

been developed in which neurogenesis can be specifically inhibited, completely or 

partially, at any age (Snyder et al. 2016). The pharamacogenic strategy utilizes 

expression of the herpes simplex virus thymidime kinase (HSV-TK) under control of the 

GFAP promoter. GFAP is an intermediate filament protein, notably expressed within 

radial glial that serve as the primary progenitor cells that give rise to neurons, astrocytes 

and oligodendrocytes (Sancho-Tello et al. 1995). Expression of HSV-TK induces 

phosphorylation of nucleoside analogs, such as ganciclovir, which incorporate into DNA 

during replication causing a blockade of DNA synthesis and induction of apoptosis (Elion 
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et al. 1977; Furman et al. 1980).  Ablation of neurogenesis in adulthood using these 

transgenic GFAP-TK rats spares general locomotion and baseline anxiety behaviors, but 

induces deficits in sucrose preference (Snyder et al. 2016). While current studies have 

focused on the investigation of the function of neurogenesis in adulthood, administration 

of ganciclovir during the postnatal period can allow for study of proliferation during this 

time.  

 The functional importance of the sex difference in developmental cell genesis in 

the hippocampus remains elusive, but GFAP-TK transgenic animals provide a strategy to 

understand the significance of greater cell genesis in the male DG. Proliferation in male 

transgenic animals can be blunted during the period of the sex difference, resulting in a 

feminized proliferative profile. Behaviors can then be compared between control males, 

transgenic males that generate similar numbers of new cells in the DG as females and 

control females to better understand which, if any, behaviors are sexually differentiated 

by early cell genesis within the DG.  

 The hippocampus contributes to a broad range of behaviors that traditionally 

includes spatial recognition, learning, memory, anxiety and stress regulation. Evidence 

suggests, hippocampal function is separated along the dorsal/ventral axis. The dorsal pole 

of the hippocampus is involved in learning and spatial memory (Moser, Moser, and 

Andersen 1993; Hock and Bunsey 1998; Pothuizen et al. 2004), while the central 

hippocampus regulates emotional behaviors (Dedovic et al. 2009; Jacobson and Sapolsky 

1991; Bannerman et al. 2003; McHugh et al. 2004). In order to determine the role of 

elevated cell production in the male neonatal hippocampus, we first had to determine if 
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the sex difference in cell genesis was anatomically localized to either the dorsal or ventral 

pole, or if it was found throughout the entire hippocampus.  

 Sex differences exist in behaviors that depend on both the dorsal and ventral 

zones of the hippocampus. Behaviors dependent on the dorsal hippocampus, spatial 

navigation and memory, are most often assessed by mazes. The MWM is a behavioral 

task that utilizes the latency of a rat to identify a hidden, submerged escape platform 

using extramaze cues, to assess spatial learning and memory (Morris 1984). Adult 

reproductive age males are reported to acquire the water-maze task faster than adult 

reproductive age females (Williams and Meck 1991; Galea, Ossenkopp, and Kavaliers 

1994; Galea, Kavaliers, and Ossenkopp 1996).  Further investigation indicates this is a 

sex difference in strategy, rather than skill, and that superior male performance is due to 

testing bias. In the MWM, males utilize environmental geometry to orient themselves 

toward the platform and females primarily rely on landmark cues to do the same 

(Rodríguez et al. 2010). MWM strategy can be determined by training an animal to find a 

platform with both geometric and landmark cues marking the position of the platform. 

Once the animal is trained, they are given test trials without the platform, during which 

the two cues are placed at 180° from each other, which allows animals to orient towards 

the cue of their choice. In this way, the strategy the animal uses to locate the platform is 

revealed, by whichever cue they orient to. Since males, on average, more often utilize 

geometric cues and females landmark cues, if MWM strategy is dependent on early DG 

proliferation we predicted that transgenic GFAP-TK males with blunted proliferation 

would alter their strategy to favor landmark cues.  



124 

 

 Ventral hippocampus-dependent emotional behaviors are also different in males 

and females. The EPM consists of a plus-shaped apparatus with two open and two 

enclosed arms. Rodents have an aversion to open spaces and naturally confine themselves 

to the closed arms of the maze (Treit, Menard, and Royan 1993). An increase in the 

proportion of time spent in the opens arms is indicative of anxiolytic behavior (Pellow et 

al. 1985). Female rats exhibit more open arm activity than males, which is indicative of 

less anxiety-like behavior in female rats compared to males in the EPM (Johnston and 

File 1991; Frye, Petralia, and Rhodes 2000). Should early neonatal proliferation 

contribute to organization of this anxiety-related behavior, we anticipated that 

feminization of the proliferative profile in male GFAP-TK rats would increase entrances 

in to and duration of time spent within the open arms of the EPM.  

 The HPA axis initiates stressful responding, but the hippocampus acts on this 

system to inhibit stress responses (Jankord and Herman 2008). Stress responsivity is 

commonly assessed by measurement of corticosterone elevations following restraint. 

Female rats have higher basal serum corticosterone levels and increase circulating 

corticosterone to a greater extent than males, following restraint stress (Babb et al. 2013). 

The robust sex difference in stress responsivity presents another possible function for 

sexually differentiated early hippocampal cell genesis. If higher proliferation in the 

neonatal male hippocampus mediates later stress activity following restraint, we 

predicted that blunting of proliferation in GFAP-TK males would increase their basal 

serum corticosterone and also increase the proportion of corticosterone elevation after 

restraint.  
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 The behaviors that have been proposed, thus far, are temporally disparate from the 

time after birth when the sex difference in cell genesis occurs. There is evidence that 

alterations to proliferation during development of the hippocampus can affect behaviors 

later in life, possibly through disruptions in cell integration and circuit formation (Fang, 

Xue, and Cang 2012; Chen et al. 2015), but we were also interested in more  

developmental behaviors. BI is a defensive behavior that is most robust on PN14. After 

cell division, new cells require about 14 days to differentiate, migrate and begin to 

integrate into functional circuits. Therefore, the greater number of new cells produced in 

the male DG at PN0, differentiate and integrate right around the time that BI develops. BI 

consists of the cessation of movement and vocalizations following the presentation of the 

odor of a predator (Takahashi 1992). Development of BI is dependent on the DG 

(Takahashi 1995) and early granule cell production in the DG has been implicated in 

execution of appropriate BI. Neonatal administration of corticosterone reduces cell 

proliferation in the DG and also increases duration of immobilization in tests of BI 

(Gould and Cameron 1996). Conversely, inhibition of NMDA receptors with CGP 43487 

increases granule cell proliferation dose dependently and BI declines with increasing 

doses of CGP 43487 (Gould and Cameron 1997).  The correlation of early cell genesis 

within the DG and BI duration suggests that males with elevated rates of proliferation 

early in life may exhibit reduced BI compared to females who generate less cells during 

this time. We also predicted that blunting of proliferation in GFAP-TK male animals 

would increase BI, making it more comparable to immobility observed in females.  

