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Abstract
Estradiol is the most potent and ubiquitous member of a class of steroid hormones called estrogens.
Fetuses and newborns are exposed to estradiol derived from their mother, their own gonads, and
synthesized locally in their brains. Receptors for estradiol are nuclear transcription factors that
regulate gene expression but also have actions at the membrane, including activation of signal
transduction pathways. The developing brain expresses high levels of receptors for estradiol. The
actions of estradiol on developing brain are generally permanent and range from establishment of
sex differences to pervasive trophic and neuroprotective effects. Cellular end points mediated by
estradiol include the following: 1) apoptosis, with estradiol preventing it in some regions but
promoting it in others; 2) synaptogenesis, again estradiol promotes in some regions and inhibits in
others; and 3) morphometry of neurons and astrocytes. Estradiol also impacts cellular physiology by
modulating calcium handling, immediate-early-gene expression, and kinase activity. The specific
mechanisms of estradiol action permanently impacting the brain are regionally specific and often
involve neuronal/glial cross-talk. The introduction of endocrine disrupting compounds into the
environment that mimic or alter the actions of estradiol has generated considerable concern, and the
developing brain is a particularly sensitive target. Prostaglandins, glutamate, GABA, granulin, and
focal adhesion kinase are among the signaling molecules co-opted by estradiol to differentiate male
from female brains, but much remains to be learned. Only by understanding completely the
mechanisms and impact of estradiol action on the developing brain can we also understand when
these processes go awry.

I. INTRODUCTION
Estradiol is the most biologically prevalent and active compound of a class of steroids called
estrogens, and it exerts potent and wide-ranging effects on the developing brain. It is a well-
established but rarely celebrated fact that estradiol, and activity of the enzyme responsible for
estradiol synthesis, P-450 aromatase, as well as estrogen receptors, are all at their highest levels
in the brain either prenatally or during the first few days of life and then gradually decline to
adult levels. The challenge is discerning the functional significance of estradiol to the
developing brain and the mechanisms by which such function is achieved. But what does that
mean, exactly? Some readers will assume the topic is sex differences in the brain and how they
are established by gonadal hormones during development. To others, increasing concern over
the potential impact of endocrine disrupters in the environment, particularly the so-called
estrogen mimetics, and how they derail normal brain development, might be the incentive for
reading on. Still others may be captivated by the promise of estrogens as potent neuroprotective
agents in adult models of brain damage and the potential that similar positive effects could
provide therapeutic benefit for pediatric brain damage. All are correct, and the goal of this
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review is to take a broad-based view of how estradiol impacts on normal brain development
in both males and females.

The majority of what we know about the impact of estradiol on brain development comes from
rodent models, predominantly rat and mouse but including hamsters, voles, and guinea pigs.
Birds, in particular zebra finches and Japanese quail, have also provided novel insights into
the myriad of ways estradiol can alter brain development. In primates, both human and
otherwise, we know a great deal more about what estradiol is not doing than what it is doing.
There is a clear need for more information about this potent steroid and how it affects the
developing primate brain.

The purpose of restricting the discussion to the immature brain is to highlight that development
is different, and thus so are the effects of estradiol. We cannot take what we know about
estradiol action in the adult brain and extrapolate it to the perinatal brain. Many fundamental
principles established in the adult simply do not apply to the neonate, and even more
importantly, many unique parameters found only in the developing brain act to guide or restrict
the potential actions of estradiol during the early phase of life. It is these actions that are
particularly of interest as they can have life-long impacts by influencing neuronal survival,
axonal projections, dendritic branching, and synaptic patterning; in other words, all of the
things we think of as mattering to variability in brain function. By studying the impact of
estradiol on these critical end points of brain development, we have an experimental tool that
provides leverage for understanding how they normally occur. Moreover, the magnitude of
estradiol-induced changes in the developing brain are often far greater than those in the adult
and are not confounded by experience or reproductive status. In many ways the study of cellular
mechanisms of estradiol induction of dendritic spine synapses, cell birth and death, or dendritic
branching is far easier in the immature brain than the adult. The problem is that the same
mechanism cannot be assumed to be equally engaged during the different life phases, requiring
that all effects observed early cannot be generalized to the adult, and vice versa. With these
caveats in mind, the current state of the art of the mechanistic basis of estradiol action on the
developing brain will be reviewed.

II. ESTRADIOL CONTENT AND ESTROGEN RECEPTORS IN DEVELOPING
BRAIN

Before considering the mechanisms and functional outcomes of estradiol action in the
developing brain, it seems important to know if there is any, if so where, and if so how much?
Most effects of estradiol require a receptor, so the levels and distribution of these critical
proteins are of central interest. Steroids are distinct from peptides in that they are synthesized
on demand, as opposed to stored, and for the most part they act on targets at a distance from
the place of origin, although this concept has recently been challenged (19). Estradiol is derived
from testosterone following aromatization of the A ring via the p450 enzyme aromatase, also
called estradiol synthase. The regulation and anatomical distribution of this enzyme is
discussed in some detail in section IVC. Information on estradiol content in the brain has been
relatively sparse because it is so difficult to measure due to the high signal-to-noise ratio when
dealing with a liophilic molecule, estradiol, in a lipid-rich environment, the brain.
Radioimmunoassay remains the technique of choice for quantitative determination of steroid
levels due to its relative ease and cost effectiveness in measuring large numbers of samples.
Early studies focused on circulating levels of the androgen precursors to estradiol, with only
one report of estradiol content in the brain itself, and this was limited to the hypothalamus
(179). Newborn males had two to three times more than females, as expected based on the
aromatization hypothesis (see below), and this fundamental fact was replicated 20 years later
(3). Surprisingly, however, in a first foray into measuring estradiol content in brain regions
outside the hypothalamus, the same relationship did not apply. Estradiol content was detected
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in the cortex and hippocampus of the newborn female, which in the absence of the androgen
precursor available to males was hard to explain. Accumulating evidence suggests the brain
can serve as its own gonad and make estradiol de novo from cholesterol (97,188), but this
emerging concept requires greater validation by more precise techniques for quantifying
estradiol. A point highlighted by the recent detection of high levels of 17α-estradiol in the
developing brain by gas chromatography/mass spectrometry (214). The 17α-isomer of
estradiol was generally considered inactive due to its poor binding to the classic estrogen
receptor (ER), but this view is being reconsidered in light of the potential for a novel membrane-
associated receptor, referred to as ER-X (218), and evidence of neuroprotective effects.

The difficulty in precisely measuring the amount of estradiol is exactly opposite to the ease of
measuring its receptor, a fact well reflected in the number of studies on the distribution and
quantification of ER in the developing brain. Detailed maps have been constructed based on
immunocytochemistry for the ER protein, autoradiography for binding of radiolabeled ligand,
and in situ hybridization histochemistry for the mRNA (18,60,61,73,78,84,120,138,192,246).
The broad brush strokes of estrogen receptor distribution in the brain indicate it is tightly
conserved across a wide range of species. High levels of expression are found in the
diencephalon of reptiles, amphibians, birds, and mammals. Greater variance is found in cortical
brain regions, but this in large part reflects the differences in degree of brain development.
Likewise, there are some sex differences (246) in ER expression in the developing brain, but
these are generally small in magnitude, restricted to specific subregions, and to date have not
proven informative as to the basis of sex differences in brain development. Such evidence may
be coming, however, based on a recent report that the degree of social behavior expressed by
males of several vole species was correlated with ER levels in brain areas known to regulate
this response (53).

The neonatal brain is also capable of metabolizing estradiol, although at a lesser rate than that
of the pituitary (175). Little attention has been given to the potential for sex differences in
estradiol metabolism or to its role as a physiological regulator of hormone action in the
developing brain.

III. MULTIPLE MECHANISMS OF ESTRADIOL ACTION
Concepts of how estradiol can impact on cell function continue to evolve. Traditional views
of ligand-activated receptors directly initiating transcription have been complimented by
revelations that the same protein can also activate cytoplasmic signal transduction pathways
and may operate independent of ligand. The notion of membrane receptors for estradiol in the
brain has persisted in the literature despite the inability to isolate, clone, or in anyway
characterize the beast (with the pos sible exception of ER-X). A new 7-trans-membrane domain
receptor, GPR30, has emerged as a potential candidate (172) but does not appear to be on the
plasma membrane and has not been well characterized in brain (72). Membrane effects of
estradiol have not been considered in the context of brain development. Nonetheless, it is clear
that estradiol action extends beyond the nuclear transcription factor induction of gene
transcription. These actions can be loosely divided along three lines: 1) “classic” ER activation
involving homodimerization, translocation to the nucleus and transcription; 2) “nouveau”
actions that still involve the nuclear receptor only acting in novel ways outside the nucleus;
and 3) estradiol effects that apparently do not involve any receptor for estradiol but instead are
mediated at other receptors, such as those for neurotransmitters (Fig. 1).

A. Nuclear Receptors and Transcription
ERs are members of a superfamily of nuclear transcription factors, all of which are
characterized by the presence of a central DNA-binding domain that targets the receptor to a
hormone responsive element (HRE). For ER, the DNA binding site contains two palindromic
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hexanucleotide repeats that bind an ER homodimer. It is referred to as an estrogen response
element, or ERE. All steroid receptors also possess a ligand binding domain that when occupied
alters the conformation and hence function of the receptor. In 1999, the Nuclear Receptors
Nomenclature Committee (http://www.ens-lyon.fr/LBMC/LAUDET/nomenc.html) adapted a
unified nomenclature based on the system developed for the P-450 gene superfamily.
Receptors for steroids and steroid hormonelike receptors were designated as NR3. There are
currently two recognized receptors for estradiol, ERα and ERβ, identified as NR3A1 and
NR3A2, respectively, and two estrogen-related orphan receptors (ERRα/ERR1 and ERRβ/
ERR2) designated NR3B1 and NR3B2 (28).

The distinctions in distribution and function of ERα versus ERβ continue to be actively
investigated. The two receptors have only 56% homology in the ligand binding domain,
suggesting a high degree of selectivity, yet the residues that line the binding cavity are highly
conserved, resulting in relatively similar affinities for 17β-estradiol. Recently developed
ligands that are relatively selective are based on single amino acid differences between the two
isoforms (109) and are beginning to illuminate the differential functions of each form. Even
more useful but still lacking is development of selective antagonists for each isoform, leaving
knockout mice and all their attendant caveats as a dominant source from which to base
conclusions. Nonetheless, the knockout mouse model has provided several new insights
regarding estradiol action in the developing brain, mostly in regard to the role of ERβ, while
proving generally confirmatory regarding ERα.

In the absence of ligand, ERs, like other nuclear receptors, exist in a multiprotein complex of
heat shock proteins that render them inactive but available for binding. Upon binding, the heat
shock proteins are shed in response to conformational change, receptors homo- or
heterodimerize, and a new set of proteins is recruited to form a transcriptionally active complex.
In most tissues, the majority of ER resides in the nucleus, but there is active energy-dependent
shuttling of the receptor from the cytoplasm into the nuclear compartment where receptors
cluster into transcriptionally active or inactive foci (56). In the brain, the complex morphology
of neurons and glia has revealed ER in sites far distant from the nucleus (33,34,132), so far in
fact that shuttling from cytoplasm to nucleus seems unlikely. This has contributed to the interest
in nontranscriptional effects of ER in the nervous system and may be a particularly useful
strategy when dealing with cells that can project to sites at considerable distance.

B. Coactivators and Corepressors
A component of the transcriptional ability of nuclear receptors is the involvement of numerous
auxiliary proteins that can either augment or inhibit normal activity. The large variety of
coproteins available, their interactions, and their cellular specificity provide for a far greater
and more nuanced complexity to steroid action than that afforded by simpler ligand/receptor
systems. Coactivators bind to an LXXLL motif embedded in the ligand binding domain and
then recruit acetyl-transferases, such as p300/CBP, that induce conformational changes in the
chromatin essential for access to EREs. The SRC grouping, or steroid receptor coactivators,
were the first identified and probably most fundamental for augmenting ligand-dependent
transcription of ER. The earliest discovered coactivator, SRC-1, is involved in establishment
of sex differences in the brain determined by estradiol (14). Full activation of ER requires SRC
or other coactivator binding at two separate activator sites on the receptor. An additional
complexity in ER action is its ability to influence transcription of genes even in the absence of
an ERE. For instance, ERs modulate transcription at AP-1 by associating with Fos/Jun
complexes and thereby not interacting directly with the DNA (225). The same is true for SP-1
sites, and ER can interact directly with nuclear factor κB pathway (105). This has precluded
the ability to a priori qualify whether a particular gene is estrogen responsive based on the
presence or absence of an ERE in the promoter region.
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The counterparts to coactivators are the corepressors, although these seem to be generally more
important to thyroid receptor and retinoic acid receptor function than that of steroid hormone
receptors. Nonetheless, overexpression of nuclear receptor co-repressor (N-CoR) and silencing
mediator for retinoid and thyroid hormone receptor (SMRT) can impact on the agonist versus
antagonist response of ER to mixed ligands, such as tamoxifen, suggesting the potential for
some physiological role for these proteins in estradiol action (80,198,236).

C. Extranuclear Receptors and Signal Transduction
A major revelation in the revolution of steroid hormone actions is the discovery that the
superfamily of nuclear transcription factors actually harbors secret ki-nase activation capacity.
In some way that remains poorly understood, but is unequivocally established, steroid hormone
receptors, such as ER, interact with and activate kinases, such as mitogen-activated protein
(MAP) kinase, resulting in the phosphorylation of ERK or CREB or AKT and perhaps other
signal transduction proteins not yet discovered, that then lead to the nucleus and transcription
(214,243). Reassuring thoughts that such effects are peripheral to the main (i.e., traditional)
pathway of steroid action are rudely interrupted by findings that ER mediates phosphorylation
of CREB and ERK in such reproductively relevant and sexually dimorphic brain regions as
the preoptic area (1,2). Functional significance of the clandestine relationship between ER and
MAP kinase is found in the neuroprotection arena where estradiol-mediated reductions in cell
death following excitotoxic insult are apparently dependent on this pathway (139,196).

