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Abstract
Hormone exposure, including testosterone and its metabolite estradiol, induces a myriad of effects
during a critical period of brain development that are necessary for brain sexual differentiation.
Nuclear volume, neuronal morphology and astrocyte complexity are examples of the wide range of
effects by which testosterone and estradiol can induce permanent changes in the function of neurons
for the purpose of reproduction in adulthood. This review will examine the multitude of mechanisms
by which steroid hormones induce these permanent changes in brain structure and function.
Elucidating how steroids alter brain development sheds light on how individual variation in neuronal
phenotype is established during a critical period.
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The brain is a target organ for gonadal steroids. In adulthood, hormone exposure is responsible
for inducing many of the functions necessary for sexual receptivity and reproduction. In adult
males, testosterone is necessary for spermatogenesis in the gonads as well as sexual behavior,
which involves both motivation to seek a mating partner (appetitive behavior) and motor
components (consummatory behavior). In adult females, fluctuating levels of estradiol and
progesterone induce follicular development and ovulation in the gonads, but are also essential
for appropriately timing behavioral sexual receptivity within the limited time window for
fertilization. Establishing the myriad functions for steroid hormones in the adult brain remains
an active research goal, but equally important and substantially less investigated are the effects
of gonadal steroids on the developing brain. The immature brain is highly sensitive to the same
hormones produced in adulthood and this hormone exposure during development is necessary
to express many of the functions in adulthood described above. The goal of this review is to
elucidate the current understanding of how steroids act on the developing brain to permanently
organize neuroarchitectural sex differences that then mediate adult sex differences in
physiology and behavior.

BACKGROUND
Both the gonads and brain begin as a bipotential organ and are then differentiated as male or
female by a variety of cues in the developing environment. In genetic males (XY), the sex-
determining region of the Y chromosome (SRY) contains the genes necessary to induce the
formation of the testis (Koopman et al., 1990). In the absence of the SRY gene, in females
(XX), the bipotential gonad becomes an ovary (Sinclair et al., 1990). During the last days of
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gestation in the rodent, and as early as the second trimester in primates, the testes of the
developing male begin to produce significant quantities of testosterone (Rhoda et al., 1984;
Weisz and Ward, 1980). Exposure of males to testosterone at this time induces the formation
of the secondary sex characteristics, including the epididymis, vas deferens, and male genitalia
(Jost, 1947). In addition, this testosterone exposure occurs at a time when the brain is
particularly sensitive to hormone exposure, also known as the critical period for sexual
differentiation of the brain. A critical period is defined as a restricted window of development,
characterized by a heightened sensitivity to an environmental stimulus, wherein certain events
must occur or forever be precluded. The concept of a critical developmental period applies to
multiple neurophysiological endpoints, including the visual system (Desai et al., 2002; Wong,
1999; Zhang and Poo, 2001), development of motor neurons (Hanson and Landmesser,
2004; Haverkamp and Oppenheim, 1986), control of whisker movement in the rat (Schlaggar
and O'Leary, 1991; Schlaggar and O'Leary, 1993), vocal learning in finches (Iyengar and
Bottjer, 2002) and even some aspects of language development in humans (Ruben, 1997).
Sexual differentiation of the bi-potential brain occurs during a restricted time point in all species
examined to-date (Arnold and Gorski, 1984; MacLusky and Naftolin, 1981; Nevison et al.,
1997; Swaab, 2004).

The laboratory rat is arguably the best characterized species for sexual differentiation and sex
differences in the rodent brain are robust and reliable. In the male rat, the testes synthesize and
release testosterone as early as embryonic day 18, and this exposure is necessary to induce a
phenotypic male brain. From embryonic day 18 until around postnatal day 10, exogenous
treatment of females with testosterone can override development as a female, and induce a
phenotypic male brain. After postnatal day 10, treatment of females with testosterone has no
effect on the development of the bipotential brain as it has been permanently induced to be
phenotypically female ((Arnold and Gorski, 1984; MacLusky and Naftolin, 1981). This lack
of responsiveness to exogenous steroids in the female is used to operationally define the end
of the sensitive period. In primates, sexual differentiation of the brain begins and ends
prenatally but may also require a later pubertal component for its completion (see (Wallen,
2005)for review), a phenomenon that also appears true for the rodent (Sisk and Foster, 2004;
Sisk and Zehr, 2005). Nonetheless, testosterone exposure during the critical period is an
essential requirement for masculinization of the brain and guarantees that the “brain sex”
matches the gonadal sex. The organization of the brain that occurs during this critical period,
followed by the activational effects of hormones on sex behavior in adulthood, constitute what
has been named the Organizational/Activational Hypothesis of the brain and behavior.