 By shifting the treatment paradigm for GFAP-TK rats, we sought to develop a 

novel approach to characterize the function of greater cell genesis in the hippocampus of 
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the neonatal male. With this understanding, we can better elucidate the etiology of 

existing sex differences in hippocampally-dependent behaviors and identify potential 

consequences of alterations to proliferation within the hippocampus during development.  

 

Methods 

Dorsal/Ventral BrdU Quantification 

On PN0 and PN1 pups were injected with BrdU (100 mg/kg, IP). Six hours after final 

injection on PN1, pups were transcardially perfused with 0.9% saline and 4% 

paraformaldehyde. Slides were prepared and immunohistochemistry was performed and 

quantified for BrdU, as described in the General Methods, with the exception that 

quantification was divided into the dorsal and ventral subregions. The dorsal subregion was 

defined as the first four sections after the appearance of both blades of the DG, whereas 

the ventral region was the first four sections after the lateral edge of the hippocampus dips 

below the dorsal third ventricle. Data was analyzed by two-way repeated measures 

ANOVA and post hoc pairwise comparison using the Holm’s sequential Bonferroni 

correction to control for familywise error. All statistical tests used α<0.05 as the criterion 

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

Ganciclovir Optimization 

On PN0, tail snips were collected from pups were genotyped. GFAP-TK females were 

excluded from the study. The remaining pups were injected ICV with either 156.25 or 

312.5 ng of ganciclovir in 5% DMSO or vehicle bilaterally on PN0-PN2. Each day, two 

hours after ganciclovir injection, pups were administered 50 mg/Kg BrdU. On PN2, six 
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hours after the last BrdU injection, pups were transcardially perfused with 0.9% saline 

and 4% paraformaldehyde. Slides were prepared and immunohistochemistry was 

performed and quantified for BrdU, as described in the General Methods. Effects of 

ganciclovir treatment on proliferation in the amygdala was quantified in these same 

slides. Data was analyzed by two-way ANOVA and post hoc pairwise comparison using 

the Holm’s sequential Bonferroni correction to control for familywise error. All statistical 

tests used α<0.05 as the criterion for significance. Data in graphical form represent the 

mean ±SEM for each group. 

Behavioral Inhibition 

Animals were genotyped on PN0 and again GFAP-TK females were excluded from the 

study. From PN0-PN2, pups were injected with the blunting dose of ganciclovir (312.5 

ng in 5% DMSO bilateral ICV) and administered BrdU (50m/Kg) two hours after 

ganciclvoir administration. Animals were reared normally until PN14 and then assessed 

for BI. Briefly, pups were exposed to the arena containing the empty social interaction 

box for five minutes, while exploration was video recorded. Approximately two hours 

later, animals were re-exposed to the arena that now contained an adult male rat in the 

social interaction box. Pups were allowed to explore freely and again for five minutes and 

were videotaped. Video recordings were scored for the duration of immobility. A more 

detailed description can be found in the General Methods. Data was analyzed by two-way 

ANOVA and post hoc pairwise comparison using the Holm’s sequential Bonferroni 

correction to control for familywise error. All statistical tests used α<0.05 as the criterion 

for significance. Data in graphical form represent the mean and ±SEM for each group. 
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Assessment of survival  

On each day of ganciclovir administration (PN0-2) and every other day thereafter, 

animals were evaluated for health and survival. Data was analyzed by Log-rank (Mantel-

Cox) Test. All statistical tests used α<0.05 as the criterion for significance.  

 

Results 

Neonatal males generate more new cells in the both the dorsal and ventral DG 

Examination of BrdU+ in males in females in the dorsal and ventral regions of the DG 

revealed a main effect of sex, as males generate more new cells in both the dorsal DG and 

the ventral DG (F[1,11] = 9.126; p = 0.0116; Figure 27). Proliferation in the dorsal and 

ventral regions of the hippocampus did not significantly differ (F[1,11] = 0.1771, p = 

0.6820).   

Ganciclovir administration can blunt proliferation in the developing male DG 

Ganciclovir dose-dependently reduced cell genesis in the DG of male GFAP-TK animals 

(F[3,9] = 11.80, p = 0.0018; Figure 28). While 156.25 ng of ganciclovir injected 

bilaterally ICV in GFAP-TK males did not significantly reduce proliferation compared to 

control males (t[6] = 1.456, p = 0.1956; Figure 28), 312.5 ng of ganciclvoir administered 

to each ventricle of GFAP-TK males did induce a significant decline in proliferation 

relative to controls (t[7] = 5.903, p = 0.0006; Figure 28). Cell genesis significantly 

differed in control males and females (t[6] = 4.112, p = 0.0063; Figure 28), but blunting 

of GFAP-TK males with the 312.5 ng dose of ganciclovir eliminated this sex difference 

(t[3] = 0.1545, p = 0.8870; Figure 28).  
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Figure 27. Males make more new cells in both dorsal and ventral regions of the 

DG. Male and female rat pups were injected BrdU (100 mg/Kg) on PN0 and PN1. 

On PN1, animals were euthanized six hours after BrdU treatment. Brains were 

collected and quantified for BrdU immunohistochemistry. A main effect of sex was 

revealed, as males made more new cells in all subregions of the DG (F[1,11] = 9.126; 

p = 0.0116). There was no interaction of sex with subregion (F[1,11] = 0.4575, p = 

0.5128). Male, n = 7/subregion; female, n = 6/subregion; two-way ANOVA and 

pairwise comparisons with Bonferroni correction: *p<0.5. 
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Figure 28. Determination of ganciclovir dosing to blunt male proliferation 

within the DG. Male and female rat pups were injected bilaterally ICV with 

different doses of ganciclovir on PN0-2 and then with BrdU (50 mg/Kg) two ours 

later. On PN2, animals were euthanized 6 hours after BrdU treatment. Brains were 

collected and quantified for BrdU immunohistochemistry. Ganciclovir dose 

dependently decreased proliferation in the DG of GFAP-TK males (F[3,9] = 11.80, 

p = 0.0018). 312.5 ng of ganciclovir administered bilaterally ICV to GFAP-TK 

males significantly reduced BrdU+ cell number, relative to control males (t[7] = 

5.903, p = 0.0006). The decline in proliferation in GFAP-TK males given 312.5 ng 

of ganciclovir made it so they produced similar numbers of new cells in the DG as 

control females (t[3] = 0.1545, p = 0.8870) Male vehicle, n = 6; Male GFAP-TK tx 

with 156.25 ng ganciclovir n=2; Male GFAP-TK tx with 312.5 ng ganciclovir n=2; 

Female vehicle, n = 2;  **p<0.01, ***p<0.001. 
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Ganciclovir treatment ICV does not affect proliferation in the amygdala 

Cell proliferation in the amygdala, following ICV injection of 312.5 ng of ganciclovir 

bilaterally, did significantly vary between control males, GFAP-TK males and control 

females (F[2,5] = 9.344, p = 0.0205; Figure 29). The difference was driven by a 

previously reported sex difference, in which females generate more new cells than males  

the developing amygdala (t[4] = 4.288, p = 0.233; Figure 29; Krebs-Kraft et al. 2010).  