D. Membrane Effects and Receptors
The question of membrane effects and putative membrane receptors for estradiol is open and
long standing (31). Separating physiologically meaningful effects from pharmacological
artifacts continues to be a challenge that has not yet been met. Reports of membrane effects/
receptors for estradiol date back 25 years (85,165), but convincing evidence of a bona fide
receptor that has the requisite saturability, binding affinity, and a definitive kilodalton weight
proves elusive. The discovery that nuclear receptors, now known to be extra nuclear as well,
could also intercalate into the membrane (174), provided a new twist by suggesting that all
along there has been only one receptor but in addition to its role in the nucleus, it can also
masquerade as a membrane receptor, although this finding has not gone unchallenged (235).
Moreover, not all estrogen effects could be explained by this model, and recent discovery of
GPR30, a G protein-coupled membrane receptor unrelated to nuclear ERs and localized to the
endoplasmic reticulum, provided yet another potential mechanism for rapid estrogen signaling
(177,207). Activation of GPR30 by estradiol elicits a sustained mobilization of intracellular
calcium, suggesting direct physiological relevance, although this finding is also not without
its critics (89). Still unexplained are effects of estradiol that occur rapidly and predominantly
at the plasma membrane of neurons (83). Whether these genuinely involve a receptor or are
“membrane effects” remains unresolved.

When discussing the question of physiological significance of rapid estradiol effects, the
elephant in the room is whether changes in the level of the ligand are conducive to allowing
such rapid effects to occur. There are no active release mechanisms for steroids, nor are there
any currently identified rapid degradation or inactivation pathways, although there is some
functional evidence for the latter (64). In the serum, estradiol levels can vary dramatically, but
these changes occur gradually over a matter of days, not minutes; thus it is hard to imagine
how a rapid effect is compatible with this profile. But perhaps it doesn’t need to be. Emerging
evidence for de novo synthesis of estradiol by neurons and observation of subcellular
localization of the aromatase enzyme in synaptic terminals has led to the proposal that estradiol
might also be able to act in a manner analogous to a neurotransmitter (19). This intriguing idea
is supported empirically by behavioral data on rapid modulation of nociception and sexual
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behavior in response to local changes in aromatase activity at the spinal cord or preoptic area
(21,52).

Estradiol effects on the developing brain have generally not been viewed under the lens of
unorthodoxed mechanisms of action. Steroid effects at this time of life are by and large
permanent, resulting in substantial morphological differences by determining life and death,
dendritic branching, and synaptic patterning. It is naturally assumed that these effects involve
traditional transcriptionally mediated effects of estradiol. But is this assumption warranted?
Our research group has explored the potential of rapid effects of estradiol in immature neurons
by administering a large dose in a quick release vehicle and monitoring a well-established
response, dendritic spine formation. In the adult brain, estradiol can induce the formation of
dendritic spines in as little as 30 min (121), but we found that in the immature brain a similar
dose of estradiol requires over 4 h to impact formation of spines, and this effect is blocked by
the ER antagonist ICI 182,780. In other instances, mature neurons exhibit rapid changes in
calcium influx (245), but we have found no such rapid effects on calcium influx induced by
GABA or glutamate in immature hypothalamic or hippocampal neurons. In one of the few
cases where rapid membraneassociated effects were compared in immature and mature cells,
estradiol increased free intracellular calcium to promote progesterone synthesis in postpubertal
hypothalamic astrocytes but not in neonatal astrocytes (136). These observations have led us
to speculate that the developing brain might be immune to rapid effects of estradiol, to prevent
the permanent organizational effects this steroids can have when acting during a sensitive
period. This is particularly relevant in the arena of sexual differentiation, as it is critical that
brain sex coincide with gonadal sex for successful coordination of physiology and behavior.

IV. ESTRADIOL AND THE ESTABLISHMENT OF SEX DIFFERENCES IN THE
BRAIN

Sex differences in the brain are widespread and vary in magnitude and impact depending on
the brain region and functional end point being modulated. The majority of sex differences in
the brain are permanently established during a restricted developmental window by the actions
of gonadal steroids on a bipotential substrate. By and large, brain sex differences that are robust
and reliable are also those that are most relevant to reproduction. Nonreproduction-related sex
differences, be they behavioral or anatomical, tend to be small and highly variable, with the
exception of aggression, which one could argue is actually reproduction related (i.e.,
competition for mates and resources, maternal aggression, etc.). Sex differences in cognition,
stress and anxiety, food preferences, locomotion, and even visual acuity are all documented
and genuine. But, we know very little about the neural substrates and mechanistic basis of these
sex differences. Moreover, these sex differences tend to be allomorphic, meaning they vary
along a continuum with a great deal of overlap between the sexes, as opposed to those sex
differences which are truly of two forms, or dimorphic and usually directly relevant to
reproduction.

Structurally, sex differences in the brain can be categorized as volumetric, indicating a region
is larger in one sex versus the other, or connective, meaning the type or amount of synapses or
size of a particular projection differs between males versus females. Physiologically, sex
differences in the brain are those related to the amount of neurochemicals or neurotransmitters,
or the intrinsic excitability of particular classes of neurons. In the adult there is considerable
interest in the effects of estradiol on membrane excitability, receptor density, and levels of
neurotransmitters. Less attention has been given to the neonate, but examples of such effects
do exist and include changes in calcium binding proteins, GABA, and glutamate levels,
enzymatic activity, and so on. Developmental estradiol-mediated changes in physiology are
the likely mechanistic basis for establishment of many permanent morphological sex
differences, but such causal connections are rarely made.
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A. Sex Determination Versus Sex Differentiation
In 2001, the Institute of Medicine, an arm of the National Academy of Sciences charged with
examining policy matters related to human health, published a report on “Exploring the
Biological Contributions to Human Health: Does Sex Matter?” (242). One of the first
challenges facing the committee was to define sex as opposed to gender. Sex is the classification
of living things according to their reproductive organs, which are in turn determined by the
chromosomal complement. Gender is a person’s self-representation as male or female and how
that person is responded to by social institutions (which is why the term gender should not be
used in reference to subjects in an animal study). Gender is shaped by environment and
experience. Sex is not.

From a historical perspective, the discovery of the genetic basis of sex is shockingly new. That
males have an X and a Y chromosome and females two X chromosomes has only been known
for a little over 50 years, and it wasn’t until 1990 that the critical gene on the Y chromosome,
SRY, for the differentiation of testis from the bipotential gonad, was finally isolated and
sequenced (111). The expression of SRY is initiated within the first days or weeks of pregnancy
(rodent versus human), and with this single event, the ultimate state of the organism’s sex is
determined. In the absence of SRY, regardless of how much else of the Y chromosome is
present, the gonad will develop into an ovary. Thus the female developmental pathway is the
default, but the establishment of sex as female is no less determinant than the establishment of
sex as male. Once gonadal sex is established it will guide the formation of the appropriate
urogenital tract. The Wolffian duct system will survive and become the vas deferens and
associated secretory glands of the male reproductive system while actively suppressing the
formation of the female system. Conversely, if the gonad becomes an ovary, the male system
will degenerate due to insufficient androgen and the Mullerian duct system will develop into
the female reproductive tract. Differentiation of external genitalia and secondary sex
characteristics are then progressively established by gonadal steroid synthesis at the appropriate
time in life. In humans, the process of sex determination and formation of external genitalia is
complete by the 13th week of gestation, a remarkably early event in the 40-wk process.

Sex determination is therefore the process leading to formation of all things we generally
associate with gender but really are a reflection of sex. Sex differentiation of the brain, by
contrast, is a separate process that is largely driven by gonadal steroids during a later
developmental period and in humans may relate to self-perception of gender. The impact of
steroids is restricted to a sensitive window, which is mid to late gestation in primates, as best
we can tell, and just before and after birth in rodents. This process is multi-faceted, impacting
on reproductive behavior and physiology as well as many non-reproductionrelated processes
via distinct mechanisms in separate brain areas and often with varying sensitive periods. Of
the many contributing variables to the complex process of brain sex differentiation, one of the
most potent and prevalent is estradiol.

B. The Organizational/Activational Hypothesis of Brain Sex Differentiation
The notion that steroids act early in development to dictate adult sexual behavior and brain
morphology is now one of the most well-accepted tenets in behavioral neuroendocrinology;
so well-accepted in fact that it is honored as a dogma worthy of challenge (9). With a few
exceptions that prove the rule, the dogma generally stands, as long as it is restricted in its
application to reproductively relevant outcomes [see McCarthy and Konkle (129a) for further
discussion]. There are two distinct and readily quantified reproductive end points subject to
this organizational/activational process: 1) sexual behavior and 2) cyclical versus pulsatile
gonadotropin secretion. In males, there is a requirement for gonadal steroid action early in
development in order for adult steroids to effectively induce male sex behavior. In females, a
lack of early exposure to high levels of gonadal steroids is essential for both sexual behavior
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and the ovulatory surge of the gonadotropin luteinizing hormone (LH). If a developing female
is inadvertently exposed to gonadal steroid hormones or mimetic agents, as an adult she will
not only be lacking in sexual receptivity, she will also be sterile due to an inability to ovulate
(24,25). Moreover, if as an adult she is treated with male levels of androgen, she will exhibit
the male pattern of sexual behavior when presented with a sexually receptive female (26,
238). In other words, the brain sex of a female is converted to that of a male by administration
of exogenous steroids during a critical perinatal window (Fig. 2).

As with most dogmas, however, its easy to forget the previously existing morass of
observations that provided no clarity in the absence of a unifying hypothesis. Early studies of
hormonal modulation of behavior refer only tangentially to sex as a potential variable
explaining why adult male and female chickens, dogs, guinea pigs, rats, or mice responded
differently to injections of estradiol when assayed for reproductive behavior. Adding to the
confusion was the observation that injections of estradiol increased masculine sexual behavior
in males, yet it was so clearly a female hormone. In fact, giving estradiol to females also resulted
in female sexual behavior. Treating females with testosterone, the male hormone, could induce
male behavior, but only when given at extremely high doses for long duration, and even then,
the behavior induced was qualitatively and quantitatively inferior to that seen in males (27).
Clarification of these observations was delayed until two seminal studies. The first was the
formulation of the organizational/activational hypothesis of hormone effects on the brain,
which codified the concept that gonadal steroids act during a perinatal sensitive period to
permanently alter the neural architecture of the brain and thereby restrain the response profile
of the adult brain when exposed to a particular hormone (164). This study was conducted in
guinea pigs, an animal since abandoned in sex differentiation research due to its sensitive period
being entirely prenatal and thereby precluding postnatal manipulations. Nonetheless, this study
unequivocally established that adult reproductive behavior was entirely a function of
developmental exposure to gonadal steroids combined with an adult hormonal milieu
appropriate (homotypic) for that sex (i.e., estradiol and progesterone in females and
testosterone in males). Both sexes are equal in their requirement for activation of reproductive
behavior in adulthood, but central to the hypothesis is that organization is driven by steroids
of gonadal origin in males only, whereas female brain development is the default, i.e., occurs
in the absence of gonadal steroids. Some early chaffing over the notion of the female brain as
a passive process is now replaced by the conundrum that while surely female brain development
is organized, we have no idea by what. Identifying the (presumably) genetic variables directing
female brain development is one of the great unmet challenges of neuroen-docrinology.

C. The Aromatization Hypothesis in Brain Sex Differentiation
At approximately the same time that morphometric sex differences were being described in
the avian and mammalian brain, another mystery of sexual differentiation was also being
resolved. In early studies on the organizational/activational hypothesis in rats, testosterone was
administered to newborn females to masculinize the brain. As a control for the steroid injection,
newborn females were also treated with estradiol. To everyone’s surprise, estradiol was not
only effective at masculinizing the brain, it was more effective than testosterone. Administering
the nonaromatizable androgen dihydrotestosterone (DHT), which potently activates androgen
receptors, was largely ineffective (239). These results were difficult to reconcile with two
things: first was the notion that activation of the male testis during perinatal development was
the basis for masculinization, and second was that during pregnancy estradiol production by
the placenta results in maternal levels of estradiol so high that there would clearly be exposure
of all of the fetuses, precluding any differential exposure in one sex over the other. The latter
problem could be explained by the presence of α-fetoprotein, a circulating binding globulin
found in late-gestation fetuses and early postnatal pups that has a high affinity for estradiol and
thereby sequesters the steroid in the bloodstream, preventing it from masculinizing the brain.
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The former issue, of what is the role of testosterone, was explained by the discovery that the
brain is a major producer of the P-450 enzyme aromatase, also called estradiol synthase as it
converts testosterone into estradiol (115). Not only is aromatase expressed by neurons in the
brain, it is expressed at its highest level in the sexually dimorphic regions of the preoptic area
and hypothalamus during the perinatal sensitive period (77,104,113,185,227,228). Aromatase
is also found in the telencephalon, but at much lower levels than the diencephalon (122).
Together, these observations formed the basis of the aromatization hypothesis; perinatal fetuses
and pups are protected by maternal estradiol via the binding capacity of the α-fetoprotein in
their circulation, and testicularly derived testosterone diffuses into the male brain where it is
locally aromatized to estradiol; estradiol then initiates the process of masculinization. The
aromatization hypothesis was first proposed by Naftolin in 1975 (145) and expanded on by
others (133,226).

There have been many challenges to the aromatization hypothesis the most notable being the
observation of α-fetoprotein within neurons and the suggestion that rather than a
nondiscriminating barrier it might actually be a selective delivery system (212,215). This
interesting notion has neither been proven nor categorically refuted for the entire brain.
However, the importance of α-fetoprotein in protecting female fetuses from behavioral
masculinization and infertility at the hands of maternal estrogens is definitively established by
observation of both those end points in female neonates with a null mutation rendering them
incapable of α-fetoprotein production (15). There are also periodic but persistent reports of
impaired female brain development by disrupting estradiol synthesis and/or receptor binding,
suggesting a role for this steroid in female organization (59,131). Subtleties in aromatase effects
continue to be revealed with modern techniques. For example, the male aromatase knockout
mouse is capable of normal male copulation if supplied with exogenous estrogens, but appears
to be lacking in motivation and sexual preference (16). Both of the latter effects appear to be
due to estradiol-mediated effects on development of the main olfactory system (17). That male
mice developmentally deprived of estradiol continue to copulate is in contrast to the situation
in rats and highlights that mounting by mice, which also occurs at very high rates in normal
female mice, is a distinct component of sexual behavior not subject to the same organizational
constraints as other aspects of the behavior.

