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Introduction

There have been occasional lively debates about the actual number of sexes that can be
defined [42]. However, there is little debate that mammalian sexual differentiation starts
from the perspective of two primary sexes that correspond to differential sex chromosomes
(X versus Y) that lead to individuals with sex typical characteristics, ranging from breast
development and function, facial hair, different reproductive organs in humans, to larger
body sizes in many mammals, presence or absence of antlers in ungulates, and differential
plumage in birds [10]. Beside obvious external differences, sex differences exist in many
other organs or organ systems such as liver, immune system and brain [20,26,27,51,132].
While genes on sex chromosomes are usually credited as the key trigger for generating sex
differences, most sex differences (at least in mammals) are thought to arise due to
differential exposure to sex steroid hormones secreted by the gonads during development. In
male mammals, the formation of the testis is triggered by the expression of the Sry gene on
the Y chromosome. Sry induces a genetic cascade that leads gonadal primordia to develop
into testes [34]. Subsequently, testes secrete different hormones, key among them being the
steroid hormone testosterone and the peptide anti-mullerian hormone, which are responsible
for development of the male phenotype [50]. While dogma states that ovaries develop in the
absence of Sry, newer data indicate a critical genetic cascade for ovarian development [34].

More than 50 years ago a study of guinea pigs exposed to exogenous testosterone during
pregnancy [104] led to a large number of studies showing that sex steroids play important
roles for the sexual differentiation of brain and behavior [14]. Sex steroids, in particular
testosterone and its aromatized metabolite estradiol [73], influence brain development and
plasticity throughout the lifespan. Sex differences in morphology, physiology or behavior
can be achieved through processes that occur early in life with long-lasting consequences
(often termed organizational effects) and/or through processes that occur by direct action of
sex steroids immediately prior to changes that are observed (often termed activational
effects). Interestingly, in rodents, the metabolite estradiol tends to be more responsible for
masculinization of the developing brain (an organizational influence), while in primates
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(including humans) the precursor testosterone likely plays the more important role for
masculinization [46,123]. Regardless of species, testosterone is converted with the help of
the enzyme aromatase into estradiol locally in specific brain regions [9,110]. This renders
the active local concentration of estradiol different than that in the peripheral circulation. To
add to the anatomical specificity of potential responses, androgen and estrogen receptors are
also present in discrete brain areas throughout life [72,86,125,134].

Although sex steroid hormones account for most aspects of brain sexual differentiation, a
growing literature has raised important questions about the direct role of genes on sex
chromosomes separate from sex steroid actions [3,10]. Sex chromosomes obviously differ
by sex, but it has been controversial as to what extent the genes on these chromosomes
might affect brain development directly and differentially to cause differences in the brain
between males and females. One straight-forward answer to this question has come from
studies in zebra finches. Birds utilize similar mechanisms for sexual differentiation as
mammals, although in birds, females are the heterogametic sex with Z and W chromosomes
while males are the homogametic sex with two Z chromosomes. Through the 80's and 90's
there were a number of studies showing that exogenous steroid hormones could cause
masculinization of zebra finch brains in development [57,90], but also several studies that
indicated that it was not that simple [81,113]. In the mid-90's a now classic experiment
showed that creating testes in female birds was insufficient to drive brain masculinization
[137]. This launched extended efforts in birds and subsequently mammals to determine
factors other than secretions from the gonads that could drive brain sexual differentiation.
Perhaps the exclamation point in the bird story derived from the fortuitous finding of a
gynandromorphic zebra finch [1]. As songbirds are usually sexually dimorphic in plumage
as well as brain, the gynandromorphic finch was one that was uniquely defined with
characteristics of both sexes, separated in the midline of the body with one half of the body
male (i.e., colorful plumage) and the other side with typical female characteristics. This
midline division was also evident in the brain, where in situ hybridization for W and Z
chromosomal markers showed that the W chromosome markers were only present on the
female side. Most importantly, at least one brain nucleus important for sexually dimorphic
singing behavior was asymmetric in size indicating a sex chromosomal gene contribution to
sexual differentiation. This nucleus was still larger in the gynandromorph than in normal
females suggesting that there was also a sex steroid hormone component, but there was now
a striking visible indication that it was no longer the only story. However, birds are different
from mammals in many aspects and this review will focus on the literature suggesting that
hormone independent sex differences in the brain exist also in mammals and that sex
chromosomal genes and hormonal influences synergize to result in brain sexual
differentiation.