Proliferation in the amygdala of GFAP-TK males did not significantly differ from control 

males (t[4] = 0.4304, p = 0.6890; Figure 29).  

Blunting proliferation in the male DG during development increases BI and eliminates 

the sex difference 

In the presence of an adult male rat, all pups became immobile, regardless of sex or 

genotype (F[1,21] = 85.64, p < 0.0001; Figure 30). The time spent immobile upon 

introduction of the adult male rat differed between control males, GFAP-TK males, in 

which proliferation in the DG was blunted, and control females (F[2,21] = 4.238, p = 

0.0284; Figure 30). Control females spent more time immobile in the presence of the 

predator than control males (t[8] = 2.445, p = 0.0402; Figure 30) and there was a trend 

toward increased immobility time in males, in which, proliferation was blunted in the DG 

(t[7] = 2.177, p = 0.0660; Figure 30), such that it was indistinguishable from the duration 

of immobility in control females (t[5]  = 0.3054 , p = 0.7724; Figure 30).   
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Figure 29. A blunting dose of ganciclovir administered ICV does not affect 

proliferation in the developing amygdala. Male and female rat pups were injected 

with ganciclovir on PN0-2 and then with BrdU (50 mg/Kg) two ours later. On PN2, 

animals were euthanized 6 hours after BrdU treatment. Brains were collected and 

quantified for BrdU immunohistochemistry. Proliferation in the amygdala did 

significantly differ between control males, GFAP-TK males and control females (F[2,5] 

= 9.344, p = 0.0205). There was no difference in BrdU+ cell number in the amygdala 

of control males and GFAP-TK males (t[4] = 0.4304, p = 0.6890), but males and females 

did significantly differ  (t[4] = 4.288, p = 0.233), as previously reported. Control males, 

n=3; GFAP-TK males, n=3, control females, n=2; **p<0.01, ***p<0.001. 
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Figure 30. Blunting of proliferation in the male DG increases BI to female-like 

levels. Male and female rat pups were injected with ganciclovir (312.5 ng bilaterally 

ICV) on PN0-2 and then with BrdU (50 mg/Kg) 2 hrs later. Animals were reared 

normally until PN14 and then BI was assessed. There was a main effect of exposure, as 

all animals displayed more immobility in the presence of the adult male predator 

(F[1,21] = 85.64, p < 0.0001). Immobility during theexposure differed as a result of sex 

and treatment (F[2,21] = 4.238, p = 0.0284). Control females were more immobile 

during exposure than control males (t[8] = 2.445, p = 0.0402) and there was a trend for  

blunting of proliferation in GFAP-TK males to increase male immobility time (t[7] = 

2.177, p = 0.0660). Male vehicle, n = 6; Male GFAP-TK, n=4; Female vehicle, n=4; 

two-way ANOVA and pairwise comparisons with Bonferroni correction: *p<0.5, 

**p<0.01, ***p<0.001. 
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Administration of a blunting dose of ganciclovir causes greater mortality in GFAP-TK 

males 

Following administration of the dose of ganciclovir that induces feminization of the 

proliferative profile in GFAP-TK males, survival in these transgenic animals was 

significantly altered (χ2(1, N = 38) = 11.11, p = 0.0039; Figure 31). By PN24, 88.8% of 

GFAP-TK males had died, compared to 20% in control males and 14% in control 

females.  

 

Discussion 

            Continued neurogenesis in the hippocampus has been implicated in a number of 

different processes, including hippocampal-dependent learning and antidepressant 

efficacy (Kempermann, Kuhn, and Gage 1997; Gould et al. 1999; Santarelli et al. 2003). 

Until recently, there have been no techniques available that specifically modulate 

proliferation in rats, making it impossible to reach definitive conclusions on the function 

of newborn cells in the hippocampus after birth. Using the newly developed GFAP-TK 

transgenic rat (Snyder et al. 2016), we were able to successfully blunt proliferation in the 

male DG to resemble proliferation in the female DG, during the first week of life. We 

were able to use this novel strategy to investigate the function of sexually differentiated 

newborn cell number in the neonatal hippocampus. At two weeks of age, female rat pups 

displayed greater immobility in the presence of an adult male rat, indicating more robust 

BI responses compared to males. Blunting of proliferation in male GFAP-TK rats 

increased behaviorally inhibited responses. Unfortunately, no other later behaviors could 

be tested as pups did not survive beyond weaning. The source of mortality is unknown,
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Figure 31. Survival curve of animals administered blunting doses of GCV. Male 

and female rat pups were injected with ganciclovir (312.5 ng/ICV) on PN0-2 and then 

with BrdU (50 mg/Kg) 2 hrs later. Animals were reared normally, assessed for BI at 

PN14 and weaned at PN21. Administration of a blunting dose of ganciclovir 

differentially affected survival (χ2(1, N = 38) = 11.11; p = 0.0039). GFAP-TK male 

surivavl was signficantly reduced with this treatment. Male vehicle, n = 15; Male 

GFAP-TK n=9; Female vehicle, n = 14. 
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but under investigation. Further refinements to our novel strategy will hopefully provide 

tools to access contributions of early cell genesis to these behaviors as well.     

                   To date, all studies with the GFAP-TK rat have involved administration of 

valganciclovir, an oral prodrug of ganciclovir, which is the nucleoside analog substrate 

that is phosphorylated by the HSV-TK transgene and upon incorporation, induces 

blockade of transcription and apoptosis. While this approach has successfully ablated 

neurogenesis in the adult rat, it requires administration of valganciclovir over at least a 

week (Snyder et al. 2016). The prolonged period of administration is not ideal for study 

of our sex difference that is limited to the first week. Our novel strategy, which 

introduces ganciclovir directly into the brain, reduces proliferation in the DG in just three 

days. Administration of ganciclovir into the brain also enables titration of the drug so that 

proliferation can be blunted, instead of completely ablated. Some behaviors of interest, 

particularly those involved in anxiety and stress regulation, involve the amygdala, which 

also continues to proliferate after birth (Krebs-Kraft et al. 2010). However, due to 

targeted injections, no alterations in proliferation were identified in this brain region. This 

enhances our confidence that any behavioral alterations observed as a result of 

proliferative blunting are due to these effects within the DG. Further investigation is 

necessary to examine effects on other brain regions and to determine the duration of 

blunting in the brain. 