Female littermates of male aromtase knockout mice also have severely impaired sexual
behavior, further suggesting an active role for estradiol in feminization of the mouse brain
(17). The observations on α-fetoprotein knockout mice and aromatase knockout mice appear
contradictory, one indicating the female must be protected from estradiol and one indicating
she requires it for normal development. The basis of the discrepancy could easily be the source
of the estradiol, maternal in the case of α-fetoprotein and fetal in the aromatase knockout. Thus
the potential that highly regulated locally synthesized estradiol within the female brain is
importantly contributing to her development is a possibility worth considering. A recent
regionally specific analysis of estradiol levels in the hypothalamus, hippocampus, and cortex
of male and female rats from embryonic life through to adulthood reveals there are far fewer
sex differences than would be predicted. Moreover, the levels in brain are not clearly reflective
of those in the circulation, suggesting brain steroidogenesis may be critical to both male and
female brain development (A. Konkle and M. McCarthy, unpublished observations).
Alternatively, the behavioral discrepancy between α -fetoprotein and aromatase null mutant
mice could simply be the result of differences in the timing of estradiol action. The sequestering
effect of α-fetoprotein is predominantly in the prenatal and early postnatal period and then
becomes substantially less important. Conversely, animals lacking aromatase are deprived of
estradiol throughout the postnatal sensitive period.

A definitive role for early estradiol determining the sexual phenotype of the adult rodent brain
is established, but what about humans? The issue of human brain sexual differentiation is one

McCarthy Page 9

Physiol Rev. Author manuscript; available in PMC 2009 September 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



fraught with political, religious, and cultural bear traps. Debates on the biological basis of
partner preference, same-sex marriage, and the scientific aptitudes of men versus women
continue to rage, and the potential for a resolution anytime soon seems unlikely. In regard to
hormonal influences on the developing human brain, we are constrained to correlative data or
so-called “naturally occurring experiments” in which fetuses or newborn infants have been
systematically exposed to hormones or synthetic analogs in a dose or duration that would not
normally occur. The most celebrated and intensely studied of these is a genetic disorder of
steroidogenesis in the adrenal gland that results in elevated androgens in female fetuses, a
condition known as congenital adrenal hyperplasia (CAH). Diagnosis is usually at birth when
the presence of partially masculinized genitalia is revealed. Studies of CAH girls in England
and Europe, Japan, and North American, while differing in details and magnitude of the effects,
consistently conclude there is some masculinization of the brain consequent to fetal exposure
to androgens (see Ref. 49 for review). But these studies speak to the issue of androgens, and
the focus of this review is estrogens. From the 1940s until 1971, a common medical practice
for maintaining a healthy pregnancy was the treatment of pregnant women with the highly
potent estradiol analog diethylstilbesterol (DES). The practice was discontinued when it
became evident that daughters of DES-treated mothers had an increased incidence of clear cell
adenocarcinoma of the vagina and cervix. Interest in the psychosexual effects of DES exposure
in women followed the reports of estradiol being the masculinizing factor of the male rodent
brain. Early reports of psychosis (107) and lack of interest in parenting (63) in DES-exposed
girls were not replicated in subsequent larger studies (118,146), including ones by the same
group of scientists. In hindsight, the lack of effect of DES on brain differentiation of human
females is consistent with empirical results generated in primates in which most results indicate
no important role for estrogens in masculinization, this function instead being performed by
prenatal androgens combined with social context and rearing conditions (232). What if any
role estrogens might be playing in primate brain development remains to be determined, but
evidence for an important role for aromatase persists (137).

D. Estradiol Regulates Apoptosis to Establish Volumetric Sex Differences
There are three plausible mechanisms by which estradiol can permanently influence the size
of a particular brain region or subnuclei during development: 1) changes in cell proliferation,
2) changes in cell survival, or 3) changes in migration to a particular loci. All of these
possibilities have been examined in at least some brain regions. In mammals there is little
evidence that estradiol impacts on neuronal or glial proliferation in developing brain, and there
is some clear evidence that it definitely does not (105,159,234), but the possibility cannot be
entirely ruled out. The same is true for a potential contribution of neuronal migration to sex
differences in the mammalian brain: no evidence in favor and definite evidence against (105,
159). While there is no evidence that estradiol impacts on neuronal migration, there is a
suggestion that ERβ is required for normal development of the cerebral cortex by regulating
the health of the radial glia along which the neuronal precursors must migrate (234). This novel
observation has not been linked to estradiol and may reflect a nonhormonally regulated function
of ERβ. With proliferation and migration largely ruled out, this leaves differential survival as
the most likely variable mediating volumetric sex differences. In song birds, another excellent
model for sexual differentiation of the brain, most volumetric differences also appear to be due
to estradiol’s impact on survival, and not proliferation or migration, with the notable exception
of the higher vocal center (HVC), a brain region critical for song learning and production. Here
it is the greater incorporation of new neurons into the HVC of males during the critical period
for sexual differentiation that leads to a much larger nucleus volume compared with females
(40). Why the rules are different for this particular song nucleus is unclear but highlights the
principle that there are many ways to achieve the same end point of a larger structure in one
sex versus the other.
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Estradiol modulation of naturally occurring cell death in the developing brain is limited to very
specific regions and can have opposing effects, sometimes promoting cell survival, and
sometimes orchestrating a cell’s demise.

1. Sexually dimorphic nucleus of the preoptic area—In rats, the celebrated sexually
dimorphic nucleus (SDN) is the poster child for sex differences in the brain. It is five to seven
times larger in males than females and situated right in the heart of male-sex-behavior-central,
the preoptic area (134). The SDN has been extensively studied and exhaustively reviewed, yet
its true function remains an enigma (see Refs. 54,98,209). The SDN both sends and receives
a wide-ranging array of inputs, suggesting it serves as integrative node for variables regulating
expression of male sex behavior, but such a function is hard to demonstrate. Nonetheless, for
this discussion, it serves the didactic purpose of illustrating one of the fundamental principles
by which estradiol modulates brain development, the control of apoptosis. The SDN is a dense
collection of neurons in the medial preoptic nucleus. The volume of the SDN can be quantified
by sectioning and staining the brain, tracing the area consisting of dense cells and reconstructing
the area based on slice thickness and magnification. The density of cells does not differ in
males and females, but the number and therefore the area occupied does. Males and females
start out with the same number of neurons destined to become part of the SDN, but beginning
about postnatal day 3 and peaking on postnatal day 7, cells in the female die at a prolific rate.
By 10 days of life, it’s game over, the final volume of the SDN is forever established. If females
are treated with either estradiol or aromatizable androgen sufficiently early, the cells will not
die, and despite the absence of estradiol later, the female will always have a male-sized SDN
(178). Unfortunately, this valuable model system of modulation of naturally occurring cell
death has never been sufficiently exploited to reveal the secret of how estradiol saves the cells.
Other than being distinguished by their high levels of calbindin expression (193), a calcium
binding protein, SDN neurons are not particularly different from those in the surround, yet they
are preferentially saved by estradiol. The unfortunate fact that most mouse strains do not have
an SDN further precludes the opportunity for unraveling this mystery.

2. Anteroventral periventricular nucleus—The anteroventral periventricular nucleus
(AVPV) is notably in contrast to the SDN in that this nucleus is larger in females, and this is
entirely due to the ability of estradiol to kill off cells (195). The AVPV also offers several
advantages over the SDN, with the two most important being that it is present in mice and its
functional significance is clear, it is a critical node in the control of the surge of gonadotropin
secretion required for ovulation. Moreover, the AVPV is part of a well-defined sexually
dimorphic circuit. A substantial portion of the neurons in the AVPV are dopaminergic, and it
is their survival that is primarily undermined by estradiol. The use of single- and double-
knockout mice suggests that both isoforms of ER are required for the full male AVPV
phenotype to be achieved (35), an interesting contrast to the SDN which uses only ERα to
regulate cell death. The functional involvement of both isoforms is confirmed with the use of
ERα and ERβ selective agonists, either of which when given neonatally to females will reduce
AVPV volume and impart infertility due to impaired cyclicity (160). That roughly identical
results are found in rats and mice and the unusual nature of the estradiol action (i.e., killing
cells, or at least preventing them from surviving) and the requirement for both receptor
isoforms, should provide a good hook from which to begin to investigate the specific cellular
mechanisms by which estradiol is acting.

Other sex differences in the volume of particular subnuclei or brain regions are found, but they
are much smaller in magnitude and have not been investigated on a mechanistic level or
specifically in the context of estradiol action. Androgens also regulate cell survival, particularly
in the spinal cord via a complex regulation of growth and survival factors, and the interested
reader is referred to an excellent recent review by Forger (67). Lastly, we have recently found
that androgens impact on cell proliferation in the developing hippocampus and may thereby
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contribute to the larger volume of this structure in males (L.-M. Zhang, S. Zup, A. Konkle, and
M. McCarthy, unpublished data).

E. Estradiol Promotes Neurite Growth
Some of the earliest and most spectacular reports on estradiol effects on the developing brain
were the landmark studies of Dominique Toran-Allerand and co-workers (216,217,219) on the
profound induction of neurite outgrowth from organotypic explant cultures of the preoptic area,
hypothalamus, and cerebral cortex. Vivid photos of little plugs of tissue that sprouted neurites
like hair on a Chia Pet when watered with estradiol, left little doubt that this hormone is a potent
regulator of brain development. But unfortunately, studying neurite development in the actual
brain turns out to be an extremely difficult problem, and progress has been relatively slow
given the obvious importance of the end points. Adding to the complexity is the nature of the
estradiol action itself, which has been less than straightforward. Estradiol provided in the dish
directly activates neurite growth, and at the time these discoveries were made, the late 1970s
and early 1980s, the assumption was that ER acting at EREs would transcribe specific genes
that would then direct neurite growth. Growth factors, such as nerve growth factor (NGF) and
brain-derived nerve growth factor (BDNF), and structural proteins involved in neurite
extension, such as growth-associated protein 43 (GAP-43) and microtubule-associated protein
(MAP-2), were obvious candidates for upregulation by ER, and this does indeed occur (76,
220). But, the model of ER acting on an ERE in the promoter region of said growth factors did
not fit the data. For example, the MAP kinase signaling pathway was also activated by estradiol
in cortical neurons (124,197). The preliminary assumption that this was secondary to estradiol-
induced increases in NGF was negated by the observation that phosphorylation of ERK
occurred independently of activation of trk receptors. This raised the intriguing possibility that
ER was interacting directly with the MAP kinase signaling pathway in developing neurons.
The MAP kinase activating effect of estradiol was not blocked by the ER antagonists tamoxifen
or ICI 182,780, but parsimony still suggested the effects were mediated by ER, probably the
α-isoform but also possibly via the β-isoform (197). The exclusive developmental expression
of ERα in neocortex suggested this receptor was the mediating agent. But again, the data did
not fit, including the observation that the rapid activation of the MAP kinase pathway persisted
in mice with a null mutation for ERα. Similar observations were made of hypothalamic neurons
where estradiol conjugated to BSA (and therefore not able to penetrate into cells) was effective
at inducing axonal growth in an ICI/tamoxifenresistant manner (42) that required the trkB
receptor (39). Thus was born ER-X, a novel membrane-associated receptor for estradiol with
a kilodalton weight between that of the 67 kDa ERα and the 60 kDa ERβ. Several other features
distinguish this novel receptor. It is exclusively associated with caveolar-like microdomains
(CLM). CLM serve the same purpose in neurons that caveoli do in other cell types, which is
to provide a cholesterol-enriched scaffolding for anchoring and associating signal transduction
proteins. By associating with CLM, ER-X is presumably brought into direct contact with MAP
kinase and its associated proteins. ER-X shows an unusual developmental pattern in expression,
peaking between postnatal days 7 and 10 before becoming undetectable in the adult (218). An
unusual ligand-affinity profile also distinguishes the receptor from ERα and -β, in particular
its high affinity for the naturally occurring 17α-estradiol stereoisomer of 17β-estradiol. In fact,
ER-X has an equal affinity for the α- and β-stereoisomers (as opposed to the 100-fold lower
affinity of ERα for 17α-estradiol), and 17α-estradiol is even more effective than 17β at
activating MAP kinase in cortical neurons. The story is brought full circle with the evidence
that 17α-estradiol levels are notably elevated in the developing brain and that this previously
considered inactive enantiomer is synthesized locally in the brain (221). This provocative series
of findings challenges many of the preconceived notions of steroid action in the developing
brain, highlighting the need for more careful research into this fascinating area of
neuroendocrinology.
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Considerable traction towards understanding the neurite growth-promoting effects of estradiol
is found in the neural circuitry regulating sexually differentiated gonadotropin secretion.
Neurons of the AVPV provide a critical source of afferent input to LHRH neurons for initiating
the LH surge required for ovulation. The AVPV, in turn, receives a sexually differentiated
afferent input from the principle nucleus of the bed nuclei of the stria terminalis (BSTp). In a
series of elegant and technically challenging studies, Polston and Simerly (169) determined a
profile of sexually dimorphic projections from the BSTp, with a greater galanin projection to
the AVPV in males and a greater substance P projection to the preoptic area in females. Even
more striking is the presence of a GABAergic projection from BSTp to AVPV that is ~10-fold
greater in males than females (168). Changes in circulating steroid levels in adults have no
impact on the dimorphism in innervation, providing proof of principle of the organizational
impact of steroids during development. Given the AVPV is significantly smaller in males, the
larger BSTp projection provides a substantial and permanent inhibitory clamp. ERs can be
found in neurons of both the AVPV and the BSTp, making either a likely target for estradiol
regulation of the projection. Combined explant cultures of neonatal AVPV and BSTp
determined that a diffusible target-derived factor from the AVPV, induced by estradiol, directs
the growth of neurites towards itself (103). Identification of the factor(s) awaits further study,
but the results to date are noteworthy for their clear functional significance and context within
a well-defined neural circuit (Fig. 3).