Early studies performed in the guinea pig by Phoenix, Goy, Gerall and Young (Phoenix et
al., 1959), were the basis for the Organizational/Activational Hypothesis. Not long after, other
groups determined that treatment of females rodents with estradiol could induce
masculinization of the brain just as well, if not better, than testosterone (Booth, 1977; Feder
and Whalen, 1965; McEwen et al., 1977), leading to The Aromatization Hypothesis. A critical
argument for this hypothesis was the discovery that the developing fetus has high levels of
circulating alpha-fetoprotein, a protein that potently binds estradiol thereby sequestering the
maternal estradiol in the fetal circulation (Andrews et al., 1982). Coincident with this finding
was the discovery that brain nuclei that are sexually dimorphic express high levels of the
enzyme P450 aromatase (Naftolin and MacLusky, 1984; Reddy et al., 1974), the enzyme that
converts testosterone to estradiol. Blocking of neuronal aromatase or absence of this key
enzyme during development prevents differentiation of the male rodent brain (Bakker et al.,
1993; Bakker et al., 2004). In the developing male rat, testosterone secreted from the testes is
not bound by alpha-fetoprotein and freely enters the brain where it is locally converted to
estradiol in specific nuclei. Consequently, neonatal males have more than double the levels of
estradiol than females in brain regions subject to sexual differentiation (Amateau et al.,
2004; Rhoda et al., 1984). Moreover, high levels of the estrogen receptor (ER) are concentrated
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in these same brain regions and ER is essential for transducing the steroid signal, initiating the
cascade of cellular changes leading to masculinization (McCarthy et al., 1993; Shughrue et
al., 1997).

The normal development of the male rodent brain requires completion of two distinct
processes: masculinization and defeminization. Masculinization is the organization of a neural
substrate permissive to the expression of adult male sex behavior. Defeminization is the loss
of capacity as an adult to respond to the activational effects of estradiol and progesterone to
induce female sex behavior. Both processes oppose the process of Feminization, which occurs
in the absence of critical levels of neuronal estradiol and is the process leading to adult female-
typical behavior (Figure 1). While feminization is a default process, occurring in the absence
of a particular stimulus, estradiol, it can nonetheless be considered an active process as there
are surely specific cellular events that must occur in an organized fashion to generate the
appropriate neuronal network for mediating female sex behavior in adulthood. What those
cellular events might be remains entirely unknown. Studies attempting to elucidate the
mechanistic basis of sex differences in the brain can benefit from the robust and reliable
endpoint of adult sexual behavior. The separate processes of masculinization, defeminization
and feminization, which result in separate behavioral outputs, allow us to attribute the many
effects of estradiol in the brain to a specific process represented by a behavior.

SEX DIFFERENCES IN THE BRAIN
Early studies focused on two different types of sex differences in the brain: large volumetric
differences of entire structures or regions, sometimes visible to the naked eye, and small
microscopic differences in the morphometry of individual cells. On the macroscopic scale,
Roger Gorski discovered the sexually dimorphic nucleus of the preoptic area (SDN-POA),
named for the fact that this nucleus of cells is nearly 5 times larger in males than in females
(Gorski et al., 1978), and embedded in a brain region necessary for the control of male sex
behavior, the preoptic area (POA) (Larsson and Heimer, 1964). Other groups found sex
differences in the neuronal morphology and synaptic patterning of the POA neurons (Pfaff,
1966; Raisman and Field, 1973). Sex differences such as these are microscopic but the
magnitude of the differences is just as large. Both types of sex differences, macroscopic and
microscopic, represent the biological underpinnings for behavior in adulthood. Importantly,
both types of sex differences can be established by estradiol exposure during development.

STEROID REGULATION OF CELL DEATH AND ITS ROLE IN ESTABLISHING
VOLUMETRIC SEX DIFFERENCES

Sex differences in the size of certain nuclei are generally induced by hormone exposure, or the
lack thereof, which stimulates or prevents cell death in these areas. This is evidenced by the
SDN-POA, the spinal nucleus of the bulbocavernosus (SNB), the principle bed nucleus of the
stria terminalis (BNSTp), and the anteroventral periventricular nucleus (AVPV). Each of these
subnuclei is critically involved in the regulation of reproductive behavior or physiology. The
SDN-POA has been implicated in partner preference in sheep (Roselli et al., 2004). The SNB
is a motor nucleus of the spinal cord that innervates the penile muscles and contains many more
neurons in males than in females as a result of neonatal testosterone exposure (Freeman et
al., 1996; Nordeen et al., 1985). The BNSTp projects to the AVPV and together these nuclei
form part of a functional circuit controlling sexually dimorphic gonadotropin secretion from
the anterior pituitary (De Vries and Simerly, 2002; Gu and Simerly, 1997; Herbison, 1998). In
the SDN, SNB, and BNSTp, neonatal testosterone and/or estradiol decreases naturally
occurring cell death, resulting in a larger nucleus in males than females (Breedlove and Arnold,
1983; Davis et al., 1996; del Abril et al., 1987; Nordeen et al., 1985). Conversely, in the AVPV,
testosterone/estradiol increases cell death during the critical period, creating a significantly
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smaller nucleus in males than in females (Murakami and Arai, 1989; Simerly et al., 1985).
These examples provide evidence that one steroid can differentially affect the same cellular
process, apoptosis, depending on the brain region of action. Two major classes of signaling
proteins mediate the process of apoptosis, one being the anti-apoptotic proteins such as Bcl-2,
the other being the pro-apoptotic proteins, such as Bax. In transgenic mice that over-express
Bcl-2, the survival-promoting cell signaling protein, the sex difference in the size of the SNB
is significantly reduced; suggesting that in the normal male mouse, testosterone might up-
regulate anti-apoptotic proteins such as Bcl-2 to inhibit cell death in this nucleus (Zup et al.,
2003).