 Animals whose cell genesis was blunted did not survive past weaning, so the 

effects of this developmental disruption were only examined on BI, as this behavior is 

assessed at PN14. Males were found to generate more new cells in both the dorsal and 

ventral subregions of the hippocampus, compared to females. Thus spatial navigation and 
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memory dependent on the dorsal subregion of the hippocampus, as well as, emotion and 

stress regulation governed by the ventral hippocampus, could be influenced by sex 

differences in neonatal proliferation within the DG. BI is believed to be more dependent 

on the ventral DG (Kim and Fanselow 1992; Phillips and LeDoux 1992; Takahashi 

1995). In the future, the approach to blunting will be refined to hopefully limit the effects 

on proliferation to the DG, which should improve mortality and allow for assessment of 

tasks of spatial navigation and memory and additional behaviors dependent on the ventral 

hippocampus. Although the effects of blunting cell genesis in males could only be 

characterized for BI, these results provided some indication of the function of elevated 

cell genesis in the DG of developing males. Males and females displayed similar 

exploratory behavior when habituated to the novel arena, but upon introduction of the 

adult male predator, females engaged in more freezing behavior, indicative of a more 

robust BI response. Previous research suggests a negative correlation between neonatal 

proliferation in the DG and BI (Gould and Cameron 1996, 1997). Females, who have less 

cell genesis in the DG in the early period compared to males, froze longer in response to 

the adult male, as we predicted, based on this negative correlation. We also predicted that 

blunting proliferation in male GFAP-TK animals, causing them to assume a feminized 

proliferative profile, would similarly alter BI and increase freezing time.  There was a 

strong trend for blunted GFAP-TK males to freeze more in the presence of an adult male 

predator, compared to control males. The elevated freezing response in males after 

blunting was similar in duration to female freezing in response to the predator exposure. 

This data provides strong preliminary evidence that elevated proliferation in the newborn 

male DG acts to suppress BI during the second developmental week.  
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 A proposed medial hypothalamic defensive system (MHD system) is thought to 

underlie the neural circuitry of BI expression (Canteras 2002). The MHD is made up of 

the dorsal premamillary nucleus, anterior hypothalamus and dorsomedial portion of the 

ventromedial hypothalamus (Risold, Canteras, and Swanson 1994; Canteras and Swanson 

1992). One of the major pathways between the hippocampus and the MHD involves 

projections from the hippocampus to the ventrolateral zone of the rostral part of the 

lateral septal nucleus (LSrvld; Risold, Canteras, and Swanson 1994). The LSrvld contains 

GABAergic projections that provide inhibitory input to the premammillary nucleus and 

anterior hypothalamus (Canteras and Swanson 1992; Risold, Canteras, and Swanson 

1994; Newton S. Canteras 2002). Thus, the hippocampus, through activation of inhibitory 

signaling in the LSrvld, suppresses BI. Males generate new cells immediately after birth 

and more of these cells differentiate into mature neurons (Zhang et al. 2008; Bowers, 

Waddell, and McCarthy 2010). Neuronal maturation and integration requires about two 

weeks and so males will have more new neurons right at the period in which they display 

comparatively less BI than females. Males could possibly demonstrate less BI, as a result 

of enhanced signaling of newly matured and integrated neurons to the LSrvld, which 

inhibits BI. Subsequent studies will characterize projections from male and female 

hippocampus to the LSrvld to understand if sex differences in these projections contribute 

to differences in BI between males and females.  

Though ganciclovir successfully decreased proliferation in GFAP-TK males, a 

significant number of these animals did not survive weaning. Though ICV administration 

of ganciclovir appeared to be fairly anatomically localized, as no effects were detected in 

the amygdala, clearly other cells in different brain regions were affected by this general 
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approach. During habituation to behavioral inhibition, before the adult male is 

introduced, control animals and animals subject to blunting displayed similarly low levels 

of freezing behavior. Regardless of treatment, all animals explored the novel environment 

for the same duration, indicating that a deficit in locomotion is not the cause of increased 

mortality following weaning. Prior to weaning, pups are dependent on their mother to 

provide nutritional sustenance. At weaning, pups are separated from the mother and must 

initiate feeding and watering on their own. The lateral hypothalamus functions as a 

hunger center (Anand and Brobeck 1951). Lesion of this brain region induces aphagia 

(Hervey 1959), whereas stimulation causes animals to resume eating even after satiation 

(Roberts and Carey 1965).  

 Most brain regions do not continue to make new cells after birth, except for the 

SGZ of the DG and SVZ, in which neurogenesis continues into adulthood (Altman and 

Das 1965; Altman 1969). However, several other brain areas continue to develop into the 

postnatal period, including the hypothalamus (Evans et al. 2002; Cheng 2013). Tanycytes 

are a radial glia-like cell population that occupy the floor and ventro-lateral walls of the 

third ventricle. These cells are the proposed hypothalamic precursors, as they share 

characteristics of neuronal precursors in other brain regions, including positive GFAP 

expression (Lee and Blackshaw 2012; Li, Tang, and Cai 2012; Haan et al. 2013; Robins 

et al. 2013). Tanycytes are exposed to cerebrospinal fluid and maintain access to plasma 

metabolites, putting them in a position to relay information regarding the contents of this 

space to projections sites of hypothalamic neuronal nuclei that regulate appetite and 

energy expenditure (Langlet et al. 2013; Bolborea and Dale 2013). Since these cells 

possess GFAP and are readily accessible by the ventricular system, it is possible that 
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administration of ganciclovir, ICV, to ablate cells in the DG could have also induced cell 

death of tanycytes. Tanycyte death could potentially contribute to a failure to thrive after 

weaning because of their connections with nuclei important for appetite regulation.  

Studies into the function of postnatal hypothalamic neurogenesis have primarily 

been restricted to adulthood. These studies implicate adult neurogenesis in the 

hypothalamus in weight regulation, metabolic homeostasis and limited feeding (Kokoeva 

2005; Pierce and Xu 2010), processes that result in reduced metabolic intake and weight 

gain. In contrast, our findings provide potential evidence that proliferation in the neonatal 

hypothalamus promotes metabolic intake. This would suggest that proliferation in the 

hypothalamus during the early postnatal and adult periods exert opposite control of 

aspects of hunger and metabolic drive. Further research is necessary to investigate 

alterations in cellular proliferation of the hypothalamus and to probe the role of new 

hypothalamic cells in the ability to thrive after weaning.   