Estradiol also promotes axon growth of fetal neurons derived from the ventromedial nucleus
(VMN) of the hypothalamus and cultured in vitro. The embryonic day on which the neurons
are cultured impacts on the magnitude of the effect, whether there is a response in both sexes
versus only males and the requirement for glia in the culture. The younger the neurons when
plated, the more responsive and less demanding they seem to be. In concordance with ER-X,
the axonal growth-promoting effects of estradiol on male hypothalamic neurons are reported
to be mediated at the membrane and involve the MAP kinase pathway (45). Reducing levels
of estradiol-induced trkB receptor prevents the axonal growth as well, but if and how the MAP
kinase pathway and growth factor pathways are intersecting to promote axonal growth is not
clear, although the principle of a target-derived factor induced by estradiol appears to apply
here as well (43).

A class of signaling molecules originally identified for their role in metastatic cancer, the focal
adhesion complex family of proteins, are important regulators of neurite growth by controlling
interaction with the extracellular matrix via the integrins. Focal adhesion kinase (FAK) and its
closely associated protein, paxillin, are both higher in the neonatal female hypothalamus, and
in contrast to most other proteins are actually reduced by estradiol (199). This has led to
speculation that FAK and paxillin may be important to feminization of the brain, making them
the first such potential regulators identified. FAK expression is highly enriched in growth
cones, and FAK expression in the brain peaks on postnatal day 0 (reviewed in Ref. 81).
Similarly, paxillin is highly phosphorylated during embryonic development in the rat (223).
FAK is necessary in netrin-mediated chemoattraction and chemorepulsion of axons (117,
176), and it may be required for growth cone turning (184). Hippocampal neurons deficient
for FAK demonstrate increased axon length and branching in vitro (180). Neuroblastoma cells
overexpressing paxillin demonstrate enhanced cell spreading and growth factor-induced
lamellopodia formation (224). Dendrites of female hypothalamic neurons branch less
frequently than those of females (140), and estradiol promotes branching of cultured
hypothalamic neurons (199). Since estradiol is a masculinizing hormone, both responses are
consistent with elevated FAK in females reducing dendritic branching, but a causal relationship
is not yet established.

Similar to its opposing effects on apoptosis in different subnuclei, estradiol can also have
opposing effects on neurite growth. Neurite growth on serotoninergic neurons derived from
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the embryonic mesencephalon is inhibited by physiological levels of estradiol (119). This is
consistent with the perinatally established sex difference in the distribution of serotonin-
immunoreactive fibers in the medial preoptic nucleus where males exhibit a lower density of
fibers than females (194).

F. Estradiol Regulates Synaptic Patterning
Equally important as the number of neurons in a particular brain region is the amount and
nature of the connections they receive and establish. Complex behavioral and physiological
responses, such as those associated with reproduction, require neural networks capable of
coordinating diverse amounts of information, both external and internal. Essential data include
olfactory profiles of conspecifics, time of day, internal endocrine milieu, and reproductive
state. These variables must be assessed and integrated for execution of the appropriate
appetitive, i.e., motivational, and consummatory components of reproductive behavior. As
discussed above, one of the principle actions of estradiol on the developing rodent brain is to
precondition the neural network so that adult hormonal secretions can activate the correct
response. To do so, estradiol is a potent modulator of the formation of dendritic spines, the
major site of excitatory glutamatergic synapses. Depending on the brain region, estradiol can
either increase or decrease the density and/or number of dendritic spines. Estradiol is also
capable of modulating dendritic spine formation in the adult brain, and this has generated
considerable interest, particularly in the hippocampus where spine formation is synonymous
with plasticity associated with learning and memory. But there are several important and
perhaps informative differences between estradiol induction of dendritic spine synapses in the
adult versus the neonate. First is the magnitude of the effect. In adult female hippocampus,
estradiol induces at maximum a 30% increase in the density of dendritic spines (244), and in
the hypothalamus, the effect is even smaller (41). In contrast, in the neonatal preoptic area or
hypothalamus, estradiol increases dendritic spines by 200–300%. Second is that estradiol-
induced spines in the adult are transient, when the estradiol disappears so do the spines, but in
the neonate, the density of spines that are formed within the first few days after birth will persist
into adulthood (5,127). These differences suggest that both the mechanism and the function of
estradiol-induced spine synapse formation are fundamentally different in the developing as
opposed to mature brain. Information we have to date would support this view, although no
direct empirical evidence has been generated, reflecting more the separation of investigator
focus than technical or biological limitations.

One of the most striking things regarding estradiol regulation of spines is that although the end
point may be exactly the same, i.e., a two- to threefold increase in the density of spines, the
mechanism for reaching that end point can be markedly different in different brain regions.
The current state of understanding for each region investigated is reviewed here.

1. Arcuate nucleus—The arcuate is a hypothalamic nucleus and is a small bilateral structure
just above the median eminence and adjacent to the third ventricle. It contains dopaminergic,
enkephalinergic, and GABAergic neurons, many of which coexpress releasing peptides such
as corticotrophin releasing hormone (CRH), growth hormone releasing hormone (GHRH), and
thyrotropin releasing hormone (TRH). Neurons of the arcuate exert regulatory control over the
anterior pituitary as well as other hypothalamic nuclei and thereby play a central role in
reproduction, feeding, and stress responding. Quantitative electron microscopy (EM) of tissue
sections through the arcuate nucleus of adult rats treated neonatally with gonadal steroids
reveals a marked and permanent hormonally determined sexual dimorphism in the density of
axodendritic spine synapses as well as axosomatic synapses, but there is no difference in the
density of axodendritic shaft synapses (127). Males have two- to threefold more axosomatic
synapses than females, who have an equally large bias in the same direction for axodendritic
spine synapses. The pattern is reversed in males castrated as neonates or females treated with
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testosterone, which is readily aromatized to estradiol in the neonatal brain. Treatment is within
the first few days of life, but synapses are quantified on postnatal day 60, attesting to the
permanency of the treatment effects. Axodendritic spines are the major site of excitatory
glutamatergic synapses, whereas axosomatic synapses tend to be inhibitory GABAergic
synapses. Thus a sex difference in the relative amount of axosomatic versus axodendritic
synapses has a profound impact on the excitability as well as potential source of afferent input
to arcuate neurons in males versus females. Quantitative EM is a labor-intensive approach and
not practical for comparing the effect of multiple experimental variables. Axodendritic spine
synapses can be more easily quantified in Golgi impregnated tissue, providing information on
number, density, and cellular location (i.e., distal or proximal to the soma), and an approximate
measure of dendritic spine measures can be gained by Western blot analysis of a protein specific
to spines, sphinophilin (82). Unfortunately, there is no readily available marker for axosomatic
synapses, leaving these important inhibitory synapse structures much less investigated than
their excitatory counterparts on dendritic spines.

Work by our group confirmed the induction of dendritic spines by estradiol in the developing
arcuate, using both EM and analysis of Golgi-Cox impregnated tissue. The hormonally induced
change in dendritic spines was correlated with a marked sex difference in the morphology of
protoplasmic astrocytes in the same brain region (141,142). This sex difference is also
determined by estradiol acting within the first few days of life and results in male astrocytes
that are more complex in terms of the number of primary processes and the frequency with
which they branch. In other words, the male astrocytes have a more stellate appearance as
opposed to the bipolar appearance of female astrocytes. Thus there is an inverse relationship
between the density of dendritic spines and the complexity of astrocytes within the arcuate,
creating the temptation to invoke a causal relationship. Tantamount to establishing a causal
link is determining the primary site of estradiol action. Is it acting on the neurons, the astrocytes,
or both? Attempts to localize ER in arcuate astrocytes were unsuccessful (143), and more
importantly, activation of the GABAA receptor was found to be a critical component of
estradiol-induced increases in astrocyte stellation (144). The rate-limiting enzyme in GABA
synthesis, GAD, is found only in neurons, thus establishing this cell type as the likely primary
site of estradiol action where it increases the activity of GAD, and thereby the synthesis of
GABA, which is released from neurons to act on neighboring astrocytes to induce stellation.
Astrocytes express GABAA receptors and, due to relatively high intracellular chloride, respond
with membrane depolarization and an influx of calcium. Activation of GABAA receptors on
immature cortical astrocytes induces differentiation and stellation (69,147), an effect consistent
with that observed in the arcuate nucleus. This still leaves unanswered the question of how
estradiol downregulates dendritic spines on the neurons. The possibility of a physical barrier
to spine formation created by the highly stellate male astrocytes has been proposed but remains
untested (143). In the adult arcuate nucleus, the same population of astrocytes as studied in the
neonate is capable of physically stripping synapses and allowing for reestablishment later. This
feature is unique to females and is a component of the remodeling that occurs across the estrous
cycle (75). Whether there is an analogous developmental process in which astrocytes are
permanently differentiated by the actions of estradiol acting via GABA, to suppress the
formation of dendritic spines, remains unknown (Fig. 4).

2. The preoptic area—The medial preoptic area (POA) is the major brain site controlling
adult male sexual behavior and female maternal behavior and is thus not surprising as a site of
major sex differences in morphometry. The SDN has already been discussed, but in addition
to this remarkable volumetric difference, the same region also boasts a sex difference in
dendritic spine synapses, with males having two- to threefold higher levels than females (7,
209). Again, as in the arcuate nucleus, the induction of spines is permanent, with the pattern
established in the first few days persisting until at least 90 days of age (5). There is also a sex
difference in the morphometry of astrocytes in the POA, with again males having more
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complex, stellate astrocytes than females (6). But, the relationship between POA astrocyte
morphology and dendritic spine patterning is the precise opposite of that seen in the arcuate,
precluding the potential for establishing general principles about estradiol mediation of
astrocytic/neuronal crosstalk. Moreover, when the mechanism of estradiol induction of
dendritic spines is explored in greater depth, there is no role for GABA, but instead, there
appears to be a requirement for activation of glutamatergic AMPA receptors. However,
glutamate receptor activation is just one step in a complex process that begins with estradiol
upregulation of the enzyme cyclooxygenase-2, or COX-2, the inducible form of COX and a
nodal point in the production of prostaglandins and the thromboxanes (95). Induction of COX-2
is strongly yoked with an inducible form of prostaglandin E2 synthase, mPGEs, leading to the
preferential production of PGE2 over other prostanoids. Estradiol treatment of neonatal female
rats increases PGE2 levels in the POA by sevenfold, and this appears to be a direct result of
estradiol induction of COX-2 gene transcription (5). The estradiol-induced increase in females
mimics the naturally occurring process in males where COX-2 and PGE2 levels are higher than
those of females due to the endogenous production of estradiol in the male newborn brain,
using his own testicular testosterone as precursor. A current working model proposes that
estradiol acts first in the neuron to increase COX-2 levels and activity, thereby increasing
PGE2 which is released from the neuron to act on neighboring astrocytes. There are two effects
of PGE2 on astrocytes: increased stellation (6) and release of glutamate (32,187). The glutamate
released by the astrocytes in response to PGE2 is speculated to then activate AMPA receptors
on the neighboring (or originating) neuron to induce formation of dendritic spines (Fig. 5). The
functional impact of PGE2 production and formation of spines in the newborn male brain will
be discussed below.

The discovery that the prostaglandin PGE2, a compound normally associated with
inflammation and fever, is a potent regulator of normal male development was not only a
surprise, but it also illustrated the point of how little we know about brain development and
how comparing and contrasting the male and female brain at this highly dynamic time point
can provide novel insights into previously unconsidered mechanisms.

3. VMN of the mediobasal hypothalamus—What the POA is to male sex behavior, the
VMN is to female sex behavior. Lesions of this hypothalamic nucleus eliminate lordosis
responding in the female rat, and implanting estradiol directly into the VMN induces the
behavior. Neurons in the ventrolateral subdivision express high levels of ER and project to the
midbrain central gray, forming an essential link in the neural circuitry controlling female sex
behavior. The clear connection to a behavioral output that is hormonally dependent (female
sexual behavior) has made the VMN a target of intensive study, but much remains unresolved.
Early ultrastructural analysis indicated no sex differences in numerical density of dendritic
spine or shaft synapses at postnatal day 5 (126), but a subsequent stereological analysis reported
that the number of both types of synapses was greater in males at this same developmental time
point and persisted throughout life. Treatment of newborn males with an ER antagonist reduced
levels to those of females, confirming this as a classic estradiol-mediated organizational
masculinization event (170). But, a recent study reports the opposite sexual dimorphism in the
adult, with males having more axosomatic synapses and females more axodendritic synapses,
particularly during the proestrus portion of the cycle (186). Admittedly, contradictory results
are found even within the same laboratory. Based on Golgi impregnation, we reported in 1999
(140) that there was no sexual dimorphism in the density of dendritic spines in the VMN of
postnatal day 3 rat pups, but that the dendrites of males branched more frequently than those
of females. To our surprise, when we recently measured a protein associated with dendritic
spines, spinophilin, there was more in the mediobasal hypothalamus of males than females. A
reanalysis of the original Golgi-impregnated tissue revealed that males do indeed have more
dendritic spines, and these appear to be a consequence of the greater number of branches per
dendrite (210). Thus males have more spines overall, but not at a higher density than in females.
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Whether this sex dimorphism persists into adulthood is unknown but highlights the complexity
of hormonally induced synaptic patterning changes in this nucleus and our need for additional
information.

Advances have been made in elucidating the cellular mechanisms of estradiol action in this
nucleus, and not surprisingly, they differ fundamentally from those in the POA and arcuate
nucleus. Both PGE2 and GABA have been ruled out as critical mediators of estradiol induction
of spines in the VMN (210). Furthermore, unlike the POA and arcuate, astrocytes are not part
of the cell-to-cell communication required for estradiol induction of spines in the VMN, but
there is a central role for glutamate. Moreover, the mechanism of estradiol action is trans-
synaptic, involving enhanced glutamate release from presynaptic terminals acting on
postsynaptic NMDA and AMPA receptors to activate MAP kinase and increase levels of the
protein spinophilin. As discussed above, estradiol acting at ERs can directly activate MAP
kinase, an effect which occurs rapidly and is mediated at the membrane. However, in this
scenario, the effects of estradiol on activation of MAP kinase are indirect, being secondary to
the calcium influx induced by opening of NMDA receptors (Fig. 6). This constitutes a novel
action of estradiol in developing brain, enhancement of glutamate release at synaptic terminals
to build permanent sex differences. How estradiol achieves this end is unknown, but that the
ER is required is established by the ability of pretreatment with the ER antagonist ICI 182,780,
to completely prevent estradiol-enhanced glutamate release and formation of postsynaptic
dendritic spines (J.A. Schwarz, S.M. Thompson and M.M. McCarthy, unpublished
observations).

