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Abstract- Estrogens are a class of steroid hormones that target avarious tissues almost throughout the body and wield an 
extensive spectrum of effects on their development, growth, differentiation and functionalities. The role of estrogens has 
been comprehensively studied in the governance of female reproductive abilities. Estrogens influence a variety of functions 
in the brain and the central nervous system and can bring about structural changes in the brain that affect adult reproductive 
behaviour, a process known as Brain Sex Differentiation. Xenobiotics, particularly xeno-estrogens, have debilitating effects 
on the overall health of both animals and human beings. They create hormonal imbalance in the body that can have 
repercussions on various metabolic processes. Since xenobiotics can also affect the brain to bring about sex differences, a 
thorough knowledge of the effects of estrogens on the brain is the need of the hour. The following review describes the 
complex but intriguing process of brain sex differentiation.  
 
 
I. INTRODUCTION 
 
During the last few decades there has been renewed 
interest in understanding the effects of estradiol 
mimetics and endocrine disruption of reproductive 
system of several species including humans. Several 
chemicals used as pesticides or in plastics such as 
Bisphenol A, DDT, Endosulfan, Butyl benzyl 
phthalate, Lead, Dioxins etc.,have multiple actions in 
several organisms(Johansson, 1998). These actions 
are highly complex depending on whether they act as 
agonists or antagonists, duration of exposure, route of 
exposure, and stage of development. Studies have 
revealed that many of the reproductive disorders are 
due to the presence of xenobiotics especially, xeno-
estrogens that have made their way into the body 
through food, drink and air. The consequences 
include abnormal development of genitalia,lower 
sperm count, decline in semen quality, predisposition 
to prostate canceramong others in males and irregular 
ovulation patterns, changes in menstrual cycle and 
other reproductive problems in females. Since healthy 
zygotes give rise to healthy offsprings, reproductive 
health is a major concern not only for today’s world 
but also for the future generation. A thorough 
evaluation of the effects of xeno-estrogens requires 
an in-depth analysis of the various biological process 
influenced by estrogens to bring about alterations 
general health and also disruptions in the process of 
brain sex differentiation that can affect reproductive 
health. 
 
Estradiol and Brain Sex Differentiation:Estradiol 
is the most prominent and physiologically 
omnipresent member of estrogen family of steroid 
hormones. Classically, estrogen had been thought to 
act only on the reproductive organs; but over the 
years, research has focused on its action on organs 
such as the bones, heart and brain.  Its overarching 
aftermath on diverse tissues of the human body 
impacts many aspects of biological functions of these 

tissues; among the several different types of tissues 
targeted by estradiol, brain, the master regulator of all 
the organ systems,and the central nervous system are 
important and sensitive ones. Neonatal brain is most 
susceptible to the influence of estradiol. Estradiol 
brings about many changes in terms of differences 
in the volume and/or cell number of a particular 
brain region, morphology, physiology, molecular 
signalling and gene expression in the neonatal 
brain in such a way that the effects become 
apparent during puberty affecting the sexual 
behaviour. It has been a little over half a century that 
this surprising discovery of gonadal hormones 
regulating brain function was made and the process is 
termed as Brain Sex Differentiation. Brain sex 
differentiation is a multiplexed but fascinating 
process prevalent among the vertebrates. This activity 
involves changes in numerous aspects of cellular 
physiology, neuronal activity, responsiveness to 
various signal transduction pathways and changes in 
gene expression profiles that control the 
differentiation process. This process, which takes 
place in prenatal or neonatal stages, has an enormous 
ramification on sexual behavior during adulthood. 
Brain sex differentiation among the higher mammals, 
make way for specific behavioral traits, where a 
clear-cut demarcation in the display of gender-
specific sexual and cognitive performance is 
exhibited. 
 