1. Models to study hormone independent brain sex differentiation in

mammals

1.1 Four core genotype mice

Four core genotype (FCG) mice were produced originally by manipulating the Sry gene
[32]. As mentioned earlier and reviewed elsewhere [34,116], the Sry gene bears primary
responsibility for the development of testes in mammals. Mutation of the Sry gene causes
male to female sex reversal in the presence of a Y chromosome, while translocation of the
Sry gene to either the X chromosome or one of the autosomes is sufficient to cause testis
development and consequently many male specific sex characteristics including male
external genitalia in genetically female (XX) mice [12,70]. Although the testes form and
testosterone is produced, they do not provide for spermatogenesis as other necessary
regulatory genes are on the Y chromosome. Such sex reversed male mice are infertile, and it
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is likely that the brains are also not completely sex reversed. All of these factors go into the
creation of FCG mice where Sry gene was either deleted from the Y chromosome, or
translocated to the autosomes, creating four different genotype/phenotype combinations
[3,32] (Figure 1):

1. XY male mice that have intact Sry gene on an autosome (XY gonadal male)
2. XX female mice without Sry gene (XX gonadal female)

3. XY female mice with deleted Sry gene from the Y chromosome (XY gonadal
female)

4. XX male mice carrying Sry gene on one of the autosomes (XX gonadal male)

These mice are an important model for studying brain sexual differentiation since genetic
sex can be dissociated from phenotypic sex and hormonal status (i.e., XX males and XY
females). Therefore, mice with testes can have two X chromosomes and mice with ovaries
can have one X and a Y chromosome. However, results from studies with FCG mice must
be carefully analyzed and interpreted since these mice are still exposed to gonadal
hormones, even when their gonadal sex does not match their chromosomal sex [3].

1.2. Steroidogenic factor 1 knockout mice

Steroidogenic factor 1 knockout mice (SF-1 KO) were developed independently at
approximately the same time by Keith Parker in the United States and Kenichiro Morohashi
in Japan, who were interested in the regulation of adrenal steroidogenesis. Creation of SF-1
KO mice revealed much wider roles for the SF-1 gene than expected based simply on a role
in steroidogenesis. Both groups surprisingly found that SF-1 KO mice are born without
gonads and adrenal glands, have dysfunctional pituitary gonadotropes and a disorganized
brain region containing the ventromedial nucleus of the hypothalamus (VMH) [77,117]. In
SF-1 KO mice, genital ridges initially form but the gonads regress soon after their
formation, before steroidogenesis starts in the fetal testis [77]. Consequently, these mice are
not exposed to endogenous gonadal hormones. It is likely, however, that KO fetuses are
exposed in utero to sex steroid hormones deriving from their mothers, and possibly from
neighboring male fetuses [112,131]. This type of exposure would not be expected to differ
between KO males and females. Long-term studies with SF-1 KO mice are hampered by
neonatal mortality due to adrenal insufficiency. This can be overcome by using a protocol
that calls for glucocorticoid replacement and adrenal transplantation that enables raising
SF-1 KO mice into adulthood [18,54,78]. SF-1 KO mice represent another useful model for
studying sex differences in the brain in the absence of endogenous sex steroid hormones,
however, like the FCG mice one also has to be careful with interpretation of the data
obtained from them. In particular, SF-1 KO mice also have a disruption of brain
organization in a region (VMH) that is important for regulating a number of key aspects of
physiology and behavior. This by itself may lead to some behavioral deficits/discrepancies
in comparison to WT mice that are not necessarily due to the absence of gonadal hormones.
A majority of the review of sex chromosomal genes and endocrine influences for sexual
differentiation below will drawn from studies utilizing FCG or SF-1 KO mice. Examples
from other mammalian species, including humans are difficult to find, although Turner
Syndrome patients that have one X chromosome may provide some information relevant to
hormone and sex chromosomal gene interactions [88,108]. Some information about this
interaction might also be drawn from clinical examinations of patients with either estrogen
receptor or cypl9 mutations [63]; or patients with testicular feminization (TFM) syndrome
[92]. However, in all these cases, hormone deficiencies are incomplete and provide only
partial answers about the contributions of sex chromosomal genes to brain development in
humans.
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1.3 Other genetic models of hormone influences on sexual differentiation in mice