Conversely, the AVPV is significantly larger in females than males, with an overall increase
in cell number, specifically dopaminergic neurons (Forger et al., 2004; Simerly et al., 1985;
Sumida et al., 1993). Reciprocal to this is the number of cells in the BNSTp, where there are
significantly fewer cells in females than in males (Guillamon et al., 1988; Hines et al., 1992).
Mice lacking functional Bax, a pro-apoptotic protein, show increased cell number in the AVPV
and the BNST, eliminating any hormonally induced sex difference in both of these regions
(Gotsiridze et al., 2007).

Another example of macroscopic sex differences in the brain include projections from one
brain region to another, such as the projection from the bed nucleus of the stria terminalis to
the AVPV, which contains nearly ten times the number of fibers in males as in females (Gu
and Simerly, 1997). This sex difference is established by testosterone during the critical period.
However, rather than modulating the cellular mechanisms of apoptosis, the neurons of the
AVPV are impacted by testosterone to induce synthesis of a target-derived trophic factor to
promote outgrowth of neurites in order to form the connections originating from the BNST
(Ibanez et al., 2001). The identity of this trophic factor has not yet been established.

SEX DIFFERENCES IN CELLULAR MORPHOLOGY ESTABLISHED BY EARLY
ESTRADIOL EXPOSURE

In addition to the volumetric and cell number differences induced by early hormone exposure
in the brain, there are also robust sex differences in synaptic connectivity and cellular
morphology. The preoptic area (POA), the arcuate nucleus (ARC) and the ventromedial
nucleus of the hypothalamus (VMN) are subnuclei critical for the control of reproductive
functions in adulthood, and each one exhibits profound sex differences in cell morphology and
synaptic patterning. These differences have been identified via multiple techniques including
electron microscopy, Golgi-Cox impregnation, immunocytochemistry and western blot
analysis of dendritic spine proteins. Electron microscopy of the POA, ARC, and VMN reveals
sex differences in the type and number of synapses found on developing neurons (Matsumoto
and Arai, 1986b; Mong et al., 2001; Raisman and Field, 1973), which allow for changes in
neuronal sensitivity to synaptic inputs to ultimately affect neuronal function. Synaptic
patterning refers to the frequency and density of synaptic contacts on individual neurons in a
particular brain region. There are three basic types of synapses; 1) axosomatic synapses,
referring to an axon terminating on the soma of a second neuron, 2) axodendritic synapses
when an axon terminates on the dendrite of a second neuron, and 3) axodendritic spine synapses
when an axon terminates on a dendritic spine of a dendrite. Dendritic spines are the major sites
of excitatory input to neurons. Spine number and shape are sensitive to electrical and chemical
activity in the neuron and, therefore, the basis of plasticity in many brain regions (Bourne and
Harris, 2007; Hayashi and Majewska, 2005). In conjunction with the changes seen at the
synaptic level using electron microscopy, these brain regions have corresponding changes in
the number of dendritic spines on these neurons, which can be visualized by Golgi-Cox
impregnation of individual neurons. Western blot analysis of dendritic spine proteins, such as
spinophilin, a protein located preferentially in the head and necks of dendritic spines, is also a
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reliable method for analyzing dendritic spine number (Amateau and McCarthy, 2002a; Brake
et al., 2001; Li et al., 2004; Todd et al., 2007). Associated with the changes in synaptic
patterning and dendritic spines, is the length and branching of neuronal dendrites as well as
the morphology of the neighboring astrocytes, a type of glia closely associated with synapses.
There is a close relationship between neuronal morphology and astrocytic morphology (Fields
and Stevens-Graham, 2002; Hansson and Ronnback, 2003). Immunocytochemical detection
of the protein glial fibrillary acidic protein (GFAP), allows for detailed morphological
examination of astrocytes and sex differences in astrocyte complexity and morphology have
been identified in both the POA and the ARC nucleus (Amateau and McCarthy, 2002b; Mong
et al., 1999). The communication between astrocytes and neurons seems to vary between these
two brain regions, relying predominantly on GABA in the ARC (Mong et al., 2002), and
glutamate in the POA (McCarthy, 2008).

Despite the fact that estradiol exposure in the developing brain works to achieve a single goal
– induce a male-typic brain – estradiol utilizes distinct mechanisms to establish sex differences
in each brain region. Not only does this speak to the versatility of estradiol action in the brain,
but raises questions of why? Why would estradiol use separate mechanisms to reach the same
goal? Different mechanisms may relate to differences in plasticity and permanency of estradiol
action in each region during development. Separate mechanisms may be a way by which
estradiol selectively induces separate processes, such as masculinization and defeminization,
while effectively excluding the development of other brain functions. Alternatively, the many
mechanisms of estradiol action might relate to the ability of estradiol to exploit preexisting cell
types and signaling mechanisms that are region specific. Regardless of the reasons, the outcome
is that a far greater variability can be achieved between individuals than would otherwise occur
with a single mechanism for estradiol action, as there are multiple nodal points that can be
independently modulated. This point will be elaborated on further after a more detailed
discussion of the particular mechanisms for estradiol action that have so far been established.