G. Behavioral Masculinization, Defeminization, and Feminization
A major challenge in developmental neuroendocrinology is establishing causal connections
between neonatally determined neuroanatomical sex differences and adult physiology and
behavior. Fortunately, there is a robust and reliable end point: sexual behavior in the albino
laboratory rat, which is determined by neonatal hormone action. Whether an adult rat responds
to sexual advances from another adult rat with a male response (mounting, intromitting, and
ejaculating) or a female response (lordosis) is entirely dependent on two variables: 1) the
hormonal milieu during a perinatal sensitive window and 2) the hormonal milieu of the adult.
As discussed in section IVB, for normal male sexual behavior the neonate must be exposed to
a critical level of neuronal estradiol matched with a critical level of circulating testosterone as
an adult. For female behavior, the neonate must not be exposed to a critical level of neuronal
estradiol matched with a threshold level of estradiol sequential with progesterone in the adult.
Male sexual behavior is opportunistic and readily expressed whenever a receptive female is
present. Female sexual behavior is physiologically constrained to be expressed only in temporal
proximity to ovulation. A fascinating but mechanistically unexplained distinction in male and
female sexual behavior is the impact of experience. Males improve with practice, and if
testosterone is removed (via castration) will continue to exhibit high levels of copulatory
behavior that only gradually extinguishes over a period of months. Females, in contrast, get it
right the first time and every time but will only exhibit lordosis under the proper hormonal
umbrella. If steroids are eliminated, so is female sex behavior. In terms of ultimate causation,
the adaptive basis for the distinction is obvious; there is no benefit and possible cost to a female
that mates outside the window of opportunity for conception, whereas males maximize fitness
by never missing an opportunity to share the wealth. Proximately, however, this dichotomy in
the nature of the plasticity attendant to both behaviors is suggestive of distinct and separate
neuronal circuitries, be they physically or merely functionally so.

So how does the brain mediate these distinct strategies in males and females? A useful
framework for investigating mechanistic questions of sexual differentiation is the operationally
defined and distinct processes of masculinization, feminization, and defeminization.
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Masculinization refers to an active developmental process initiated by gonadal steroids, in
particular estradiol derived from testicular androgen, during the perinatal sensitive period
followed by expression of normal male copulatory behavior in adulthood. Feminization is
essentially what happens in the absence of masculinization, meaning it is the developmental
program that will be executed in the absence of estradiol and will construct a brain predisposed
to expression of lordosis under the proper hormonal conditions in adulthood. Defeminization
is distinct from but normally occurs in tandem with masculinization and refers to the process
whereby the ability to express female sexual behavior is lost.

Studies attempting to identify cellular mechanisms of estradiol-induced masculinization have
by and large focused on neurotransmitters (55,99,130). While much information was gained,
a definitive demonstration of the cellular mechanism was lacking as evidenced by the inability
to induce behavioral masculinization in the absence of exogenous steroid treatment. As
discussed in section IVF2, a novel new regulator of estradiol-mediated changes in synaptic
patterning is the prostaglandin PGE2 (4,5). The synthesis of prostanoids begins with the
oxygenative cyclization of arachidonic acid by cyclooxygenase. The inducible isoform of
cyclooxygenase, COX-2, is an immediate early gene responsive to a variety of stimuli including
fever, injury, and stimuli associated with neuronal plasticity (44,79,95). The POA is considered
the brain region where sensory and hormonal stimuli are integrated for male sexual behavior
(51), and we therefore investigated whether PGE2-induced permanent developmental changes
in synaptic profile of this brain region were correlated with behavior. We found that males
treated with a COX-2 inhibitor, the nodal point in PGE2 synthesis, during the first 2 days of
life have permanently reduced numbers of POA dendritic spines compared with normal males
and as adults exhibit little to no male sexual behavior despite normal circulating testosterone
levels. Moreover, newborn female pups treated with PGE2 for 2 days have permanently
elevated POA dendritic spines compared with normal females, and most importantly, as adults,
if provided with exogenous testosterone, will behave as if they are males towards receptive
females. These PGE2 masculinized females will pursue and engage in vigorous mounting of
receptive females and appear exactly as normal males. Thus PGE2 is both necessary and
sufficient for full masculinization of sex behavior. This surprising finding also provided a new
tool for investigation of sex differentiation of the brain, since it allowed for the first time the
ability to masculinize the brain without steroids. This in turn allowed for asking the question,
Are the processes of masculinization and defeminization two sides of the same coin? In other
words, if a brain is masculinized, is defeminization an irrevocable byproduct? Or, alternatively,
are masculinization and defeminization two separate processes that can be manipulated
independently of each other?

To answer this question, males that had been treated with a COX-2 inhibitor and therefore
showed no male sex behavior were treated with a compliment of female hormones and then
experimentally assayed for female sex behavior. The results were strikingly clear: males treated
with COX-2 inhibitors as neonates displayed neither male nor female sexual behavior as adults;
they were asexual. Conversely, females treated with PGE2 as neonates that displayed robust
male sex behavior as adults were also capable of robust and perfectly normal female sexual
receptivity when under the correct hormonal milieu (209). From this we conclude that
masculinization and defeminization are separate and distinct processes (Fig. 7), thereby raising
the question, What are the cellular mechanisms of defeminization?

Defeminization is an estradiol-mediated active process that either prevents the formation of
the feminine circuit or somehow overrides it, resulting in a permanent suppression or inhibition
of female sex behavior. There is some suggestion that the developmental timing of
masculinization and defeminization is slightly different, with masculinization beginning
prenatally and completing early postnatally, whereas defeminization is entirely postnatal
(233). But this is not a prerequisite since a female rat can be fully masculinized and defeminized
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by postnatal treatment with estradiol (209). One of the principle questions that require
answering is, What is the neural circuit of defeminization? This merely begs the question, What
is the neural circuit of feminization? One would presume the neuronal addresses are the same,
or at least on the same block. It is well known that the VMN of the hypothalamus is a central
site in the control of female sexual receptivity, i.e., lordosis, and thus the VMN is the female
analog to the male POA. The dendrites of male VMN neurons are longer, branch more
frequently, and have more dendritic spines (143,209). Thus the degree and perhaps source of
afferent input to the male VMN may be fundamentally different than that of the female.

Mice bearing null mutations for both the α- and β-form of the ER have been exploited for their
potential to provide new insights into the process of sexual differentiation. The ERKO mouse,
which lacks the α-form of the receptor, fails to exhibit normal male sexual behavior when
treated with testosterone as an adult, consistent with the concept of estrogen action being
required for masculinization and establishing that it is the α-form of the receptor that is needed
for both organizational and activational effects of estradiol on reproductive behavior (182; but
see Refs. 156,157). Additional careful behavioral assessment of the BERKO, a knockout mouse
strain lacking functional ERβ, reveals a potential role for this isoform of the receptor in
defeminization. Males lacking ERβ are more easily induced to exhibit female sexual behavior
than their wild-type littermates when both are treated with a female hormonal profile as adults.
Importantly, these males exhibit perfectly normal male sexual behavior that does not differ
from males possessing Erβ throughout life (112). This observation could provide an inroad
into determining the cellular mechanisms of defeminization, which remains unknown other
than that it is not the opposite of masculinization.

There are some advances being made into the mechanism(s) of estradiol-induced
defeminization, with at least two potential cellular events identified. The first relates to
formation of spines and involves enhancement of glutamate release leading to postsynaptic
activation of AMPA and NMDA receptors, followed by activation of MAP kinase and
production of spinophilin, as reviewed above. This is a novel action of estradiol for
establishment of sex differences in the brain and occurs on a relatively rapid time scale, within
6 h, but is nonetheless mediated by the classic ER, presumably ERα. The second involves the
focal adhesion complex of proteins, also mentioned above. Estradiol reduces both FAK and
paxillin in the newborn brain, and expression of both of these proteins is positively associated
with a reduction in neurite growth and branching (199). Thus estradiol can promote dendritic
extension by reducing FAK and paxillin. This is also a novel action for estradiol in the immature
brain, the actual reduction of signaling proteins. There are no other clear examples in which
an important class of signaling molecules is actively suppressed by estradiol during the
sensitive period, making the focal adhesion complex of proteins a unique candidate for
mediating normal female brain development. Establishing that this is actually true will be far
more challenging, as the female brain is the default pathway and therefore lacks the trigger
(i.e., estradiol) that initiates the male pathway.

H. Gonadotropin Secretion
Neurons expressing gonadotropin releasing hormone (GnRH; also referred to as luteinizing
hormone releasing hormone or LHRH) are diffusely located throughout the preoptic area and
bed nucleus of the stria terminalis in rodents, and also in the arcuate nucleus of primates and
guinea pigs. Given the central, actually essential, role of these neurons in reproduction, two
things are particularly notable. First, there are no obvious sex differences in the number,
distribution, or morphology of GnRH neurons. Second, despite the importance of estradiol in
gonadotropin secretion, GnRH neurons do not express ERα and have very little ERβ (241).
Yet these neurons preside over the most marked of sexually dimorphic responses, the pattern
of LH release from the anterior pituitary. In males, LH is pulsatile and regular, with a peak
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every 30 min to a few hours depending on the species. In females, this pulsatile pattern is
disrupted by a mid-cycle surge in LH that is required for ovulation. In the absence of this surge,
there is no softening of the stigmata on the Graffian follicle, and the ova is not expelled,
regardless of how high estradiol levels rise. The cyclic release of LH is an inherent property
of the female brain and is permanently erased by perinatal exposure to estradiol. Perinatal
females exposed to high levels of testosterone, or estradiol, are sterile as adults due to lack of
ovulation. Androgenized females (although really they are estrogenized) are characterized by
lack of cyclicity and persistent vaginal estrus as a result of growth of follicles to the
preovulatory state where they remain, in essence, stuck. Of interest is the observation that low-
dose exposure to androgens or estrogens neonatally will impact fertility later in adulthood,
after a period of apparently normal fertility (86). There is no mechanistic explanation for this
phenomenon, which in many ways parallels normal aging but at an accelerated rate.

An important distinction in the sensitive period for control of gonadotropin secretion is its
duration, which seems to extend beyond that for differentiation of reproductive behavior. In a
systematic comparison of the two responses, Diaz et al. (58) reported that sensitivity to steroid-
mediated defeminization ended abruptly on postnatal day 7, whereas disruption of
gonadotropin secretion extended beyond day 9 (58). Others report that female rats exposed to
estradiol prior to 5 days of life are masculinized, but after that time the same dose will decrease
the interpulse interval for LH release and advance the onset of puberty (125). Changes in the
glutamatergic input to the GnRH neurons are implicated in these effects, but precisely where
and how estradiol is acting remains unknown. The same is true for the masculinizing effects
of early exposure to estradiol on the LH surge; the cellular mechanism is essentially completely
unknown. In fairness, however, so is the cellular mechanisms of positive feedback of estradiol
in the adult female that leads to the LH surge. This is certainly not from lack of trying, as the
control of gonadotropin secretion in the adult female has been, and continues to be, a topic of
enormous interest, but apparently also of enormous complexity (62,88,123).

I. Growth Hormone and Prolactin Secretion
At the time of the mid-cycle LH surge in an adult female, there is an accompanying but slightly
offset prolactin surge, and this too is subject to elimination by early exposure to estradiol.
Moreover, adults rendered anovulatory due to neonatal androgen or estrogen exposure are
hyperprolactinemic, but interestingly the relative impact of drugs that modify dopaminergic
versus serotoninergic effects on prolactin secretion vary depending on whether the sterility was
induced by testosterone or estradiol (50). In embryonic culture, two to three times as many
prolactin-expressing neurons from female hypothalamus survive as those derived from male
hypothalamus (30), but here the authors conclude the difference is independent of gonadal
steroids. There is also neonatal sex differentiation of the response to elevated prolactin in adults;
females increase food intake but males do not (87), but again, what role if any neonatal gonadal
steroids play in this distinction is unclear.

In contrast to more prolactin expressing neurons in females, there are more growth hormone
releasing hormone (GHRH) neurons in the arcuate nucleus of males, but not appearing until
as late as postnatal day 40 and possibly as a secondary effect of changes in somatostatin neurons
(155). More important, however, are the patterns of GH secretion that are markedly different
in males versus females, with males having more frequent higher amplitude pulses than females
(106,149). This sex difference is determined by gonadal secretions but has not been definitively
linked to estrogens versus androgens. Functionally, the sex difference has important
implications for liver function and body weight. About 75–85% of the genes in the liver exhibit
a sex difference in expression, although the magnitude of the difference is small, ~10%
(181). Interestingly, when 86 genes expressed at differential rates in male versus female liver
were examined, the sex difference was found to be driven by the sex difference in GH secretion
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pattern for a large majority. This is secondary to the activation of STAT5B, which is favored
by the rapid cyclic pattern of GH secretion characteristic of males. Thus the sex differentiation
of the secretion pattern of this anterior pituitary peptide has life-long consequences for the
entire body. Mechanistically, the basis of the hormone-induced sexual differentiation of this
system at the level of the brain is entirely unknown. Our knowledge of sexual differentiation
of prolactin secretion is equally primitive, and in both instances, there has been little to no
investigation of the neuronal basis of these fascinating and obviously functionally significant
sex differences.

V. ESTRADIOL REGULATES THE PHYSIOLOGY OF DEVELOPING NEURONS
Morphometry is a wonderful thing. Differences in form are tangible and intuitively appealing.
Often form follows function, but many functions that can’t be traced back to form might be
related to physiology. In the developing brain, the effects of estradiol on physiology are
relatively unexplored. The hypothalamus, the major site of estradiol action, does not readily
lend itself to electrophysiological analysis even in the adult, and the technical challenges in
the neonate have proven prohibitive, although recent advances have been made (245).
Assessing the physiological state of neurons can be done indirectly via immunocytochemical
or in situ hybridization detection of mRNAs or proteins that reflect a change in activity. The
two most celebrated and widely used of these are the immediate early gene c-fos, which can
be detected at the protein or mRNA level, and the phosphorylated (i.e., activated) form of
cAMP response element binding (CREB) protein. Recent technical advances in the use of
fluorescent dyes that change their emission profile upon binding calcium provide a different
view point of cellular physiology and provide novel insights into how estradiol impacts on the
physiology of developing neurons.