The different forms of estrogen areestrone (E1), 17β- 
estradiol (E2), estriol (E3) and 17α- estradiol. The 
term estrogen generally refers to the biologically 
active and physiologically most prevalent form 17β- 
estradiol (E2). Cholesterol is the primary molecule 
that serves for the synthesis of estrogens. It forms 
androstenodione, which is converted to estrone 
or estradiol, either immediately or 
through testosterone. The conversion of testosterone 
to estradiol, and of androstenedione to estrone, is 
catalyzed by the enzyme P450-aromatase(Lephart, 
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1996). The activity of this enzyme as well as the 
levels of estrogen receptors are high either prenatally 
and/or during the first few weeks of birth. It is well 
established that the action of E2 during the “critical 
period” (early postnatal period) is responsible for the 
sex differentiation in the brain. The hormonal 
exposure during the critical period of brain sex 
differentiation permanently organizes the brain, 
which involves specific patterns of synaptic 
connectivity, differential cell death and determination 
of neurochemical phenotype. Therefore, the effect of 
E2 on the brain is permanent and irreversible(Hines, 
2011; Lenz and McCarthy, 2010).  
 
Sex determination is a process which we generally 
associate with gender, in other words, by which an 
organism develops into a male or a female. Sex 
differences may be induced by specific genes, 
hormones, anatomy or social learning. It is well 
known that the expression of the SRY gene located 
on the Y-chromosome is necessary for the 
differentiation of testis from the bipotential gonad 
(Koopman et al., 1991). Sexual dimorphism or brain 
sex differentiation is the structural differences 
between the two sexes found in many regions of the 
brain. During the intra-uterine period, the foetal brain 
develops into males through the direct action of 
testicularly derived testosterone which diffuses into 
the male brain where it is locally aromatized to E2 
that acts on the developing nerve cells and into 
female by the absence of this hormonal surge 
(McCarthy, 1994). In mammals, differentiation 
includes defeminization (suppression of female 
behavioral and cyclic pattern of gonadotropin 
secretion), masculinization (enhancement of male 
characters) and feminization (Developmental 
program executed in the absence of estradiol 
constructing a brain predisposed to expression of 
lordosis under proper hormonal condition in 
adulthood). E2 permanently organizes the male 
brainby modulating specific patterns of synaptic 
connectivity, differential cell death and determination 
of neurochemical phenotype. It was found that 
treatment of females, neo-natally with E2 resulted in 
complete masculinization of the brain and behaviour. 
In the womb, the perinatal brain is not affected by the 
maternal estrogens because these steroids are 
sequestered by the α-feto protein (AFP), a circulating 
binding globulin that has high affinity for E2(Arnold 
and Breedlove, 1985; Feder et al., 1974).  
 
The pre-optic area (POA), a part of the anterior 
hypothalamus contains the Sexually Dimorphic 
Nucleus (SDN), which is a cluster of cells implicated 
in sex differentiation and male sexual behaviour. The 
neuronal density of SDN in males is 3-5 times larger 
than in females. In both males and females, the same 
number of neurons are destined to become a part of 
SDN, but from the 3rd day of postnatal life, these 
cells start dying at a prolific rate in females. This can 