ESTRADIOL-INDUCED SEX DIFFERENCES OF THE PREOPTIC AREA
REQUIRE PROSTAGLANDIN E2

The SDN-POA is the most well-known sex difference in the rodent brain. However,
surrounding this small sexually dimorphic nucleus is a forest of neurons whose morphology
and connectivity exhibit sex differences induced by estradiol exposure during development.
The POA is a brain region necessary for male sex behavior in adulthood, and therefore a prime
target for estradiol-mediated sex differences. In 1973, Raisman and Field discovered a
difference in the number and distribution of synapses in the POA (Raisman and Field, 1973).
Since then, we have determined that males have significantly more dendritic spines than
females in the developing POA (Amateau and McCarthy, 2002a). Also in the POA, males have
more complex astrocytes, characterized by an increase in the number of processes and branches
extending from these cells (Amateau and McCarthy, 2002b). Both of these sex differences are
established by estradiol exposure during the critical period of development.

A major unanswered question was the mechanism by which estradiol mediates changes in
neuronal and glial morphology in the developing POA. The answer turned out to be quite
surprising, with the discovery that a lipid molecule, prostaglandin E2 (PGE2), could mimic
the effects of estradiol during the critical period to induce an increase in dendritic spines
(Amateau and McCarthy, 2002a). Prostaglandins are synthesized from fatty acids and
maintained at basal levels. Cyclooxygenase 2, or COX-2, is an inducible form of the upstream
enzyme necessary for prostaglandin production, and can be stimulated by many factors; most
well known of which is inflammation and the subsequent production of cytokines. In mature
animals, PGE2 in the POA is the primary initiator of fever (Lazarus et al., 2007). In the
developing POA, COX-2 is higher in males than in females and treatment of females with
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estradiol increases mRNA for COX-2 in this region. Moreover, treatment of neonatal females
with estradiol increases levels of PGE2 in the developing POA by 7-fold. Treatment of neonatal
females with estradiol plus indomethacin, an inhibitor of the COX-2 enzyme, completely
blocks estradiol-induced increases in dendritic spines in the developing POA (Amateau and
McCarthy, 2004). Thus estradiol exposure in the developing POA stimulates COX-2 to
increase production of prostaglandins, specifically PGE2, which can independently increase
dendritic spines in this area to induce sex differences. The effects of PGE2 on dendritic spines
in this region are partially blocked by antagonizing the AMPA-subtype glutamate receptor
(Amateau and McCarthy, 2002a). This suggests that PGE2 enhances neuronal excitation at the
ionotropic glutamate receptor to induce dendritic spines in the POA by promoting the release
of glutamate from astrocytes (Figure 2), a common mechanism seen in other brain regions
(Bezzi et al., 1998; Newman, 2003; Zhang et al., 2004). However, PGE2 may also increase
dendritic spines via direct actions of PGE2 on one or a combination of the prostanoid receptors,
EP1−4 (Burks et al., 2007).

In addition to the effects of estradiol on the morphology of neurons in the developing POA,
estradiol also induces sexual differentiation of the surrounding astrocytes. Of all glia, astrocytes
are one of the most abundant cells in the brain. Both their shape and their close proximity to
neuronal synapses make them an intricate part of the development of new synapses as well as
being important to mature neurotransmission (Araque et al., 1999a; Araque et al., 1999b). In
the developing POA, astrocytes in the male have a greater number of primary processes, and
the average length of these processes is longer than astrocytes in the female (Amateau and
McCarthy, 2002b). Treatment of newborn females with estradiol increases the astrocyte
primary process length and number to the levels seen in males, indicating that the sex difference
in astrocyte morphology is established via estradiol exposure (Amateau and McCarthy,
2002b). The effect of estradiol on astrocyte morphology is partly inhibited by the COX-2
inhibitor, indomethacin, and partly mimicked by exogenous PGE2 administration to females
during development (McCarthy, 2008). Thus, at least part of the mechanism by which estradiol
induces astrocytic morphological changes involves production of PGE2.