A. c-fos
Detection of the immediate early gene c-fos has been used with great effect in the adult brain,
helping to map the neural circuitry underlying sexual behavior, maternal behavior, stress and
anxiety responding, and olfaction just to name a few. In the neonatal rat, there is little behavior
to speak of, making this activated protein of limited use for that purpose. There is a sex
difference in levels of fos protein detected by Western immunoblot in the immature
hypothalamus during the first few days of life (158), but whether this sex difference is due to
differential estradiol levels in males versus females has not been determined. There is also an
induction of c-fos in the POA of neonates following maternal licking and grooming of the pups,
but there is no sex difference and no apparent role for steroids in this response (129). In many
ways this is not surprising given that much of the evidence in the adult brain indicates that the
estradiol does not regulate c-fos expression per se, but instead alters the probability of specific
neural pathways being activated in response to a salient stimulus. The change in probability
may be in part achieved by ER interacting with AP-1 sites via fos/jun dimmers, but whether
this is occurring in the developing brain is unknown.

B. CREB, CBP, and ERK
CREB is a prevalent transcription factor that is activated by phosphorylation of specific
residues, an event that can be detected with the use of phospho-specific CREB antibodies.
There are baseline sex differences in the level of pCREB in reproductively relevant ER-rich
regions of the neonatal rat brain, being higher in males. There is also a dramatic sex difference
in the induction of pCREB following depolarizing GABA activity on the day of birth (11,
13). GABA is a ubiquitous and dominant inhibitory neurotransmitter in the adult brain. The
GABAA receptor is a chloride-permeant ionophore that upon opening hyperpolarizes neuronal
membranes via influx of this negative ion and further inhibits excitation via shunting inhibition
due to decreased membrane resistance. In contrast, in immature neurons, the transmembrane
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chloride concentration gradient favors an efflux of chloride out of the cell upon GABAA
receptor opening, resulting in membrane depolarization sufficient to activate voltagegated
calcium channels (128). Administration of the GABAA agonist muscimol to neonatal males
results in a massive induction of pCREB in response to the influx of calcium via L-type voltage-
gated calcium channels. Interestingly, female littermates treated in an identical manner not
only do not display an induction of pCREB, they actually show a significant reduction,
indicating a divergence in signal transduction pathways activated in male versus female brains.
This divergence is a function of estradiol, which augments the depolarizing action of GABA
on neonatal hypothalamic neurons by increasing the activity of the cotransporter that maintains
high intracellular chloride (162). This is also true in the developing hippocampus and will be
discussed in greater detail below.

CREB binding protein (CBP) is another ubiquitous protein important to transcriptional events,
and in addition to its obvious ability to bind CREB, it also interacts directly with ERs, acting
as a coactivator. Newborn male rats have more CBP in brain regions either destined to become
sexually dimorphic or critical to the control of sex-typic behaviors or physiology (12), and it
is assumed this sex difference is due to elevated estradiol in males.

C. Depolarizing GABA
Views on GABA action have changed considerably over the past decade. Once considered the
primary source of inhibition in the brain, we now know it to be a principle source of excitation
via depolarization-induced calcium influx through voltage-sensitive calcium channels. This
action is most prominent developmentally and appears to be present throughout the brain,
although it is not completely ubiquitous. The calcium influx induced consequent to
depolarizing GABA action places it squarely in the camp of being a trophic factor, although
many of the aspects of its potential trophic action have not been well explored. The excitatory
effects of GABA are mediated by the GABAA receptor, a chloride ionophore, and the relative
transmembrane chloride gradient. Whether GABAA receptor activation results in chloride
influx or efflux is determined by the transmembrane chloride concentration gradient, which is
in turn determined by the activity and expression of chloride cotransporters (57). During the
neonatal period, the reversal potential for chloride (ECl) is positive relative to the resting
membrane potential (22), resulting in a net outward driving force on chloride when GABAA
receptors open and membrane depolarization sufficient to open voltage-sensitive calcium
channels, primarily of the L-type (114). As development progresses, ECl becomes negative
relative to the resting membrane potential, shifting the driving force on chloride inward and
leading to GABAA receptor-mediated hyperpolarization, the primary basis for synaptic
inhibition in the mature brain.

The gradual developmental shift from GABA-mediated excitation to inhibition is controlled
by changes in chloride cotransporter expression and/or activity, including NKCC1 and KCC2,
along with chloride channels such as ClC2 (190). NKCC1 promotes chloride transport into the
cell along with sodium and potassium, and its expression is high in neonatal brain but declines
with advancing age. Conversely, KCC2 promotes chloride efflux, and its expression is low
neonatally but increases as development progresses such that by the end of the second postnatal
week, KCC2 levels are elevated, and NKCC1 levels are significantly decreased (166,167).
Consequently, around this time, GABAA receptor activation results in chloride influx and
membrane hyperpolarization (201).

Estradiol enhances the depolarizing action of GABA in developing hypothalamic neurons by
increasing the magnitude of the calcium transient with each depolarization, increasing the
number of neurons that respond to GABAA receptor activation with a calcium transient, and
extending the developmental duration of depolarizing GABA action (162). Similar findings of
estradiol enhancing and extending the duration of depolarizing GABA have been made for
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hippocampal neurons (152), and in both cases estradiol appears to upregulate the activity of
the chloride cotranporter NKCC1, which transports chloride into cells and maintains a
depolarizing gradient (Fig. 8). In neurons of the substantia nigra, there is a sex difference in
the response to GABA agonist, with a depolarizing effect maintained in males while females
have the more mature hyperpolarizing response. Here, estradiol downregulates KCC2, the
cotransporter that sends chloride out of cells, and in this way also maintains a gradient that
favors depolarization (74).

In the substantia nigra, the sex differences in depolarizing GABA action are speculated to
underlie sex differences in the threshold to epileptic seizure, which is lower in developing
males than females (74). In the hippocampus and hypothalamus, however, the functional
significance of depolarizing GABA remains unclear. One difficulty in establishing the
functional significance of estradiol enhancement of depolarizing GABA is that at this time, the
only way to enhance depolarizing GABA is by estradiol administration. Administering
GABAA agonists to females in an attempt to mimic the normal state of males will not work,
since in the absence of estradiol, GABAA receptor activation is fundamentally different.

D. Progesterone Receptor
One of the principle genes transcribed by activated ER is progesterone receptor (PR). In fact,
many brain regions show no PR expression unless estradiol has been in the neighborhood
during the previous days. The preoptic area is one of those regions, and during development
the male has robust expression of PR, whereas the female has little to none. This is a classic
ERE-genomically mediated effect and contributes to the argument that estradiol’s effects on
the developing brain are of the traditional variety (173,230). The same sex difference is found
in rats and mice, and in both cases is regulated by ERα, but there are some subtle species
differences that may speak to the not-so-subtle species differences in male sexual behavior.
The induction of PR by estradiol is independent of the SRY gene, and thereby the gonads
(231), making it a quintessential example of hormonally mediated sex differentiation. The next
challenge is to determine what functional role estradiol-induced PR is playing in sex-specific
brain development (229).

E. Granulin
The ER is fundamentally a transcription factor. Developmentally there is a sensitive window
for permanent organizational effects imprinted on the brain by estradiol. Administering
estradiol to females appears to fully mimic the effects of endogenous estradiol aromatized from
testicular androgens in males (the sequestering effects of α-fetoprotein are overcome by using
large doses of estradiol). If ever there was a situation that is perfect for a microarray gene chip-
type analysis to identify novel genes induced by estradiol, this would seem to be it. Subtractive
hybridization was used effectively in this regard and identified granulin as a gene strongly
enriched in the hypothalamus of male and androgenized female 5-day-old rat pups.
Transcription of the granulin gene by estradiol was confirmed (206), and its functional
significance to masculinization was also confirmed with the use of antisense oligonucleotides
to block translation of the mRNA into protein. Males or androgenized females administered
the granulin antisense oligos during the first few days of life had compromised male sexual
behavior as adults (204). Granulin promotes the growth of epithelial cells in the periphery and
in the brain is largely associated with tumor growth. In what capacity granulin contributes to
normal masculinization of the brain remains unknown at this time (205).

VI. ESTRADIOL IS SYNTHESIZED DE NOVO BY THE DEVELOPING BRAIN
Every field has its studies that become iconoclastic. Distinguishable from dogma by not
postulating any theory or guiding principle, these studies are statements of fact, experimental
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findings that are cited over and over again as fundamental. In developmental
neuroendocrinology, the iconoclasts are a small handful of studies measuring serum
testosterone and hypothalamic estradiol in the neonatal rat (179,237). These have provided
essential supporting evidence to the organizational/activational hypothesis, as well as the
aromatization hypothesis, by establishing that neonatal males do indeed have high circulating
testosterone and elevated hypothalamic estradiol compared with females. These findings have
stood the test of time and are not in question. The risk of iconoclasim, however, is that facts
that are true for one place and circumstance are often inappropriately generalized to other places
and circumstances.

We recently embarked on a major effort to quantify the concentration of estradiol and
testosterone in multiple brain regions of the rat, beginning prenatally and extending into
adulthood. The fundamental principle that males have more androgen, and hence more
estrogen, in the preoptic area and hypothalamus, during a restricted perinatal period, was
generally upheld. However, there were some notable discrepancies. First, the period of elevated
androgens and estrogens in the hypothalamus extended beyond that previously reported and
beyond what is reported for the period of elevated gonadal synthesis. More importantly, levels
were elevated in both males and females, although more so in males, before declining in both
sexes just prior to postnatal day 10. Second, levels of estradiol and testosterone in the
hippocampus and cortex changed across development in a pattern that could not be explained
as originating from the gonads, and that was at times different in males and females. For
instance, cortical levels of estradiol and testosterone peaked in females on postnatal day 6. On
this same developmental day, levels were precipitously dropping in the hippocampus in both
males and females. Third, removal of both the gonads and adrenal glands at birth did not impact
on brain estradiol or testosterone concentrations (Konkle and McCarthy, unpublished
observations). These findings illustrate two general principles: 1) steroid levels in different
brain regions are largely independent of each other, and 2) these levels do not depend on
gonadally derived precursors. The great challenge now is determining where these steroids are
coming from, and more importantly, what they are doing.

The de novo (from cholesterol) synthesis of estradiol in the avian brain is well established
(97,188) and has recently been reported for the mammalian hippocampus as well (96,171).
Steroidogenesis requires the transport of cholesterol into the inner mitochondrial membrane
by steroidogenic acute regulatory protein (StAR), and the subsequent conversion to
pregnenolone by the P-450scc enzyme CYP11. Both of these have been detected at high levels
in hippocampal pyramidal neurons, along with picomolar levels of pregnenolone and its
sulfated derivative (108). Conversion of pregnenolone to progesterone, as well as
dehydroepiandrosterone (DHEA), requires 3β-hy-droxysteroid dehydrogenase (3β-HSD).
Developmentally, the expression of 3β-HSD is at its highest level in newborn hippocampus
and declines with increasing age. Concentrations of hippocampal pregnenolone and
progesterone measured by gas chromatography/mass spectrometry were also at their highest
on the day of birth and exceeded those found in plasma, suggesting local synthesis (102). Other
studies confirm the presence of 3β-HSD as well as 5α-reductase and 21-hydroxylase (102,
135,189,202). Allopregnanolone, a 5α-reduced metabolite of dihydroprogesterone, as well as
DHEA have also been detected at low levels in the brains of adult adrenalectomized and
gonadectomized male rats (47,183). Cultured astrocytes and neurons from neonatal rodent
cerebral cortex are capable of synthesizing DHEA and subsequently converting the steroid to
testosterone and ultimately estradiol (248). In situ hybridization detection of CYP19
(aromatase) mRNA reveals high levels in POA, hypothalamus, and amygdala, with moderate
levels in the hippocampus (227,228). Activity assays reveal the same pattern in explants or
cultured neurons of neonatal rat and mouse brain. The highest levels of estradiol production
from [3H]androstenedione are found in the diencephalic brain regions, but the neonatal
hippocampus appears to make up to half that seen in these sexually dimorphic brain regions
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(122). Interestingly, the hippocampus and cortex are distinct from sexually dimorphic brain
regions in not exhibiting aromatase activity until shortly after parturition (122). A critical
enzyme, CYP17, required for the conversion of pregnenolone to DHEA had long eluded
detection in the adult brain, despite measurable levels of DHEA, until a recent report detecting
it in adult male hippocampus (96). Previous reports of this enzyme had been limited to the
developing brain (135,248). Thus all of the requisite machinery appears to be in place for the
de novo synthesis of estradiol by the brain.

Given one accepts the developing brain is making its own estradiol, the next obvious question
is, Why? There must be important functional benefits if such an energetically expensive process
is maintained. In the bird, male brain-derived estrogens are both necessary and sufficient for
establishment of the song control circuit, a sexually dimorphic behavioral response (97). In the
mammalian brain, what little we know about de novo estradiol synthesis during development
suggests that it is often the same in both sexes, or at least the resultant estradiol concentration
is the same. Estradiol has potent neuroprotective effects in the adult brain, and this is true in
some instances in the developing brain as well (see below). Neuroprotection is an attribute of
benefit to both males and females; thus this may be the primary ultimate causation for estradiol
synthesis in the developing telencephalon of both males and females, but how this is achieved
proximately is not known.