There are several other molecular genetic murine models, developing in the partial absence
of sex steroid hormones or increased exposure to sex steroid hormones. Mice lacking steroid
hormone receptors such as estrogen receptor-a knockout mice (ERaKO/ERKO mice),
estrogen receptor-p knockout mice (ERBKO/BERKO mice), naturally occurring TFM
(testicular feminization) mice with mutated androgen receptor (as well as the deliberately
created androgen receptor knockout mouse) and hypogonadal (HPG) mice with mutated
GnRH gene, or altered enzymes for producing steroid hormones like aromatase knockout
mice (ArKO mice) are all useful in studies of brain sexual differentiation. These models
provide complementary answers in regard to which sex steroids or which pathways are
responsible for differentiation of certain brain characteristic/behavior. Perhaps the most
well-studied models in these respects are ERKO and ArKO mice, which show several
behavioral deficits such as reduced aggression in adult male mice, reduced male and female
sexual behavior, and interestingly, increased female aggressive behavior, confirming the
importance of estrogens for development of certain sex specific behaviors [6-8,84,93-95].
Studies with ERBKO mice did not find major effects on typical sexually differentiated
behaviors such as sexual or aggressive behavior, although some differences between WT
and ERBKO mice were found in different cognitive/learning behaviors [71,109]. In TFM
mice lacking fully functional androgen receptors, feminine behavior was observed in several
tests of odor preference, although there were no differences between WT and Tfm male
mice in aggressive or masculine sexual behaviors, suggesting that these two behaviors are
not regulated by developmental exposure to androgens, but rather dependent on estradiol
(intermale aggressive behavior) or not sexually dimorphic at all (male sexual behavior)
[15,115]. One final interesting model to consider is mice in which the alpha-fetoprotein gene
is disrupted [4]. Alpha-fetoprotein is believed to protect the female rodent brain from the
action of estradiol that may be in the fetal circulation. A key test of this hypothesis was
provided by studies showing that alpha-fetoprotein KO mice were partially defeminized as
evident by reduced lordosis behavior and masculinized based on enhanced male sexual
behavior [4]. There were no changes in olfactory preferences [5], suggesting that this
particular behavior is not regulated by prenatal estrogen exposure.