To test whether the effects of PGE2 in the developing preoptic area constitute permanent
changes in the sexual differentiation of the brain, the effect of neonatal PGE2 administration
or COX-2 inhibition was assessed on adult sex behavior. Specifically, females treated with
PGE2 on the day of birth expressed the full complement of male sex behavior (exclusive of
ejaculation) when given testosterone in adulthood, indicating that their brains were
permanently masculinized by PGE2 (Amateau and McCarthy, 2004). However, females treated
with PGE2 on the day of birth also express normal female sex behavior when given estradiol
and progesterone as adults, indicating that the brain was not defeminized (Todd et al., 2005).
Males treated with indomethacin at birth, which blocks PGE2 production via inhibition of
COX-2, exhibited no sex behavior as adults, indicating they were completely defeminized but
not masculinized. Thus, estradiol-induced changes in POA neuronal and astrocyte morphology
via PGE2 are a necessary component of brain masculinization during the critical period but
have no effect on estradiol-induced defeminization of the brain and behavior. Female rodents
treated with PGE2 neonatally that express adult sex behavior that has been masculinized and
not defeminized are capable of still displaying normal maternal behavior (Todd et al., 2005),
a behavior additionally controlled by the POA (Numan, 1974). Therefore, despite large changes
in the neuronal and astrocytic morphology of the POA during development, PGE2 had no effect
on other hormonally dependent behaviors, such as female sex behavior and maternal behavior.
These findings suggest that the effects of estradiol via PGE2 may be a mechanism by which
estradiol selectively induces brain masculinization, leaving the development of other brain
functions effectively untouched.
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ESTRADIOL-INDUCED SEX DIFFERENCES IN THE DEVELOPING
VENTROMEDIAL NUCLEUS OF THE MEDIOBASAL HYPOTHALAMUS

Just caudal to the POA, the mediobasal hypothalamus (MBH) is another key target for estradiol
and a site of many sex differences during development and adulthood. A central region in the
MBH, the ventromedial nucleus (VMN) is necessary for female sex behavior. In adulthood,
injection of estradiol directly into, or electrical stimulation of the VMN facilitates female sex
behavior, while lesions of the VMN prevent sexual receptivity (Mathews and Edwards,
1977; Pfaff and Sakuma, 1979a; Pfaff and Sakuma, 1979b). The VMN is characterized by its
well-defined oval shape and sparse thin dendrites (Millhouse, 1973). In males, the VMN is
only slightly larger than in females yet male VMN neurons have more than three times as many
dendritic spine and shaft synapses as females (Matsumoto and Arai, 1983; Matsumoto and
Arai, 1986b). This sex difference in synaptic patterning is detected as early as postnatal day 2
and is still present at postnatal day 100 (Matsumoto and Arai, 1986a; Pozzo Miller and Aoki,
1991). The male pattern can be induced in females by treatment with either testosterone or
estradiol within the first few days of life (Matsumoto and Arai, 1986a; Pozzo Miller and Aoki,
1991). Blocking estradiol production in males using the aromatase inhibitor, Letrozole,
prevents sexual differentiation of the VMN – thereby inducing the female phenotype of
dendritic spines during development and the behavioral profile of an adult female (Lewis et
al., 1995). In the adult female brain there is synaptic plasticity induced by hormonal changes
associated with the estrous cycle or exogenous estradiol treatment and these changes correlate
with changes in female sex receptivity (Calizo and Flanagan-Cato, 2000; Frankfurt et al.,
1990). Whether the capacity of steroid-induced plasticity is lost in the adult male VMN has
not been carefully explored but is inferred from the ineffectiveness of treatment with female
hormones to induce feminine behavior in adult males.

Despite the similar estradiol-induced increase in dendritic spines in both the POA and the VMN
during the critical period, PGE2 does not mediate the effects of estradiol in the developing
VMN as it does in the developing POA. Treatment of neonatal females with PGE2 at birth, a
paradigm that effectively mimics estradiol treatment and increases dendritic spines in the POA,
had no effect on dendritic spine levels in the VMN (Todd et al., 2005). These results indicate
that two regions close in proximity to each other and both responsive to estradiol are sexually
differentiated through different mechanisms.

In an attempt to elucidate what is the mechanism of estradiol-mediated sexual differentiation
of the VMN, early work focused on the amino acid transmitter, GABA (gamma-aminobutyric
acid). Estrogen sensitive GABAergic neurons are found in the anterior and mediobasal
hypothalamus (Flugge et al., 1986) and newborn males have twice as much glutamic acid
decarboxylase (GAD – the rate-limiting enzyme in GABA synthesis) and GABA as females
(Davis et al., 1996; Davis et al., 1999). This sex difference is hormonally established and
decreasing GAD in neonatal males with an antisense oligonucleotide targeted against GAD
mRNA disrupts the differentiation of sex behavior. The GABAA receptor is an ionotropic
receptor permeable to chloride. During development, an increase in the intracellular chloride
concentration allows chloride ions to flow out of the cell to depolarize the membrane upon
GABAA receptor activation with muscimol (Obrietan and van den Pol, 1995). As the brain
matures, GABA gradually changes from being depolarizing and excitatory to hyperpolarizing
and inhibitory (Rohrbough and Spitzer, 1996). Estradiol exposure delays this change in
hypothalamic neurons, extending the duration of time during which muscimol-induced
GABAA receptor activation is excitatory (Perrot-Sinal et al., 2001). In doing so, estradiol
mediates sex differences in intracellular signaling, including the phosphorylation of the cyclic
AMP response element binding protein (pCREB) in the neonatal VMN (Auger et al., 2001a;
Auger et al., 2001b) (Figure 3). Despite this dramatic effect of estradiol on the GABAergic
system in the developing hypothalamus, there has been no clear link established between the
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organization of morphological sex differences in the VMN and depolarizing GABA (Todd et
al., 2007). Reversal of the estradiol-induced chloride gradient would be an exciting first step
in understanding the functional significance of this effect of estradiol in the developing
hypothalamus.