 In this chapter, we provide evidence for the function of the sex difference in 

newborn cell genesis.  Elevated cell genesis in the male DG during the first week of life 

diminishes BI. Increased BI, following corticosterone exposure, is believed to develop as 

a response to rearing in a stressful environment, where early development of freezing 

behavior is critical  (Gould et al. 1999). In rats, parental care is nearly exclusively 

provided by the female. Females communally nest in colonies that are frequently 

monopolized by a single male. Females provide nutrition and tactile support to young 

pups, but at weaning female offspring remain in the colony, while young males disperse.  

Therefore, differences in BI may arise to prepare for later behavioral responses. Males 

must leave the nest, explore and find other animals to mate with. Excessive BI could 
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impair their ability to establish their own colony. Whereas in females, early development 

of freezing behavior is beneficial, as a defensive mechanism to ensure their survival and 

protection for their pups. Ultimately, sex differences in cell genesis may arise to shape 

the differences observed in BI, optimized for different behavioral roles of males and 

females in adulthood.   
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VIII. GENERAL DISCUSSION 

Rethinking the Role of Hormones in Sexual Differentiation of the Hippocampus 

 The dominant model of sexual differentiation asserts that genetic sex initiates 

differentiation of the gonads, which then release gonadal hormones that determine brain 

sex. Though this linear model is simple and unifying, growing evidence indicates that 

across the brain, sex differences arise from diverse signals originating from differences in 

the genome and are specific to individual tissues or brain regions. A more appropriate 

parallel-interactive model has been suggested that encompasses the broad molecular 

signals and pathways that participate in sexual differentiation and also includes 

synergistic and compensatory interactions (McCarthy and Arnold 2011).  

 The dominant hormonal theory of sexual differentiation shaped our initial 

approach to understanding the etiology of the sex difference in cell genesis in the rat 

hippocampus during the perinatal sensitive period. Exogenous estradiol increases 

production of new cells in the DG of females to that of males (Zhang et al. 2008; Bowers, 

Waddell, and McCarthy 2010). Treatment of males with an estradiol synthesis inhibitor 

and an ER antagonist reduces cell genesis to below that of females (Bowers, Waddell, 

and McCarthy 2010). These findings suggest that higher levels of estradiol in the 

neonatal male hippocampus coordinates the sex difference in neonatal cell genesis, true 

to the traditional view of sexual differentiation. This cannot be the case, though, as there 

is no sex difference in hippocampal estradiol prior to or during the period of higher male 

cell genesis (Konkle and McCarthy 2011). While steroid modulation may alter the 

hippocampal cell genesis endpoint, it is not the source of the sex difference. This is not to 

say that the role for gonadal hormones in organization of the neural substrate should be 
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questioned in all brain regions. Numerous sex differences in neural and behavioral 

phenotypes are nearly entirely sexually differentiated by perinatal gonadal steroid 

hormones. Instead, data from the developing hippocampus reinforces the notion that the 

source of sex differences in the brain are diverse and occur as a result of the integration 

of multiple factors. Though recognized as the primary mechanism of sexual 

differentiation, the field must begin to accept that gonadal hormones may often act as 

parallel contributors that converge on the same end-phenotypes produced by other 

mechanisms of differentiation.  

Compiling Evidence for Active Epigenetic Repression of Masculinization  

Another tenet of the classic dogma of sexual differentiation asserts that 

feminization of the brain is the default developmental pathway.  Whereas masculinization 

is mediated by gonadal steroids during the perinatal period, feminization does not require 

active secretion of ovarian steroids (McCarthy 2008). The absence of hormones to 

feminize the developing brain has contributed to the belief that the neural anatomy and 

physiology in the female brain arises by default.  Recent research suggests a paradigm 

shift away from this traditional view of brain sexual differentiation and indicates that 

feminization of the brain requires active suppression of masculinization. Greater DNA 

methylation, subsequent to higher DNMT activity, in the developing POA of the female 

silences genes necessary for masculinization (Nugent et al. 2015). Thus the female brain 

is not simply the default developmental pathway, but actually plays an active role, using 

epigenetics, to suppress masculinization. Our discovery that females have greater HDAC 

activity in the developing hippocampus provides further evidence of active feminization 

in the female brain, through epigenetic suppression. Initially we hypothesized that 
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epigenetic suppression was also important for masculinization of cell genesis in the male 

hippocampus. Males were found to have greater DNA methylation, a canonical means of 

epigenetic suppression. Contrary to the classic action of DNA methylation, we 

discovered that elevated DNA methylation in the male DG correlated with gene 

transcription. While epigenetic regulation is important for broad sexual differentiation of 

the brain, epigenetic suppression may be a primary mechanism in females, to actively 

prevent masculinization across the brain.  

Absence of Epigenetic Crosstalk Sheds Light On Mechanisms of Permissive Methylation 

There is much crosstalk between DNA methylation and histone modifications 

(Cedar and Bergman 2009; Du et al. 2015). With the help of the adaptor molecule, 

heterochromatin protein 1, DNMTs can recognize specific histone modifications and 

direct their activity to regions of the nucleosome enriched in these marks (Brenner and 

Fuks 2007). HDACs are also recruited to sites of DNA methylation by methyl binding 

proteins such as MecP2, MBD1 and Kaiso (Hendrich and Bird 1998; Nan et al. 1998). 

Our discovery of increased DNA methylation in the male DG and elevated HDAC 

activity in the same region of the female, suggests that histone acetylation and DNA 

methylation may also act independently. Administration of ZEB to reduce methylation, 

caused a reduction in BDNF expression in the male DG, suggesting that elevated 

methylation in the male DG is primarily permissive. Permissive DNA methylation is 

localized to the gene body (Jones 2012), but little is known about how this methylation is 

established. Though gene body methylation does not block transcription, the associated 

chromatin is marked by the repressive histone modification, H3K9me3, and is bound by 

MecP2, which are features associated with repressed transcription, when present at 
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transcriptional start sites (Nguyen, Gonzales, and Jones 2001). We find that although 

males contain greater methylation in the DG, this does not translate into increased HDAC 

activity, which would be predicted by classic mechanisms of DNA methylation-directed 

repression. Thus our data indicates that perhaps the inability of these methylated DNA 

sites to recruit HDACs, despite protein complexes which normally do so, may contribute 

to their permissive actions on transcription.  