be prevented if females are treated with E2 on 
postnatal day 2. Studies have revealed that 
prostaglandin E2 (PGE2) is a mediator for E2 
induced masculinization. COX-2 (Cyclo-oxygenase 
2) is an important enzyme in the synthesis of PGE2. 
COX-2 mRNA and proteins are shown to be higher in 
the POA of new born males than in females and 
treating females with E2 increases the COX-2 levels 
to that of males. Blocking COX-2 activity in new 
born males will permanently disrupt synaptic 
patterning in the POA and such males exhibit 
abnormal sexual behaviour in adulthood(Amateau 
and McCarthy, 2002). Focal adhesion kinase (FAK) 
and its closely associated protein, Paxillin (a class of 
signaling molecules originally identified for their role 
in metastatic cancer), have been implicated in 
feminization process. The levels of expression of both 
these proteins are higher in the neonatal female 
hypothalamus, and in contrast to most other proteins 
are actually reduced by E2. Granulin(promotes the 
growth of epithelial cells and is associated with 
growth of tumours) is a protein implicated in the 
masculinization process. When males were treated 
with granulin antisense oligos at neonatal stage, they 
exhibited abnormal male sexual characters as 
adults(McCARTHY, 2008). One of the actions of E2 
on the developing rodent brain is to precondition the 
neural network so that adult hormonal secretions can 
activate the correct response. E2 modulates the 
formation of dendritic spines, the major site of 
excitatory glutamatergic synapses. Depending on the 
brain region, E2 can either increase or decrease the 
density and/or number of dendritic spines (that 
provide an anatomical substrate for memory storage 
and synaptic transmission). The action of estradiol on 
the developing rodent brain is to precondition the 
neural network so that adult hormonal secretions can 
activate the correct response. Sexual differentiation of 
the POA results from the complex interplay of 
diverse hormonally regulated mechanisms including 
neurogenesis, cell survival and death, morphological 
differentiation of individual cells & epigenetic 
activity. These mechanisms are cell specific, sub-
region specific and occur during temporally limited 
critical periods during development (Lenz et al., 
2012). The anteroventral periventricular nucleus 
(AVPV – a set of hypothalamic nuclei)is larger in 
females and is a critical node in the control of the 
surge of gonadotropin secretion required for 
ovulation. Both ERα (Estrogen receptor alpha)and 
ERβ(Estrogen receptor beta)isoforms are required for 
the full AVPV phenotype to be achieved. Either of 
ERα or ERβ agonists when given neonatally to 
females reduces AVPV volume and impede female 
cyclicity finally leading to infertility (Patchev et al., 
2004).Neurons of the Arcuate (a hypothalamic 
nucleus and is a small bilateral structurejust above the 
median eminence and adjacent to the third ventricle) 
exert regulatory control over the anterior pituitary as 
well as other hypothalamic nuclei and thereby play a 
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central role in reproduction, feeding, and stress 
responding. Quantitative electron microscopy of 
tissue sections through the Arcuate Nucleus of adult 
rats treated neonatally with gonadal steroids reveals a 
marked and permanent hormonally determined sexual 
dimorphism (Matsumoto and Arai, 1980). The 
ventromedian nucleus (VMN – another hypothalamic 
group of nuclei) is involved in feeding, fear, 
thermoregulation, and female sexual activity. Lesions 
in the VMN lead to diminished female sexual activity 
and injecting E2 directly into the VMN restores this 
activity. VMN has been documented to have high 
levels of expression of ER. In the VMN of female, E2 
promotes release of glutamate from the nerve 
terminals that in turn activates MAP kinase pathway 
leading to expensive dendritic branching in this brain 
area (McCARTHY, 2008). 
 
Described below are a few important biological 
processes that are modulated by E2 to bring about 
brain sex differentiation: 
 

(1) Apoptosis (programmed cell death) is one of 
the important end-points meted out by E2. 
Apoptosis during development between males 
and females contributes to sexual dimorphism. 
The levels of Bcl2 are decreased and that of 
Bax is increased in the POA of the female rat 
brain during postnatal cell death period and 
this effect can be reversed if the rats are treated 
with E2(Tsukahara et al., 2008; Tsukahara et 
al., 2006). E2 regulates Bcl2 expression in 
hypothalamus, thereby preventing neuronal 
cell death in this brain region (Garcia-Segura 
et al., 1998).  Deletion of the Bax gene 
impaired sexual receptivity both male and 
female mice(Jyotika et al., 
2007).NMDAreceptor glutamatergic signalling 
and neurotrophic proteins such as RNA 
binding motif protein 3 and alpha-tubulin have 
been thought to aid in this process. In the 
AVPV of males, apoptosis is brought about by 
suppression of the cell survival pathways viz. 
TNFα- NFκB pathway and BCl2 pathway, 
whereas in the female AVPV, both these 
pathway are maintained (McCarthy, 2010). 

(2) Neurogenesis, an important process occurring 
throughout the lifetime of an organism. E2 
synergized with insulin can effectively control 
the neurite outgrowth process in hypothalamic 
explants (Toran-Allerand, 1976; Toran-
Allerand et al., 1988). The IGF-1 (Insulin-like 
growth factor-1) receptor is necessary for 
neuroprotection and synaptic plasticity 
regulation by E2. The interaction between E2 
and IGF-1 on neural development is mediated 
by the MAP kinase pathway(Garcia-Segura et 
al., 2007). E2 modulates the expression of 
different neurotrophinssuch as NGF, BDNF 
and growth factors likeGAP-43 to bring about 

neurogenesis and males have higher levels of 
these proteins in their POA during the 
postnatal period. Moreover, decreased levels of 
E2-induced TrKB receptor (the receptor for 
neurotrophins)prevents axonal growth in the 
VMN (Simerly, 2002). In the Arcuate Nucleus 
of the males, E2 increases the synthesis of the 
neurotransmitter Gamma-amino butyric acid 
by up-regulating the rate-limiting enzymes 
glutamic acid decarboxylase (GAD 65/67), 
which then induces the stellation of the 
astrocytes in the vicinity. These complexly 
stellated astrocytes suppresses the neurite 
outgrowth in the Arcuate Nucleus, thus 
bringing about a sex differences(Mong et al., 
2002).  