2 Sex differences in adulthood

2.1. Morphology

2.1.1. Sexually dimorphic nucleus in the medial preoptic area—Sex steroids have
important organizational roles during development that result in morphological differences
between male and female brains. Although studies of morphological differences are often
difficult and hampered by the allomorphic appearance of such differences (in contrast to
dimorphic) there are nevertheless some consistent morphological differences in mammals
that are detected in different species. Perhaps the best known is the so called sexually
dimorphic nucleus (SDN), first described in rats in the late 1970's [37,52,53] that is larger in
males than females. Subsequent studies have shown sex differences in nuclear grouping in
this region in many different species including rat, ferret, sheep, monkeys and also humans
[132]. One of the best molecular signatures of this cell grouping in rats is the calcium
binding protein calbindin [118]. Interestingly, in mice, nuclear grouping is not
morphologically distinguishable with classic Nissl stains (e.g., Thionin; [17], but can be
visualized by examining immunoreactive calbindin [39]. The exact function of this cell
grouping is yet to be clarified in any species. Although it's location suggests a role in male
sexual behavior, some experimental evidence argues directly against this [2]. Early studies
in rats using hormone antagonists had indicated the likely hormone-dependence of the
differentiation of the rat SDN [38]. Formation of the calbindin immunoreactive nucleus in
male mice is completely hormone dependent, as it is only becomes a cell group in gonadally
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intact males, and is absent in females, and SF-1 KO males [18]. The use of the SF-1 KO
model therefore confirms that gonadal steroids during development are needed for the
normal development of this nucleus.

2.1.2. Anteroventral periventricular area—Another well studied brain region that
exhibits strong sexual dimorphism in different mammalian species is the anteroventral
periventricular nucleus (AVPV), a rostral part of preoptic area, thought to be involved in the
regulation of the ovulatory surge of luteinizing hormone in females [61]. In this nucleus in
rodents, there are more cells present in females than males (leading to larger nuclear volume
[45,119]). There are even more striking differences in the number of cells expressing
different neurochemical signatures such as the rate limiting enzyme for dopamine
production, tyrosine hydroxylase, as well as estrogen receptor alpha, and GABA/glutamate
neurons [24,100,120]. Kisspeptin, a peptide involved in the regulation of GnRH release and
onset of puberty is found in cells of AVPV in rats and in the region that extends more
caudally in mice (rostral periventricular area of the third ventricle — RP3V; [25,61,65]).
Several studies have shown that sexually dimorphic development of this area is also
hormone dependent as sex differences in both tyrosine hydroxylase and kisspeptin
containing cells are not evident in gonadectomized animals. In addition, immunoreactive
kisspeptin is absent from the RP3V in the absence of sex steroid hormone exposure in SF-1
KO mice [19]. Analysis of mice from the FCG model further indicated that there was no
influence of sex chromosomal gene background on the number of neurons in AVPV
containing immunoreactive tyrosine hydroxylase [32]. FCG mice with testes during
development always developed with fewer immunoreactive neurons. This may not apply to
all dopaminergic neurons, as there is strong evidence for a genotype effect independent of
hormone action in mesencephalic dopaminergic neurons [21]. Finally, not all sex differences
in the AVPV region are likely due to sex steroid hormones as studies of immunoreactive
neuronal nitric oxide synthase (nNOS) in this same area revealed a sex difference in wild-
type mice that was maintained between SF-1 KO males and females, suggesting that some
aspects of sexual dimorphism of this area develop in a hormone-independent manner [18].

2.1.3. Lateral septum—The projection of vasopressin immunoreactive fibers to the
lateral septum is one of the more robust sex differences in the vertebrate kingdom in adult
animals (review by [29]). Although the main role of vasopressin in the mammalian body is
regulation of fluid homeostasis, vasopressin in the lateral septum is believed to be involved
in the regulation of social behaviors like social recognition, pair bonding and others
[13,28,59]. Sex differences in fibers containing immunoreactive vasopressin in the lateral
septum were first described in the early 80's by De Vries and colleagues [31]. These fibers
arise from cells bodies in the bed nucleus of the stria terminalis (BNST) and amygdala and
theoretically release their contents to target cells in the lateral septum [30,135,140]. For
maximal content of immunoreactive vasopressin in the lateral septum, testosterone is needed
both organizationally and activationally, since in females and in gonadectomized male rats
(either neonatally or in adulthood at three months of age) vasopressin expression is barely
detectable [140]. Important for this review, De Vries and colleagues have shown in FCG
mice that the sexual dimorphic portrait of immunoreactive vasopressin in the lateral septum
is also dependent on sex chromosome complement. In FCG mice, XY females exhibited
greater immunoreactive vasopressin than XX females and likewise, levels of
immunoreactive vasopressin were higher in XY males in comparison to XX males
suggesting that some aspect of Y chromosome function, or absence of a second X
chromosome, may also contribute to this particular sex difference [32]. By contrast, no
differences in immunoreactive vasopressin between male and female SF-1 KO mice were
detected in mice treated with testosterone propionate for 3 weeks (Budefeld and Majdic,
unpublished results), suggesting that regulation of sexually dimorphic vasopressin fibers in
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the lateral septum may be complicated by some aspect of gonadal function across the
lifespan. The difference between FCG and SF-1 KO mice may be due to the complete
absence of sex steroid hormone exposure during development for the SF-1 KO mice. An
organizational influence of sex steroids for vasopressin fibers in the lateral septum was an
early component of the discovery [30], and this idea is further supported by the observation
that even after 3 weeks exposure to testosterone, vasopressin expression in SF-1 KO mice
was lower in comparison to gonadally intact male mice (Budefeld and Majdic, unpublished
results).