Possible Contributions of Chromosomal Complement in Regulating Differential 

Methylation 

All sex differences ultimately stem from the inherent imbalance of genes encoded 

by the sex chromosomes, but direct contributions of sex chromosome encoded genes on 

sex differences have largely been discounted (McCarthy and Arnold 2011). Given that 

gonadal hormones are not the source of our sex difference, possible chromosomal 

contributions must be considered. Females possess two copies of the X chromosome, 

whereas males only have one. To ensure that females do not produce twice as many X 

chromosome gene products as males, one X chromosome is subject to X-inactivation. X-

inactivation is a process by which one copy of the X chromosome is transcriptionally 

silenced. The X chromosome has an X-inactivation center (XIC) that is both necessary 

and sufficient to cause X-inactivation (Rastan and Robertson 1985). XIC contains four 

non-translated RNA genes, most notably Xist and Tsix (Borsani et al. 1991; Brockdorff 

et al. 1991; Brown et al. 1991; Lee, Davidow, and Warshawsky 1999). Xist physically 

coats the X chromosome destined for inactivation. Tsix is transcribed antisense to Xist 

and negatively regulates Xist expression. The mechanism by which Tsix down regulates 

Xist remains unclear, however, it has been suggested this may proceed through an RNAi-
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like mechanism (Ogawa, Sun, and Lee 2008; Augui, Nora, and Heard 2011). While X-

inactivation effectively silences the majority of genes on the target X chromosome, a 

fraction of genes escape inactivation. Escaped genes make up to one quarter of the genes 

on the human X chromosome and from 3-15% of genes on the X chromosome of the 

mouse (Carrel and Willard 2005; Calabrese et al. 2012; Berletch et al. 2015). Gene 

escape from X-inactivation contributes to distinctly different gene expression profiles in 

males and females. Differential chromosomal complement in males and females 

contributes to many sex differences and is likely to contribute to sexually differentiated 

epigenetic regulation that mediates the sex difference in cell genesis in the developing 

hippocampus. 

We identified GADD45α as a potential key regulator of the sex difference in 

DNA methylation. GADD45α is extensively regulated, both transcriptionally and post-

transcriptionally (Lal and Gorospe 2006). Constitutively low levels of GADD45α are 

maintained through the action of transcriptional repressors. c-Myc, a proto-oncogene, 

represses basal GADD45α expression (Marhin et al. 1997; Amundson et al. 1998), 

whereas deletion of c-Myc de-represses transcription of GADD45α (Bush et al. 1998). A 

second repressor of GADD45α is the zinc finger protein ZBRK1, which interacts with the 

tumor suppressor BRCA1 to inhibit GADD45α transcription (Zheng et al. 2000; Tan 

2003). Several transcriptional inducers can also up regulate GADD45α expression. 

Among these are the transcription factors p53, WT1, Oct-1, NF-YA FoxO3a and Egr-1 

(Kastan et al. 1992; Zhan et al. 1998; Jin et al. 2001; Takahashi et al. 2001; Hirose et al. 

2003; Tran 2002). After GADD45α is transcribed, the transcript is subject to further post-

transcriptional regulation. Two RNA-binding proteins, AU-rich element RNA-binding 
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factor 1 (AUF1) and T-cell-restricted intracellular antigen-1 (TIAR), associate with 

GADD45α mRNA. AUF1, a family of four alternatively spliced proteins (W. Zhang et al. 

1993), renders GADD45α mRNA unstable and subject to degradation (Lal et al. 2006). 

TIAR, a set of two proteins that also arise from alternative splicing inhibits the 

association of GADD45α mRNA with polysomes, to suppress its translation (Lal et al. 

2006). GADD45α is located on chromosome 1 and so escape of X-inactivation cannot 

explain elevated levels of expression in the female DG. Alternatively, transcriptional 

inducers located on the X chromosome could sex-dependently increase GADD45α 

expression, but again, none of the factors discussed are found on this chromosome.   

MicroRNAs (miRs) are 22-24 nucleotide, non-coding RNAs that exert fine-tuned 

control of gene expression through alterations in stability of translation rates. miRs bind 

to mRNAs by base pairing between a short 2-8 nucleotide seed sequence on the miR and 

its target. Binding recruits other miR associated proteins such as Arganout2 and induce 

degradation of the target mRNA (for review see He and Hannon 2004). The X 

chromosome is enriched in miRs. Approximately 10% of all recognized miRs are 

encoded on the X chromosome of humans and many are intronic and thus share 

regulatory units with genes of the X (Pinheiro, Dejager, and Libert 2011). X-linked miRs 

are a potential source for differential regulation of factors important for GADD45α 

regulation. c-Myc, the major transcriptional repressor of GADD45α, is targeted by miR-

452 and overexpression of this miR negatively regulates this oncogene (Liu et al. 2013). 

miR-452 is encoded on the X chromosome and while it has not explicitly been 

determined whether this gene escapes X inactivation, it is up regulated in certain cell 

types in females compared to males (Hewagama 2013). Let-7b is another microRNA that 
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is not encoded on the X chromosome, but is up regulated in the developing hippocampus 

of female rats through some other means (McCarthy et al. 2015). This miR also targets 

and down regulates c-Myc (Kim et al. 2009). Greater expression of either mir-452 or 

Let7b in the DG of females could contribute to reduced c-Myc expression and limited 

transcriptional repression of this proto-oncogene on GADD45α.  

miR targeting is a well-recognized means, by which, the X chromosome can 

influence autosomal gene expression, but differences in chromosomal complement can 

potentially alter gene expression through other mechanisms as well. Neuroinflammation 

is greater in the developing male brain. Regions of the male brain contain more microglia 

and these microglia are maintained in a more activate state (Lenz et al. 2013). The source 

of greater neuroinflammation in the developing male brain has yet to be determined. 

Immune responses mount in response to the presentation of a foreign antigens. During 

pregnancy the maternal and fetal blood do not mix, but nutrients and wastes are 

exchanged and cells can actually cross the placenta. This allows for fetal cells to pass into 

the mother and for maternal cells to also pass into the fetus (Hall et al. 1995; Petit et al. 

1997). Foreign cells from the fetus may trigger a maternal immune (MIA) response in the 

mother. The Maternal Immune Hypothesis asserts that immunization of mothers to male 

fetuses results in maternal immune attack incited by a male fetal antigen, due to the 

unique Y chromosome possessed by males, but not found in females (Blanchard 2001). 

Induction of MIA at E12.5 produces fetal microglial activation and so it is possible that 

the greater microglia number and inflammatory state in males is due, in part, to activation 

of the maternal immune system by male specific antigens. Activated microglia release 

immune signaling molecules, such as PGE2, which is also elevated in males the brain, 



149 

 

compared to females (Amateau and McCarthy 2004). Elevated prostaglandin production 

is the result of up regulation of the synthesizing enzymes for the proinflammatory 

molecule, COX-1 and COX-2 (Amateau and McCarthy 2004). These enzymes are 

inhibited by nonsteroidal anti-inflmammatory drugs (NSAIDs). NSAIDs induce up 

regulation of GADD45α through activation of melanoma differentiation associated gene-

7/Interleukin-24 (Zerbini et al. 2006). Though the mechanism is unknown, it likely 

involves reduction in prostaglandin levels, as this is primary action of these drugs. This 

suggests that reduced prostaglandin levels, present in the developing female brain, may 

up regulate GADD45α through this mechanism. The developing male brain, which 

persists in an inflamed state, due to MIA potentially induced through chromosomal 

incompatibility with the mother, may express less GADD45α as a result of elevated 

prostaglandin levels, subsequent to inflammation.  