(3) Synaptogenesis, a process of formation of 
synapses between neurons, requires an 
orchestrated assembly of components on either 
side of the synapse. It is the most crucial 
process for neurotransmitter release in order to 
foster neuronal communication and signalling. 
E2 influences this process to bring about 
morphological rearrangements of neurons that 
is markedly different between the male and 
female brain. In the POA of male, E2 up-
regulates of COX1&2 enzymes, thereby 
increasing the production of PGE2. PGE2 
binds to its two receptors EP2 and EP4 present 
on the neighbouring astrocytes (that have more 
branching processes in male POA), activates 
protein kinase A (PKA) pathway, which helps 
in releasing glutamate through the activation of 
ionotropic AMPA/Kainate receptors and 
mGluR receptors. The glutamate release helps 
in formation of increased number of dendritic 
spines in the male POA and this pattern lasts 
for a lifetime (McCarthy, 2011). In the VMN, 
E2 induces a signalling cascade that involves 
cell to cell communication to increase the 
number of dendritic spines in the females. E2 
in the VMN activates the ER, which then 
activates the P13 kinase and helps to release 
glutamate. The release of glutamate starts a 
series of operations such as – activation of 
both NMDA and AMPA receptors by 
glutamate to cause calcium influx, activation 
of the MAP kinase pathway, production of 
spinophilin and ultimately giving rise to new 
dendritic spines(Schwarz et al., 2008).  

(4) Epigenetic changes, such as DNA 
methylation, allow environmental influences to 
alter long-term gene expression patterns and 
therefore may be a potential mediator of 
estradiol-induced organization of the neonatal 
brain. It has been demonstrated that there are 
sex and estradiol-induced differences in DNA 
methylation on the ERα, ERβ and progesterone 
receptor (PR) promoters in sexually dimorphic 
brain regions across development (McCarthy 
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and Arnold, 2011).Histone modifications can 
also bring about sexual dimorphism. The 
acetylation of histone H3 and H4 in the ERα1b 
and aromatase promoters is higher in the POA 
of neonatal males than females. E2 can also 
influence the chromatin conformation during 
masculinization process since inhibition of 
histone deacetylation impairs the neuronal 
number in the sexually dimorphic regions of 
the male brain. Antisense oligonucleotides 
directed against histone deacetylase genes was 
found to impair adult male sexual 
characters.DNA methylating enzymes 
(DNMT1, DNMT3a and DNMT 3b), which 
add a methyl group to the 5’ carbon on the 
cytosine molecule, also impact sexual 
differentiation by establishing long-standing 
gene transcription patterns in the brain during 
the critical neonatal period. (McCarthy and 
Nugent, 2013; Nugent and McCarthy, 2011). 

 
CONCLUSIONS 
 
Neonatal exposure to E2 has enduring consequences 
on both behaviour as well as reproductive capabilities 
during adulthood. The modulation of different genes 
and proteins as enforced by E2 are important to 
understand some of the neurodegenerative disorders 
such as Alzheimer’s and Parkinson’s disease that are 
sexually dimorphic between males and females. 
Congenital Adrenal Hyperplasia (CAH - affects 
females exposed early to androgens or progestinsand 
causes permanent abnormalities in the hypothalamic-
pituitary-gonadal axis), infertility causing disorders 
like Polycystic Ovary Syndrome, uterine 
leiomyomas, reproductive tract anomalities and 
endometriosis are some of the clinically significant 
disorders that occur due to the in utero or neonatal 
exposure to E2.  Lot of aspects relating to the 
complex inter-plays between various molecules that 
contribute as a whole for sexual differentiation of the 
brain, which in turn determines reproductive memory 
are yet to be deciphered. The havoc caused by 
endocrine disruption by man-made chemicals can 
only be understood in the context of knowing, how 
E2 influences the various neurotransmitters, growth 
factors, cytokines etc., to bring about molecular and 
cellular changes on continuous basis during the 
lifetime of an organism. 
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