More recent work in the developing hypothalamus has focused on the glutamatergic
neurotransmitter system. Glutamate is the primary neurotransmitter in the VMN (Ziegler et
al., 2002) and is a known modulator of dendritic spine formation and maintenance in many
brain regions (Malenka and Nicoll, 1993; McKinney et al., 1999; Pozzo-Miller et al., 1999).
Treatment of females with the ionotropic AMPA glutamate receptor antagonist, NBQX,
effectively blocks estradiol-induced increases in dendritic spines in the hypothalamus but has
no effect on basal levels of dendritic spines, suggesting that all estradiol-induced increases in
dendritic spines in the VMN requires enhancement of the glutamatergic system in this area
(Todd et al., 2007)(Figure 3). In the neighboring POA, glutamate receptor activation was
necessary for approximately half of estradiol-induced increases in dendritic spines. These
results again highlight the differing mechanisms by which estradiol can increase dendritic
spines and induce sex differences in the developing brain.

ESTRADIOL-INDUCED SEX DIFFERENCES IN THE ARCUATE NUCLEUS
REQUIRE GABAERGIC TRANSMISSION

Though the GABAergic neurotransmitter system plays no role in estradiol-induced
morphological sex differences in the developing VMN, this system has been found to play a
major role in the sex differences induced by estradiol in the developing arcuate nucleus, a small
nucleus at the base of the hypothalamus that regulates feeding (Stricker-Krongrad et al.,
1998), anterior pituitary function (Micevych et al., 2003) and female sexual receptivity
(Dewing et al., 2007). During development, both the neurons and well-developed astrocytes
in the arcuate exhibit robust sex differences in morphology. In males, neurons of the developing
arcuate have a lower density of dendritic spines synapses than females (Mong et al., 1999;
Mong et al., 2002). Conversely, developing astrocytes in the male arcuate are highly complex
in comparison to females, having longer primary processes and more frequent branching.
Treatment of females with testosterone or estradiol neonatally not only decreases dendritic
spine density but also increases astrocytic complexity (Mong et al., 1999). Once adults, females
that were treated with estradiol neonatally have an increase in astrocyte surface area that is not
significantly different from the surface area seen in adult males (Mong et al., 1999), indicating
a permanent steroid hormone mediated organization of astrocyte morphology.

The coordinated changes observed in arcuate neuronal and astrocyte morphology suggest that
cell-to-cell communication is an important component of the steroid-mediated differentiation
of this brain region. The amino acid transmitter, GABA, is made exclusively in neurons but
can act on astrocytes, which express GABAA receptors. Knocking down GAD in the neonatal
arcuate prevents estradiol-induced astrocyte differentiation but has no effect on female
astrocytes. Likewise, treating females with the GABAA agonist, muscimol induces male
astrocyte morphology but has no effect when given to males (Mong et al., 2002). Given that
estradiol up regulates GABA in the developing arcuate, it is evident that neurons are the primary
site of estradiol action, resulting in increased synthesis and release of GABA that then acts on
neighboring astrocytes to induce their differentiation (McCarthy, 2008) (Figure 4). Whether
or how the change in astrocyte morphology then impacts on neuronal morphology in the arcuate
remains unknown. In the adult female brain, astrocyte and neuronal morphology change in a
coordinated fashion across the estrous cycle in this brain region (Garcia-Segura et al., 1994a;
Garcia-Segura et al., 1994b; Witkin et al., 1991). When estradiol levels are high during the
estrous cycle, arcuate astrocyte surface area is increased, accompanied by a decrease in synaptic
connectivity. The opposite occurs when estradiol levels are low, with a decrease in astrocyte
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surface area and a corresponding increase in synaptic connectivity, implicating a negative
correlation between astrocyte complexity and synaptic connectivity. The change in arcuate
synaptic profile across the estrous cycle correlates with changes in LH-secretion from the
anterior pituitary but a precise causal link has not been established.

ESTRADIOL AND BRAIN DEFEMINIZATION: A POSSIBLE NEGATIVE
REGULATION

Much of the work looking at the effects of estradiol in the developing and adult brain finds
estradiol to be a positive modulator of signaling pathways and gene transcription. This includes
many of the developmental estradiol effects described in this review, specifically apoptotic
proteins in sexually dimorphic nuclei, PGE2 in the POA, glutamatergic transmission in the
MBH, and GAD in the ARC. This makes sense, as the function of estradiol during the critical
period of sexual differentiation is to initiate a change in entire circuits underlying sex behavior.
One function of estradiol is to defeminize the brain, suppressing or erasing the female
developmental pathway. Therefore, defeminization is an active process in the male brain,
initiated by estradiol and would be predicted to involve induction of new proteins and signaling
pathways. Conversely, feminization is the formation of a female brain from a bi-potential brain
that occurs in the absence of neonatal critical levels of estradiol. One might hypothesize that
if levels of a particular signaling molecule were high in the female brain and were suppressed
by estradiol in the male brain, this would suggest that signaling molecule is a component of
the process of brain feminization. Little work has been done to identify these possible
mechanisms, perhaps due to the difficulty of identifying genes that would be turned off or
proteins that would be down regulated in the presence of estradiol or elevated in the normal
female brain. How would one know where to start?