Sex chromosomal complement dictates expression of other epigenetic regulators, 

which go on to alter autosomal gene expression. In addition to being acetylated, histones 

are subject to a diverse array of covalent modifications, including methylation. Histone 

methylation organizes a bivalent chromatin state, which is the simultaneous presence of 

activational and repressive marks on gene promoters that render these genes poised for 

expression. Trimethylation of lysine 4 of histone 3 (H3K4me3) promotes gene activation, 

whereas trimethylation of lysine 27 on histone 3 (H3K27me3) is associated with gene 

repression (Mikkelsen et al. 2007).  Utx (ubiquitously transcribed tetratricopeptide repeat 

gene on X chromosome) encodes a demethylase that catalyzes the removal of 

methylation at H3K27. Histone methyltransferase enzymes attach methyl groups in these 

particular locations and demethylases, such as UTX, coordinate methyl removal. Utx is 
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encoded on the X chromosome and escapes X inactivation (Mikkelsen et al. 2007). Due 

to this escape, Utx is expressed to a greater extend in females compared to males, in 

several brain regions of the developing brain, including the hippocampus (Xu et al. 

2008). Elevated Utx expression increases the demethylation of H3K27me3 resulting in 

less of the repressive marker. GADD45α is known to be extensively regulated by 

H3K27me3 (Williams et al. 2014, 53). X-directed greater UTX activity in the 

hippocampus of females could result in targeted demethylation and subsequent enhanced 

expression of GADD45α. 

Chromsomal Complement and Other Possible Contributions to Sex Differences in HDAC 

Activity 

We also found that elevated HDAC activity in the female DG acts to suppress cell 

genesis. HDACs 6 and 8 are both encoded on the X chromosome. HDAC6 escapes X-

inactivation and HDAC 8 may escape as well, though evidence is more controversial 

(Brinkman et al. 2006; Berletch et al. 2015; Chaligné et al. 2015). Escape from X-

inactivation of either of these deacetylases could contribute to greater HDAC activity in 

the DG of females. However, no sex difference was detected in expression of either 

HDAC 6 or 8, therefore it is unlikely that X-inactivation escape directly modulates the 

sex difference in activity. Alternatively, factors which modulate activity without altering 

gene expression must be responsible for enhanced HDAC activity in the female DG. 

HDACs are organized into classes based on similar structure and function. Each class is 

comprised of individual enzymes that are each encoded by a distinct gene and so while 

functionally related, are not technically isoforms of each other. Many individual HDAC 

proteins can consist of different forms, through single-nucleotide polymorphisms, 
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alternative splicings or various other mechanisms. These resulting isoforms can have 

distinct biological activities (Zhou et al. 2001; Seto and Yoshida 2014). Thus it is 

possible that although there was no sex difference in quantitative expression of HDAC 

enzymes, different HDAC isoforms may be differentially expressed in males and females 

and that the predominate HDAC isoforms in females are intrinsically more active. Gene 

isoform expression is known to differ by sex. Potential sources of sex differences in 

isoform expression include differential promoter usage, splicing variants and parental 

imprinting (Luco et al. 2011). Genomic imprinting is an epigenetic process, whereby 

certain genes are expressed in a parent-of-origin-specific-manner. Certain tissues are 

subject to imprinted X-inactivation, where there is specific inactivation of the paternal X 

chromosome (Takagi and Sasaki 1975; West et al. 1977). The majority of tissues in 

which X-inactivation is imprinted are extraembryonic, but there is also evidence for 

paternal X-inactivation within the brain (Wang, Soloway, and Clark 2010). Different 

HDAC isoforms with different activities could be inherited between male and female 

offspring, as a result of imprinted X-inactivation and could contribute to the sex 

difference observed in HDAC activity. Differential DNA methylation of alternative gene 

promoters has also emerged as mechanism for selective expression of specific transcript 

isoforms (Maunakea et al. 2010). Regardless of the source, many genes that have sex-

specific isoform expression do not display overall differential expression (Nugent et al. 

2015), making differential HDAC isoform expression a likely mechanism, by which, 

HDAC activity is greater in the female DG independent of a sex difference HDAC 

expression.   
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 HDAC activity depends on effective recruitment of HDACs to chromatin targets, 

which also involves epigenetic crosstalk. HDACs bind to a transcriptional-repression 

domain contained in the methyl binding protein, MeCP2 (Nan et al. 1998). Thus MeCP2 

links two global mechanisms of gene regulation, DNA methylation and histone 

deacetylation. Mecp2 is encoded on the X chromosome and while it is not known to 

escape X-inactivation with high frequency (Al Nadaf et al. 2012), expression is greater in 

some parts of the brain in females compared to males (Kurian, Forbes-Lorman, and 

Auger 2007). Knockdown of Mecp2 prevents HDAC recruitment and results in 

substantial increases in histone acetylation (Maunakea et al. 2010). Greater expression of 

Mecp2 in females, due to unrecognized contributions of chromosomal complement or 

other means, potentially could contribute to greater recruitment of HDAC enzymes to 

chromatin target which would ultimately result in greater HDAC activity within the 

developing female DG.  

Future Directions 

While we present convincing evidence for the role of sexually differentiated 

epigenetic regulation in organizing the sex difference in cell genesis within the 

developing hippocampus, several questions remain unanswered and future experiments 

will aim to address these. We have made clear that the epigenetic programming is not 

likely not due to hormonal contributions and elude to the idea that chromosomal 

complement contributes to these differences, but this must be tested. The gold standard 

for investigation of sex chromosomal contributions is the four core genotypes model, in 

which, the complement of sex chromosomes is dissociated from gonadal sex. In this 

model, the sry gene is translocated to an autosome and the Y chromosome is therefore no 
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longer testis-determining. Four types of offspring are produced that are either XX or XY 

and they either do (producing gonadal males, XXM or XYM) or do not (producing 

gonadal females, XXF or XYF) possess the Sry transgene (Arnold 2009). Use of this 

model would exclude gonadal hormone involvement and allow us to confirm our 

prediction that sex chromosomal complement is the ultimate source of the sex difference 

in hippocampal cell genesis. We can further probe the involvement of other mechanisms 

implicated in sex differentiation of GADD45α or HDAC activity, which are thought to 

organize the dimorphic regulation, once this basic question is addressed.  