VII. ESTRADIOL ALTERS THE IMPACT OF NEONATAL BRAIN DAMAGE
A. Estradiol Is Protective

The enormous interest in estradiol as a neuroprotective agent in animal models of adult stroke,
hypoxia, or blunt trauma has not translated to the field of pediatric brain damage. This is likely
due to two factors. One is that a substantial amount of interest in the adult is based on the
relative merits or faults of hormone replacement therapy in aging woman. The second reason
may be a combination of the technical difficulties associated with studying ischemia in neonatal
rodents, the overall lower level of interest in development, and the widespread but false
perception that mechanisms established in the adult generalize to the neonate only on a smaller
scale. Hypoxic/ischemic brain injury occurs in 2–4 full-term neonates per 1,000 births and up
to 50% of premature babies suffer some form of brain damage in the United States
(www.MarchofDimes.com/peristats; Ref. 208). There is a 50% mortality rate in infants
experiencing severe hypoxic/ ischemic injury and a complication rate of 80% in survivors,
including long-term cognitive and behavioral impairment, with deficits in attention span, short-
term recall, and problem solving (68). Thus there are compelling reasons for exploring the
potential beneficial effects of estradiol in models of pediatric brain damage.

In the adult brain, hypoxia/ischemia induces massive release of glutamate into the extracellular
space, initiating an excitotoxic cascade due to excessive influx of calcium through NMDA
receptors and voltage-gated calcium channels (29,48). The same is true for the immature brain
in regards to excessive release of glutamate, but the effects of glutamate are not the same in
the immature brain as in the adult. This appears to be due to both the population and
functionality of glutamate receptors being distinctly different in the developing brain.

The emphasis in hypoxia/ischemia research on the neonate has been on the 1-wk-old rat pup.
This is in large part due the practical fact that administering glutamate analogs to pups younger
than 7 days is generally without effect. Initial interpretations that the imperviousness of the
neonatal brain to glutamate was a function of no glutamate receptors was revised based on
clear evidence of both the presence and activity of glutamate receptors. The conclusion that
the newborn rat is not sensitive to glutamate excitotoxicity also requires revisiting, with
attention given to the subregions of the hippocampus and the sex of the animals being
investigated. We found that administering kainic acid to newborn males and females results in
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selective damage to the dentate gyrus exclusively in females (94). The CA1 and CA2/3 regions
are largely unharmed by this treatment protocol, but there is up to a 40% cell loss in the dentate
of females. Pretreating females with estradiol is partially protective against kainic acid-induced
damage (92), but the precise mechanism remains unclear. Kainic acid is a selective glutamate
receptor agonist that binds primarily to AMPA and kainate receptors and activates NMDA
receptors only secondary to membrane depolarization. The AMPA receptor is generally
impermeable to calcium due to the presence of the GluR2 subunit that renders the pore too
small for this large cation. Early in development, many AMPA receptors do not possess a
GluR2 subunit and as a result will freely flux calcium into the cell upon activation (100).
Postnatal day 3 males and females have equal levels of GluR2 protein and mRNA when
quantified by Western blot or quantitative PCR, respectively, but estradiol treatment increases
levels in both sexes, and to the same degree in both sexes. This is correlated with reduced
calcium influx following AMPA receptor activation by kainic acid in cultured hippocampal
neurons visualized with fura 2-AM (90). But estradiol regulation of the GluR2 subunit does
not explain why males exhibit no hippocampal damage in response to kainic acid, since there
is no sex difference in the levels of GluR2, nor is there a sex difference in endogenous
hippocampal estradiol during this developmental time point.

In addition to the ionotropic AMPA/kainate and NMDA receptors, the neonatal hippocampus
expresses metabotropic receptors that are activated directly by glutamate. In an in vitro model
of glutamate-induced excitotoxicity in immature hippocampal neurons, there was marked cell
death induced by direct glutamate administration, and this correlated with a massive increase
in intracellular calcium (Fig. 9). Surprisingly, the source of the calcium was not extracellular
but was instead released from internal stores following activation of type I metabotropic
glutamate receptors. When cultured hippocampal neurons were pretreated with physiological
levels of estradiol, there was a complete protection against glutamate-mediated excitotoxicity.
Estradiol treatment was observed to reduce the levels of mGluR1 by two- to threefold. The
reduction in metabotropic receptors is presumably responsible for the bulk of the
neuroprotective effect but likely only one of multiple mechanisms (93). Estradiol levels are
elevated in the hippocampus at birth, gradually declining over the first week of life. A potential
but untested source of the relative imperviousness of the neonatal hippocampus to glutamate-
mediated excitotoxicity could be this endogenous neuroprotective steroid. Put in a different
way, the ultimate causation for the de novo synthesis of estradiol by the developing
hippocampus might be for purposes of endogenous neuroprotection, an interesting but as yet
untested hypothesis.

B. Estradiol Is Damaging
Too much of a good thing is bad, and estradiol at very high doses in young animals has been
known for a long time to be toxic, in particular to the arcuate nucleus where there is substantial
cell death, resulting in polycystic ovaries and anovulation in the adult (38). The selective
vulnerability of the arcuate is further selective to β-endorphin-expressing neurons and appears
to involve the conversion of estradiol to catechol estrogens (37).

In the neonate, estradiol can also impact on damage caused by other means. Returning to
pediatric brain damage, in addition to the excitotoxic glutamate released extracellularly during
hypoxic, there is also a massive increase in extracellular GABA (8). As reviewed above, the
action of GABA in the developing brain is fundamentally different from that in the adult, being
depolarizing and excitatory as opposed to hyperpolarizing and inhibitory. This led us to
speculate that excessive depolarization induced by GABA would mimic the excitotoxic effects
of glutamate seen in more mature brains. This hypothesis was tested and confirmed by the
administration of muscimol, a highly selective GABAA agonist, to newborn pups on the day
of birth and 1 day after, with cell death assessed at 1 wk of age. Unlike the damage induced
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by glutamate, excessive activation of GABAA receptors induced widespread cell death in the
hippocampus in both males and females, although the damage was slightly but significantly
greater in males (150,151). The damage induced was enduring and compromised performance
on cognitive tasks later in life. Cell death was correlated with expression of genes associated
with the apoptotic cascade, such as caspase-3 and BCl2, and was prevented by pretreatment
with an L-type voltage-gated channel blocker, thus confirming the classic excessive calcium-
induced excitotoxic pathway of cell death (153,154).

Estradiol is a potent regulator of the depolarizing actions of GABA, increasing the magnitude
of the calcium transient induced and the number of neurons that respond to GABA as
depolarizing in both the hippocampus and hypothalamus. In the hippocampus, estradiol appears
to delay the natural progression of depolarizing to hyperpolarizing GABA that is normally
complete by ~2 wk postnatally (152). When muscimol administration is combined with
estradiol treatment, the amount of cell death in the hippocampus is significantly increased in
both in vivo and in vitro models. There are at least two mechanisms by which estradiol increases
the calcium transient consequent to depolarizing GABA: 1) an increase in the activity of
NKCC1, the sodium-potassium-chloride cotransporter that pumps chloride into the cell and
thereby maintains a chloride gradient conducive to depolarizing the membrane upon opening
of the GABAA receptor, and 2) an increase in the α1c-subunit of the L-type voltage-gated
calcium channel.

Thus there appear to be opposing actions of estradiol on neonatal brain damage induced by
glutamate- versus GABA-mediated excitotoxicity, being protective against glutamate but
exacerbating damage against GABA. This contradiction makes it difficult to justify any
attempts at translating this research into clinical practice at this time. Moreover, since both
GABA and glutamate are released following hypoxia/ischemia in neonates, the appropriate
model would seem to be exogenous administration of a combination of both of these excitotoxic
agents. To our surprise, we found that combined muscimol and kainic acid to neonates was not
damaging, yet either one alone was, and the lack of damage in response to the combination
was correlated with a marked upregulation of the calcium binding protein calbindin (91).
Estradiol regulates calbindin levels in adult brain (116,203), and there are sex differences in
calbindin levels within the first few days of life (36), but there have been no careful studies of
estradiol effects on calcium binding proteins in the neonatal brain. This is just one of many
missing pieces of information regarding the effects of estradiol on the developing brain at the
mechanistic level, both in the context of normal development and in response to injury or
environmental insult.

VIII. ESTRADIOL MIMETICS AND ENDOCRINE DISRUPTION OF THE
DEVELOPING BRAIN

The lay book Our Stolen Future was published in 1996. The lead author, Dr. Theo Colborn,
is a senior scientist at the World Wildlife Fund and a recognized expert on endocrine-disrupting
chemicals. The book was heralded as the modern day equivalent to Rachel Carson’s Silent
Spring, and the analogy seemed appropriate given the response by Congress mandating the
Environmental Protection Administration (EPA) to establish the Endocrine Disrupting
Screening and Testing Advisory Committee. This was subsequently replaced by the Endocrine
Disrupter Methods Validation Advisory Committee, which reported its progress to the United
States Congress in 2000 and 2002. In September of 2005, the EPA presented notice to the
Federal Registrar of their intended strategy for selecting the initial group of 50–100 chemicals
to be screened under Tier 1 of the Agency’s Endocrine Disruptor Screening Program. It has
been 10 years to get this far, meaning no federal oversight of potentially endocrine disrupting
chemicals in the environment. This in large part reflects the tremendous complexity of the
issue, beginning with what is the definition of endocrine disruption (66). Should something
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that mimics estradiol be considered endocrine disrupting? Moreover, chemicals used as
pesticides or in plastics have multiple actions on the nervous system, only one of which might
be interacting with steroid receptors, and this interaction can be highly complex, having mixed
agonist/antagonist actions depending on the tissue, stage of development, route of exposure,
and endogenous endocrine milieu. That synthetic chemicals in the environment can wreak
havoc on the endocrine system of animals is irrefutable when considering aquatic species.
Exposure from pesticide runoff, industrial waste, and oral contraceptives in effluent of water
treatment plants are the primary sources, with fish, amphibians and aquatic reptiles literally
swimming in the stuff, and illustrating the price with abnormal genitalia, increased incidences
of intrasex individuals, and infertility (101).

The majority of research on endocrine disrupting compounds has focused on reproductive
abnormalities, a natural bias given the visual impact and obvious importance of males with
ovotestis or hemipenises. But there has been persistent interest in the impact of endocrine
disrupting compounds on the nervous system. The potential for disruption of estradiol action
altering normal brain development was recognized early on, but actually demonstrating this
has been less simple.

In some instances, the effects of an endocrine disrupting compound are straightforward and
easily interpretable as mimicking estrogen action. A systematic comparison of the alkylphenol
4-tert-octylphenol, commonly used in paints, pesticides, herbicides, detergents and plastics,
with the synthetic estrogen DES, found equal magnitude effects on preventing the ability to
exhibit an LH surge and induce ovulation in rats (240). A similar parallel effect was observed
between neonatal DES and two naturally occurring xenoestrogens: 1) genistein, an isoflavin
found in many grains, and 2) zearalenone, a mycotoxin produced by the cereal pathogen
Fusarium graminearum. Both compounds increased the volume of the SDN when administered
to neonatal females and altered the responsiveness of the pituitary to GnRH of adult males and
females (65). When genistein was examined for its effects on the AVPV, a sexually dimorphic
brain region that is larger in females than males, it did not mimic the effect of estradiol in
females and exerted a demasculinizing effect on males, counter to what would be expected of
an estrogen-mimicking compound. If another parameter, colocalization of ER with tyrosine
hydroxylase, was used as the end point, genistein as well as the plasticizer bisphenol-A (BPA)
both behaved as estrogen mimetics (161). Interest in BPA is particularly high given its
pervasiveness in the environment and conflicting evidence regarding its disease-promoting
potential. Administration of BPA to pregnant and lactating rats in their drinking water
prevented the development of a sex difference in CRH-expressing neurons in one region of rat
brain (71). This is an unusual and potentially important effect of BPA on the developing brain
but is hard to interpret in the context of endocrine disruption, since the hormonal basis of the
sex difference in CRH expression is not established. A similar caveat can be applied to prenatal
BPA effects on “depression-like behavior” in which a sex difference was eliminated or
prevented from forming (70). These are indeed important observations, but are they endocrine
disruption? There are many ways in which such a sex difference could be prevented without
having a clear endocrinedisrupting effect.

IX. FUTURE CHALLENGES
Tremendous progress has been made in elucidating the effects of estrogens on the developing
brain, and the cellular and molecular mechanisms by which those effects are achieved, but
much remains to be learned. The discovery that the brain itself can make estradiol confounds
our ability to draw simple conclusions about the level of hormone exposure between males and
females. Emerging evidence that highly localized on-demand synthesis of estradiol, making
this steroid more akin to a neurotransmitter (19), further comprises our ability to mimic or fully
antagonize the actions of this ubiquitous and potent signaling molecule. There is a need for a
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methodology that provides highly sensitive precise quantification of steroids in the brain. There
is also a great need for imaging techniques that illuminate where precisely estradiol is acting:
at the membrane, at the nucleus, on dendritic spines, at the axon terminal, or in vesicles?
Clarification of how much estradiol and where will go a long way in helping to focus our
attention on the how. Moreover, little consideration is given to the potential role of metabolism
of estradiol as a variable regulating its biological activity, although there is evidence for
regional variation and regulation of the degradation pathway (20,175). There is also the
tantalizing idea that α-fetoprotein may serve as a selective delivery system for estradiol to
neurons (212), but definitive proof and regional specificity have not been demonstrated. Thus
there are serious challenges in gaining a clear understanding of estradiol action on the
developing brain, and this is before even considering the perhaps far more complicated issue
of the receptors actually transducing the hormone signal.

From a conceptual standpoint, clarifying when estradiol is acting in the developing brain as a
mediator of sexual differentiation, as opposed to a general trophic factor or neuroprotective
agent, is essential for establishing mechanism. Endocrine disruption by man-made chemicals
can only be understood in the context of knowing the natural course of events. Male and female
brains differ in profound ways, and many of these differences are determined by perinatal
estradiol action, but not all of them. Moreover, sometimes males and females do not really
differ at all, or achieve the same end point via different routes (see Ref. 129a). Empirical
evidence reviewed here suggests estradiol exerts broad influences throughout the developing
brain, but these influences vary widely in magnitude and by mechanism. We need to develop
a more unified view of the developing brain that integrates where estradiol is acting, how it is
acting, and when it is acting. Each of these might vary in important ways between males and
females given the genetic background of every male neuron is different from that of every
female neuron (10).