Using a high-throughput proteomics approach, two proteins were identified as elevated in the
developing female hypothalamus compared to the male: focal adhesion kinase (FAK) and
paxillin. Both proteins are members of the focal adhesion complex family of proteins and are
active in processes such as cell adhesion, migration, and growth. FAK and paxillin are
significantly higher in the female hypothalamus compared to the male on the day of birth and
treatment of females with estradiol suppresses FAK within only 6 hours to levels seen in males
(Speert et al., 2007). Paxillin expression in the female is reduced after two days of estradiol
treatment (Speert et al., 2007). These proteins are known to inhibit branching and outgrowth
of neurites in developing neurons (Li et al., 2004; Liu et al., 2004; Rico et al., 2004; Robles
and Gomez, 2006). We know from previous experiments that males have more dendritic spines
and branches on hypothalamic neurons than females (Todd et al., 2007), and it is possible FAK
and paxillin are negative regulators of dendritic growth in females (Figure 5). The suppression
of protein expression by estradiol in the developing brain is relatively rare and suggests that
not only does estradiol inhibit transcription or translation of this protein, with the rapid down-
regulation by 6 hours; it may actively enhance degradation of FAK. A related topic of interest
is the relationship between estradiol-induced masculinization and defeminization in the
developing MBH. Are these two separate estradiol-mediated processes coexisting in the same
brain region, or are they part of the same process of “yin” and “yang”, where one happens only
in the absence of the other? Understanding more about the relationship between these processes
will help us to better understand the processes themselves.

CONCLUSIONS
Estradiol induces permanent changes in different brain regions during a critical period of
development via distinct mechanisms. An emerging principle is the importance of neuronal –
astrocytic communication, however the nature and direction of this communication is
regionally specific. As described above, there is a negative correlation between the astrocyte
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complexity and dendritic spine density in the arcuate. In contrast, in the POA, increases in
dendritic spines are positively correlated with astrocyte complexity. In the VMN of the
hypothalamus, estradiol increases dendritic spines but to-date no effect has been detected on
the under-developed astrocytes in this region. Differences in estradiol mechanisms from one
brain region to another provide valuable insight into general mechanisms of estradiol action
in the brain as well insight into how sex differences are established and potential sources of
individual variability in physiology and behavior can occur. For instance, genetic variation in
the gene(s) coding for the cyclooxogenase enzymes (COX-1 and COX-2) could lead to
differences in estradiol-mediated masculinization of the POA that would be entirely
independent of genetic or experientially induced differences in glutamate receptors in the VMN
that are modulated by estradiol. Likewise, variation in GAD or GABAA receptors could alter
responsiveness of both neurons and astrocytes to estradiol in the developing arcuate nucleus.
Thus one hormone, estradiol, could have both subtle and profoundly different effects across
different individuals with each brain region varying in its responsiveness independent of the
others.

Estradiol binds to one of two estrogen receptor (ER) isoforms, ER-alpha and ER-beta.
Understanding the differences between these two isoforms and their function is emerging. The
classical model of estradiol action involves binding to the nuclear ER, alpha or beta, and
regulation of gene transcription via its interactions at estrogen response elements (EREs)
located in the promoter region of genes modulated by estradiol. ER alpha is the predominant
isoform found in the developing hypothalamus and in regions which are known to be sexually
dimorphic (Shughrue et al., 1997). Male mice lacking a functional ER-alpha show low levels
of male sex behavior, possibly due to the organizational or activational effects of the receptor
that are yet to be determined (Ogawa et al., 1999; Wersinger et al., 1997). Recent work also
suggests that the process of estradiol-mediated defeminization is induced by activation of ER-
beta, however, the exact mechanism is not known (Kudwa et al., 2005). However, the examples
discussed in this review demonstrate that the effects of estradiol are not cell autonomous and
underscore the idea that there are global effects of estradiol in establishing entire functional
circuits, which do not appear to impact solely on cells that express the ER.