Though gonadal hormones may not be the source of greater proliferation in the 

developing male hippocampus, estradiol, in particular, clearly exerts a modulatory role. 

We propose that manipulation of the hormonal milieu may act in parallel and converge 

upon this sex difference. To determine if this is the case, females can be treated with a 

masculinizing dose of estradiol early in development during the critical period and 

endpoints such as global DNA methylation, GADD45α expression and HDAC activity 

assessed. If hormonal modulation does converge on these epigenetic mechanisms to 

modulate cell genesis in a sex specific manner, we would predict that estradiol 

administration to females would increase global DNA methylation and reduce GADD45α 

expression and HDAC activity. Conversely, males can be given the aromatase inhibitor, 

formestane, and the estrogen receptor inhibitor, tamoxifen, with the expectation that these 

drugs that prohibit estradiol signaling and would cause reduced DNA methylation and 

increased GADD45α and HDAC activity in the DG of males.  

BDNF was differentially expressed in males and females, potentially due to 

greater permissive methylation in males than females. To confirm sexually differentiated 
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methylation, bisulfite sequencing can be utilized to identify the pattern of methylation of 

BDNF in both sexes, particularly within the gene body where methylation is known to 

permit expression. BDNF is composed of at least eight 5’ noncoding exons (exons I-VIII) 

and one coding exon (IX). Exons I-VIII are promoters that can be spliced to the 3’ end of 

exon IX, which encodes the BDNF protein. As the protein coding exon, exon IX would 

be the first exon examined for sex differences in DNA methylation. Expression of BDNF 

can also be reduced in the developing male hippocampus with a conditional knockout, to 

assess whether sex differences in BDNF expression mediates the sex difference in cell 

genesis. However, it is unlikely that this single gene is the sole source of the sex 

difference and so further investigation of other genes subject to sex-specific DNA 

methylation must be pursued. RNA-sequencing was initially ruled out due to the high 

cost, sophisticated bioinformatics statistical analyses and data management, but advances 

in Nanostring technology make this a more appealing alternative than simple qPCR. 

Nanostring is a variation on the DNA microarray that utilizes molecular barcodes and 

microscopic imaging to identify and count many unique transcripts in a single 

hybridization reaction. This technology is favorable over qPCR that is limited to a single 

target per reaction, but also, for our purposes, over RNA-sequencing because we can 

target specific genes or panels of genes involved in unique processes, like cell genesis.  

No target genes were found to be differentially regulated by TSA in males and 

females. Increased identification of genes differentially expressed between the sexes by 

more high through-put methods may assist in this discovery, but it is possible that 

enhanced HDAC activity in the developing female DG not only targets specific genes, 

but also does so in specific cell types. We propose that greater HDAC activity in female 
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DG acts to suppress pro-proliferative genes. However, there is still a great deal of 

proliferation within the DG of females. It is possible that those cells, which are 

proliferating in the female DG, are not subject to this HDAC induced pro-proliferative 

gene silencing. To identify pro-proliferative genes silenced by HDAC activity, cells that 

are not actively dividing chould be isolated using fluorescence-activated cell sorting 

(FACS) and assessed. Acetylation dynamics have been shown to differ among different 

cell states and thus it is important for us to examine whether this could contribute to 

differential gene expression in actively dividing versus quiescent cell populations (Evertts 

et al. 2013).  

A sex difference was identified in BI, where females more robustly demonstrate 

the behavior in the presence of an adult male rat predator. The hippocampus is known to 

participate in BI circuitry, as projections from the hippocampus stimulate LSrvld 

inhibition of the MHD that controls BI output. BI responses develop at PN14, the same 

time that the greater number of cells generated in the male hippocampus at birth would be 

fully matured and integrated. Thus we predict that elevated cell genesis in the male 

hippocampus just after birth contributes to reduced BI due to enhanced projections from 

the hippocampus to the LSrvld. To test this, axonal projections from the hippocampus to 

the LSV.R can be quantified at PN14 in the male and female brain. We would also 

ultimately like to tie sexually differentiated epigenetic regulation of proliferation in the 

DG to the sex difference in BI. To do this, we can examine males treated with ZEB and 

females with TSA. We would predict that ZEB treated males, with a feminized 

proliferation profile, would display more robust female-like BI, whereas females treated 
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with TSA that have higher proliferation in the DG would demonstrate diminished BI 

responses.  

The Clinical Relevance of Sexually Differentiated Developmental Hippocampal Cell 

Genesis  

In the rat, BI refers to the specific behavioral response following exposure to an 

adult male rat predator. In children, BI is a temperamental construct that refers to the 

consistent tendency to demonstrate fear and withdrawal in novel situations. Generally, it 

involves initial behavioral reactions of fearfulness, wariness and low approach to 

unfamiliar people, objects and contexts (Kagan et al. 1984). Studies in children find that 

behaviorally inhibited children and adolescents display higher rates of anxiety in 

adulthood, compared to individuals with an uninhibited temperament (Biederman et al. 

1990; Hirshfeld et al. 1992; Biederman et al. 1993). BI in early childhood has also been 

implicated in depression in adulthood (Caspi et al. 1996). The lifetime prevalence of 

anxiety disorders is higher in women, with one in three women being diagnosed with the 

disorder and only about 22% of men meeting diagnosis criteria (McLean et al. 2011) 

Depression is also more common in women. The incidence of the disease is 1.7 times 

higher in women compared to men (Whiteford et al. 2013; Baxter et al. 2014). Similar to 

the sex difference we identified in BI of young rats, female pre-school age children 

display slightly, but significantly, higher levels of BI (Dyson et al. 2011). This suggests 

that elevated BI in girls during childhood may contribute to greater prevalence of anxiety 

and depression in women. The leading biological explanation for behaviorally inhibited 

behavior in children is amygdala hyper-activation (Kagan, Reznick, and Snidman 1987, 

1988). To date, no study has identified a connection between elevated amygdala 
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activation and greater BI responses in females. Our research an the animal model 

suggests that limited projections from the hippocampus may also contribute to BI and 

that sex differences in these projections could mediate greater BI in female children. 

Extensive investigation has focused on the stability of BI across childhood and beyond. 

The majority of individuals identified as being behaviorally inhibited in infancy continue 

to display inhibited behaviors throughout childhood. However, some do not continue to 

exhibit these behaviors, with a subset of individuals changing their behavior a great deal. 

This suggests there is a role for unlearning the BI feature of their interactive style (Kagan, 

Reznick, and Snidman 1987). The potential contributions of greater BI in female children 

to increased mood disorders in women, advocates for cognitive-behavioral intervention 

of BI, particularly in young girls, to prevent the detrimental effects of anxiety and 

depression in women.  
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