Equally important is to consider that estradiol effects on the developing brain do not occur in
an otherwise steroid-free environment. Estradiol is the end product of a complex steroidogenic
pathway beginning with cholesterol and progressing through multiple potential branch points.
All steroids, including progestins, androgens, glucocorticoids, and mineralocorticoids, are
derived from the same precursors. As reviewed above, the number and variety of steroidogenic
enzymes detected in the brain is a large and growing list. Many steroid receptors interact with
similar domains on the genome, with each other, or with membrane-bound signaling pathways
such as MAP kinase or phosphatidylinositol 3-kinase. These interactions can be synergistic or
antagonistic depending on the steroid, the receptor, or the cell type. To truly understand the
physiology of estradiol actions on the developing brain will require a working model that
incorporates these additional modulating forces.

Finally, a truly synthetic view of steroid action on the brain requires a shifting of emphasis to
the neuroscience in neuroendocrinology, and shifting away from the endocrinology. The
approach taken in this review has been to catalog the many different effects of estradiol and to
distinguish the various mechanisms of action between brain regions and how they differ from
those in the adult. But the brain is an integrated organ, events in the preoptic area are not
independent of those in the hypothalamus, and so on, and a greater attention to the building of
neuroanatomical circuits and how these ultimately impact on function is required. Moreover,
modern approaches in neuroscience, such as functional MRI and multielectrode arrays, have
increased our appreciation for how the relative rates of activity in particular brain regions are
essential to the integration of experience and expectation in the execution of behavior.
Questions of how early gonadal steroid exposure can influence these integrated functions have
not yet begun to be asked but are essential for further progress.
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The ultimate goal in understanding estradiol action in the developing brain is to use that
information for benefit in the study of the many tangentially related aspects of brain
development. Therapeutic approaches to neonatal brain damage are extremely limited and of
marginal value, and the sex of the child is never considered as an important variable. Equally
important but far more challenging is to gain insight into the etiology of mental health disorders
that originate in development and show strong sex biases. These include the much higher
incidence of autism or autism spectrum disorder in males (23,163,222) and the severity and
age of onset of schizophrenia, both of which are greater and earlier in males (46,148,200). The
mechanisms of estradiol action on the developing brain, and aberrations in those mechanisms,
are likely important variables in the vulnerability to later life disabilities.
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FIG 1.
A multiplicity of estradiol actions. Receptors for estradiol are members of a nuclear targeted
transcription factor superfam-ily. Upon binding, the receptors dimerize and are translocated to
the nucleus where they associate with coactivators such as steroid receptor coactivator 1
(SRC-1) and CREB binding protein (CBP) and form part of a preinitiation complex for
inducing transcription. A critical function of this complex is the acetylation of histones on the
chromatin to relax the DNA helix and allow for association with the palindromic sequences
that constitute the estrogen response element (ERE). In addition to this long-term genomic
effect of estradiol, the ER has been associated with the cell membrane of neurons where it can
interact directly with signal transduction pathways such as that involving mitogen-activated
protein kinase. Estradiol has also been reported to directly affect ion channels and G
proteincoupled receptors, independent of the estrogen receptor (ER), and there may be a novel
membrane-bound receptor for estradiol distinct from the classic ER’s, but this remains
unsettled.
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FIG 2.
The organizational/activational hypothesis of estradiol action on the developing brain.
Originally proposed in 1959 by Phoenix et al. (164), the organizational/activational hypothesis
codified the principle that early hormone effects organize the brain such that adult hormonal
effects are constrained by that prior exposure. The establishment of sex differences in
physiology and behavior is a function of differential gonadal steroid synthesis during a perinatal
sensitive period. In rats, the production of testicular androgens begins prenatally, around
embryonic day 18, and defines the onset of the sensitive period. The female ovary remains
quiescent, and a lack of exposure to androgens, and the aromatized product estradiol, is
essential for normal female brain development. Treatment of females with exogenous
testosterone results in its aromatization to estradiol and masculinization of adult brain and
behavior. The developmental time point in which the female becomes insensitive to the
masculinizing effects of exogenous testosterone operationally defines the end of the sensitive
period. As adults, males show only pulsatile release of the gonadotropin luteinizing hormone
(LH) from the pituitary, while females exhibit a large surge in LH release to induce ovulation
at the midpoint of the estrus cycle. Likewise, only adult males exhibit the masculine pattern of
sexual behavior of mounting a female, while only females adopt the sexually receptive posture
termed lordosis. Exposure of developing females to testosterone, which is aromatized to
estradiol, during the sensitive period will render them both sterile and sexually unreceptive.
Both the male and female adult patterns are determined by hormonal organization during
development but are dependent on adult sex-specific hormones to be activated in the adult.
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FIG 3.
Mechanisms of estradiol action for establishing a sexually dimorphic projection from the
principle nucleus bed nucleus of the stria terminals (BSTp) to the anteroventral periventricular
nucleus (AVPV). The AVPV is notable both for its central role in the control of the female-
specific LH surge and for being larger in females than males. There is also a substantive sex
difference in the size of the afferent projection from the BSTp to the AVPV, being up to 10-
fold larger in males. To distinguish whether this sex difference in innervation arises in the
BSTp or the AVPV, Simerly and colleagues (103)developed mixed-sex cocultures of the two
nuclei. The BSTp is labeled with DiI (pseudo-colored red), and the AVPV is visualized with
a Hoeschst stain (visualized here as green). Note the neuronal processes originating from the
BSTp explant and extending toward the AVPV (left panel). The use of mixed sex cultures is
illustrated with representative photomicrographs in the top panel and graphically by fiber
density in the bottom panel. When a male-derived BSTp was paired with a male-derived AVPV
(M/M), there were significantly more neurites extending toward the AVPV compared with a
male-derived BSTp cocultured with a female-derived AVPV (M/F), and was not different from
female-female cocultures (F/F). A female-derived BSTp innervated a male-derived AVPV (F/
M) to the same degree as a M/M coculture, and treatment of females with testosterone before
coculturing with a male BSTp resulted in a neurite growth rate identical to that of M/M
cocultures. These data demonstrate that a hormonally determined target derived factor in the
AVPV directs the innervation by the BSTp to produce a sexually dimorphic neural circuit.
[From Ibanez et al. (103), copyright 2001 by Society for Neuroscience.]
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FIG 4.
Working model of estradiol action establishing sexually dimorphic astrocyte morphology and
synaptic patterning in the arcuate nucleus. The arcuate nucleus is located in the dorsomedial
hypothalamus and exerts a regulatory subluence over the anterior pituitary and adjacent
hypothalamic nuclei to regulate such diverse functions as feeding, growth, stress responding,
and reproduction. There are half as many dendritic spine synapses on neurons in the neonatal
male arcuate as there are on female dendrites (126). This sex difference is entirely dependent
on elevated estradiol in the male brain during the perinatal sensitive period. Conversely, the
astrocytes in the male arcuate are far more stellate, with more processes that frequently branch,
compared with females. Mong et al. (144) determined that estradiol increases the synthesis of
the inhibitory neurotransmitter GABA by neurons, which then acts on neighboring astrocytes
to induce stellation. It is speculated that the increased complexity of the astrocytes in males
suppresses the formation of dendritic spine synapses, but the mechanism of how that is achieved
is currently unknown.
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FIG 5.
Working model of mechanism of estradiol action establishing sexually dimorphic synaptic
patterning in the preoptic area. The preoptic area (POA) is the critical brain region controlling
expression of male sexual behavior and exhibits some of the most robust sex differences in the
brain. In addition to the sexually dimorphic nucleus, male POA neurons have about twice as
many dendritic spines as females, and this level of spines can be induced in females by treatment
with estradiol during the perinatal sensitive period. Dendritic spines are the primary site for
excitatory synapses. Astrocytes are also more complex in the male POA, with longer and more
frequently branching processes. Both of these morphological sex differences are the result of
estradiol action in the neonatal brain (4). The initiating event is the induction of COX-2, a
pivotal enzyme in the production of prostanoids and specifically linked to an increased
synthesis and release of prostaglandin E2 (PGE2). Receptors for PGE2 are G protein linked
and can be found on astrocytes. Activation of EP receptors can induce glutamate release from
astrocytes in a calcium-dependent manner, and glutamate induces the formation of dendritic
spines. In this system, application of PGE2 induces a 2- to 3-fold increase in the density of
dendritic spines on POA dendrites, and this effect can be blocked by antagonists to the
glutamate AMPA receptor. Thus, in this model, a critical neuronal/astrocytic cross-talk is
believed to be essential for PGE2 to induce a sexually dimorphic synaptic pattern determined
by estradiol.
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FIG 6.
Working model of mechanism of estradiol action establishing sexually dimorphic dendritic
morphology in the ventromedial nucleus (VMN) of the hypothalamus. The VMN is the critical
brain region controlling expression of female sexual behavior. Dendrites on neurons in this
nucleus branch more frequently in males, and also have an overall greater number of spine
synapses (210). This sex difference is established during the perinatal sensitive period and is
a function of estradiol action in the male brain. The estradiol-induced increase in dendritic
spines can be blocked by antagonism of the NMDA glutamate receptor and mimicked by
application of an NMDA receptor-specific agonist. Downstream to activation of glutamate
receptors is activation of the mitogen-activated protein kinase pathway, leading to spine
formation (Schwarz et al., unpublished observations) and possibly dendritic branching. The
fundamental effect of estradiol is to promote the release of glutamate from nerve terminals.
Unlike the arcuate nucleus and the POA, no definitive role for astrocytes has been established
in this system. However, since the primary effect of estradiol is presynaptic, there is a
requirement for cell-to-cell communication to permanently organize this brain region into the
masculine phenotype.
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FIG 7.
Masculinization, defeminization, and feminization of sex behavior. The embryonic brain is
bipotential in its ability to adopt a masculine or feminine phenotype, but this potentiality is lost
after a perinatal sensitive period. The reproductive behavior of the laboratory rodent provides
a valuable model system for fundamental questions about how a sex phenotype is permanently
imprinted on the immature brain. In this context, masculinization refers to the organization of
the brain such that it will support the expression of male sexual behavior in adulthood.
Defeminization is the removal of the default phenotype, the feminine. Defeminization is an
active hormonally driven process that organizes the brain to preclude the expression of female
sexual behavior in adulthood. Both masculinization and defeminization are induced by
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estradiol. Feminization occurs in the absence of high levels of estradiol. A: there are two
opposing views of how these processes could be codified in the brain. Option one is a
continuum; masculinization and feminization are opposite ends of the spectrum, and
defeminization is an obligate component of masculinization. In this scenario, one could
experimentally manipulate animals during the sensitive period such that in adulthood they
could fall anywhere along the spectrum. In option two, masculinization and defeminization are
viewed as two separate processes. In this scenario, it should be possible to create animals that
show robust male and female sex behavior and animals that are essentially asexual, exhibiting
neither male nor female sexual behavior. B: the discovery that PGE2 is a fundamental
determinant of behavioral masculinization allowed for a new examination of these two options
by circumventing the need for estradiol to induce masculinization. By inducing masculinization
with PGE2, it could be determined if defeminization was also affected. Treatment of neonatal
females with PGE2 resulted in animals that would show either male or female sexual behavior
as adults if provided the appropriate activational hormonal milieu. Likewise, treatment of
newborn males with a cyclooxygenase (COX)-2 inhibitor to block the endogenous production
of PGE2 eliminated all sex behavior, regardless of the adult hormonal milieu. From these
observations it is concluded that masculinization and defeminization are mechanistically
distinct processes regulated by estradiol. How this steroid hormone mediates defeminization
has yet to be determined.
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FIG 8.
Estradiol enhancement of depolarizing GABA action. The normally inhibitory transmitter
GABA is predominantly excitatory in the developing brain due to a shift in the reversal potential
for chloride so that activation of GABAA receptors results in chloride efflux and membrane
depolarization as opposed to hyperpolarization. The membrane depolarization induced by
GABA is sufficient to activate voltage-gated calcium channels and promote calcium influx.
This excitatory effect of GABA is linked to trophic actions and promotes the maturation of
synapses. Estradiol enhances the excitatory actions of depolarizing GABA by increasing the
magnitude of the calcium influx, increasing the number of neurons that respond to GABA as
depolarizing and extending the developmental duration of depolarizing GABA. The principle
action of estradiol is to increase the amount and activity of the sodiumpotassium-chloride
cotransporter NKCC1 that maintains intracellular chloride. This transporter is expressed at
high levels in mature neurons but gradually declines as development proceeds and is
superceded by another transporter, KCC2, which transports chloride out of the cell. A potential
deleterious consequence of the estradiol-induced enhancement of depolarizing GABA is a
lowering of the threshold to excitotoxicity in the immature brain.
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FIG 9.
Estradiol provides neuroprotection from glutamate excitotoxicity in immature brain. Excessive
calcium influx following overactivation of glutamate receptors is the gateway to adult neuronal
excitotoxicity. NMDA and AMPA receptors are primary routes for calcium influx into mature
neurons. In immature hippocampal neurons, glutamate-mediated excitotoxicity is determined
by the mGluR class of glutamate receptors and involves release of calcium from internal stores.
A: neurons imaged with the calcium-sensitive dye fura 2-AM can be visualized over time to
reveal the dynamics of calcium handling. Bath application of kanic acid (KA) versus glutamate
(Glu) reflects the differential sources of calcium. KA activates AMPA, and then NMDA
receptors and calcium influx into the cell with a slow upward slope that terminates gradually.
In contrast, glutamate activates metabotropic glutamate receptors which release calcium from
internal stores in a rapid surge that quickly depletes the reserve before the drug application is
complete. B: treatment of cultured immature hippocampal neurons with glutamate significantly
increases cell death, as indicated by TUNEL assay; pretreatment with estradiol completely
prevents the glutamate-induced cell death and is neuroprotective against spontaneous cell death
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as well. C: pseudo-colored image of neurons being imaged for free calcium shows the control
condition in panel 1, revealing a high level of calcium, whereas in panel 2, a decrease in the
peak amplitude of the calcium is observed following pretreatment with estradiol. This reduction
in the amplitude of the calcium transient correlates with an observed decrease in the amount
of metabotropic glutamate receptor following estradiol treatment. [From Hilton et al. (93),
copyright 2006 Wiley-Blackwell Publishing.]
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