2.1.4. Ventromedial hypothalamus—Another area that has been noted to be sexually
dimorphic is the VMH, which is disrupted in SF-1 KO mice. Several studies have shown
different sex differences such as in the volume of this nucleus [82], in dendritic tree patterns
[56,83], serotonergic innervations [101] and expression of different genes such as estrogen
(alpha and beta) and progestin receptors [98,139,145]. Many of these characteristics have
been connected with the regulation of female sexual behaviors, particularly measures of
receptivity [80,103].

The VMH is an interesting nucleus to consider from the perspective of sex differences in
SF-1 KO mice because it is a region that is directly affected by loss of the SF-1 gene
independent of any influence of the gonads. This was demonstrated using mice in which the
loss of SF-1 function was targeted selectively to brain sites [67,147]. In the brain selective
SF-1 KO, the region of the VMH is disorganized similar to the global KO. Nevertheless, the
VMH in SF-1 KO mice is a site that provides a window to observe steroid hormones
influences on the rearrangement of cells in development that are also impacted by the more
direct loss of SF-1. Calbindin and nNOS provide molecular signatures of interest in this
regard as cells containing either of these immunoreactive proteins are sexually dimorphic in
wildtype adult mice. As expected for the reorganization of the region of the VMH in the KO
mice, cells that were immunopositive for calbindin or nNOS were located in more
dorsomedial positions in comparison to WT mice. Interestingly, for calbindin the significant
sex difference in number of calbindin immunopositive cells was maintained in SF-1 KO
mice [18]. Therefore, even though the cells were present in different positions, a sex
difference was maintained in mice that were not exposed to endogenous gonadal steroids —
suggesting a strong genetic influence on the sex difference in the number of calbindin
positive cells in the context of their altered final locations. The situation, by contrast, was
notably different for nNOS. The sex difference in immunoreactive nNOS containing cells in
the ventrolateral VMH of wildtype mice was lost with the dorsomedial shift in cell positions
in the SF-1 KO mice. The hormone receptor sensitivity of cells containing calbindin or
nNOS is not yet clear for the ventrolateral VMH. The region is well known for its content of
estrogen receptors and estrogen-induced progestin receptors [138,145]. Early studies showed
clear shifts in the locations of estrogen receptor alpha containing cells to medial positions in
development [35,78]. Recent experiments using double-label immunofluorescence indicate
that in WT mice some of calbindin cells also express estrogen receptor alpha (Budefeld and
Majdic, unpublished observations). It is more difficult to determine where the progestin
receptor containing cells might end up in the SF-1 KO as progestin receptor
immunoreactivity is greatly reduced ([67]). At least a small subset of these cells remains in
the normal position in the ventrolateral part of the VMH (Budefeld and Majdic, unpublished
observations). There were no sex differences in the number of progestin receptor positive
cells in the VMH in these same mice, suggesting that remaining progestin receptor positive
cells are not responsible for driving sex differences in female sex behavior.
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2.2. Sexual differentiation of behaviors related to hypothalamic function