Why would estradiol have multiple mechanisms in order to achieve a single goal? One possible
explanation is that mechanisms of estradiol action are restricted by preexisting cell types or
signaling pathways endogenous to each brain region: PGE2 in the POA, GABA in the arcuate
and glutamate in the VMN. A second possible explanation is that multiple mechanisms of
estradiol exposure during development are necessary for establishing multiple functional
endpoints in adulthood. Remember that the induction of a male phenotypic brain requires both
a gain of function, male sex behavior, as well as a loss of function, female sex behavior. One
might hypothesize that both male and female sex behavior are controlled by the same brain
regions, yet the expression of either behavior is mediated by differences established during
development in the responsiveness or plasticity of the cells in these brain regions to adult
hormone exposure. For example, the POA, a brain region critical for male sex behavior, might
be “turned on” by early estradiol effects via PGE2 – allowing for the capacity of POA neurons
to respond to the hormonal and environmental status of the animal necessary for the expression
of male sex behavior in adulthood. Conversely, the VMN, a brain region critical for female
sex behavior, must be “turned off” by early estradiol effects via glutamate – inhibiting the
capacity of VMN neurons to respond to the hormonal and environmental status of the animal
in order to repress female sex behavior in adulthood. This gain or loss of function upon
developmental estradiol exposure corresponds to the specific cellular morphological changes
seen during the critical period, but it is unclear how the individual changes in dendritic spines
and astrocytes seen in each brain region retain that “memory” of early estradiol exposure.
Therefore, further research is necessary to understand how adult neuronal plasticity in response
to steroids is constrained by early steroid effects. Equally under investigated is the potential
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for epigenetic modification of the chromatin and DNA of specific genes to impart a memory
or permanency of response to specific neurons in particular brain regions. The increasing
prevalence of endocrine disrupting or mimicking compounds in our food and local
environment, combined with the marked sex differences in the prevalence of numerous
disorders of mental health (reviewed in (McCarthy, 2008)), highlight the compelling need for
a greater understanding of the nature of steroid hormone action on the developing brain.
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Figure 1. The multiple processes of sexual differentiation
Estradiol induces sexual differentiation of the male brain by two separate processes,
masculinization and defeminization. Masculinization is the active process of inducing a neural
circuit that allows for the expression of male sexual behavior in adulthood. Defeminization is
also an active process to eliminate or obscure the capacity to express female sex behavior in
adulthood. In the normal female, feminization occurs in the absence of estradiol exposure and
is the process leading to the capacity to express female sex behavior in adulthood.
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Figure 2. Estradiol induces PGE2 synthesis to initiate changes in both neuronal and astrocyte
morphology of the developing POA
In a working model of the developing male preoptic area (POA), estradiol synthesized from
testosterone up-regulates the synthesis of COX-2, an inducible enzyme necessary for
prostaglandin synthesis. Increased COX-2 leads to an increase in prostaglandin E2 (PGE2)
synthesis. Estradiol requires PGE2 synthesis and downstream activation of the EP receptor to
induce changes in astrocyte morphology, including increased branches and complexity. PGE2
also increases the dendritic spine density on POA neurons. The effects of PGE2 on dendritic
spines in this region can be partially blocked by pretreatment with NBQX, an AMPA glutamate
receptor antagonist (Amateau and McCarthy, 2002a). This suggests that PGE2 enhances
neuronal excitation at the ionotropic glutamate receptor to induce dendritic spines in the POA,
possibly by promoting the release of glutamate from astrocytes
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Figure 3. Estradiol and neurotransmitter function in the developing MBH
In the developing male mediobasal hypothalamus (MBH), estradiol synthesized from
testosterone initiates a host of changes in neurotransmitter function.
By enhancing glutamatergic transmission, estradiol can increase the number of dendritic spines
and branches on developing hypothalamic neurons. Blocking glutamate receptors, AMPA and
NMDA, blocks estradiol-induced increase in dendritic spines in this region (Todd et al.,
2007).
Estradiol also enhances excitatory GABAergic neurotransmission in MBH neurons by
extending the duration of time during which GABA is excitatory and increasing the
depolarization caused by an efflux of chloride ions (Perrot-Sinal et al., 2001). In doing so,
estradiol significantly enhances calcium entry into the cell and mediates sex differences in
intracellular signaling, including the phosphorylation of the cyclic AMP response element
binding protein (pCREB) (Auger et al., 2001a; Auger et al., 2001b).
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Figure 4. Estradiol induction of cellular changes in the ARC requires GABA
In a working model of the developing male arcuate nucleus (ARC), estradiol synthesized from
testosterone up-regulates the formation of Glutamic Acid Decarboxylase (GAD), the rate-
limiting enzyme for GABA synthesis (Davis et al., 1996). This increased GABA synthesis and
transmission is necessary for estradiol-induced changes in astrocyte morphology, including an
increase in the length and complexity of processes (Mong et al., 2002). In conjunction with an
increase in astrocyte complexity, estradiol also decreases the density of dendritic spines on
neighboring neurons in the developing ARC (Mong et al., 1999).
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Figure 5. Estradiol and the negative regulation of FAK and paxillin
A. In the normal developing female mediobasal hypothalamus (MBH), expression of focal
adhesion kinase (FAK) and paxillin is high. These proteins have been shown to inhibit the
outgrowth of neuronal processes, such as dendrites.
B. In the normal developing male MBH, estradiol synthesized from testosterone suppresses
the production of FAK and paxillin. Estradiol inhibits production of FAK within 6 hours and
paxillin within 48 hours (Speert et al., 2007). By down-regulating these proteins, estradiol may
block the inhibition of neurite outgrowth caused by FAK and paxillin thereby increasing
dendritic branching in the male.
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