Behaviors are complex phenotypic traits that develop under the influence of many different
factors. The relationship between genes and behavior is complex and frequently
misunderstood [128]. Many animal behaviors are connected with basic survival functions
(e.g., searching for food, avoidance of predators, territorial aggression to ensure access to
resources) and continuation of the species (e.g., male and female sexual behavior, parental
behavior, female aggressive behavior for protection of offspring, male aggressive behavior
in fights for mating privileges). Many of these behaviors are sex dependent. Rodent females
show typical female like behaviors such as lordosis when in estrus under the influence of
estrogenic hormones and in the presence of stimulus males. Males under the influence of
testosterone show mounting, intromission and ejaculatory behaviors with receptive females
[89]. Sex differences in behaviors have been studied in many species. In virtually all cases,
it is critical to define the contributions of sex steroid hormones that are essential during
critical periods early in development (organizational) versus those that are necessary at the
time of testing (activational). In both of these cases it is important to define factors that are
important for the development of behavioral capacity and behavioral performance —and
these must be defined in terms of hormone-dependent versus hormone-independent. These
issues have been studied using both FCG and SF-1 KO mice.

2.2.1. Female sex behavior—Female sex behavior refers to the typical female response
to the presence of a male that is actively trying to mate with a female in proestrus — an
estrous cycle stage that is conducive to reproduction because of circulating estradiol and
progesterone. In experimental studies, this is usually achieved by hormone priming, adding
estradiol (48h) and progesterone (4h) to female mice or rats before testing [16,40]. The
VMH is an important brain region regulating lordosis since disruption of this nucleus
abolishes lordotic responses [103] and direct implantation of estradiol alone or estradiol and
progesterone induces lordosis [111]. Another region involved in lordotic response is
preoptic area [64,127], which is thought to act as a restraint, providing fine tuning of this
behavior together with the VMH.

Since female sex behavior is clearly regulated by hormones, it is not surprising that there is
strong sex difference in the expression of such behavior, not only in native rodents but also
in gonadectomized, hormone primed rats and mice of both sexes (reviewed in [33]. Lordotic
responses are much stronger in females, suggesting that not only activational, but also
organizational effects of sex steroids are needed for the proper development of the capacity
to display female sexual behavior [36,96,124]. Interestingly, a recent study using SF-1 KO
mice suggests that perhaps in addition to sex steroids, there is also a hormone-independent,
sex chromosomal gene dependent contribution to the development of this behavior. Sex
differences were seen in both lordosis quotient and in the number of intromissions received
that was higher in tested females than in tested males whether they were wild-type or SF-1
KO, suggesting that this behavior might be partially influenced by hormone-independent
developmental processes [55]. In addition, it was somewhat surprising to see SF-1 KO mice
showing any lordosis behavior as their VMH is disrupted and this alone resulted in reduced
fertility in brain-selective SF-1 KO (Kim et al., 2010). However, preliminary observations as
noted above indicated that a reduced number of immunoreactive progestin receptors were
present in their normal locations in the ventrolateral hypothalamus. It is possible that even a
small number of PR-immunoreactive cells in the VMH may be sufficient to drive a minimal
amount of lordotic behavior.

2.2.2. Male aggressive behavior—Aggression is a complex social behavior that can be

triggered by a number of different causes. In laboratory rodents, different types of
aggression could be distinguished such as maternal aggression with the aim to protect
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offspring, and intermale aggression thought to develop as evolutionary response to protect
resources (territorial aggression) and ensure transfer of genes into a next generation [89].
Since intermale aggressive behavior is generally thought to be the most relevant for
understanding human aggressive behavior, the current discussion will be restricted to this
behavior.

Rodent males (both mouse and rat) under the influence of testosterone are capable of
showing strong aggressive behavior that can result in the death of the opponents [49].
Intermale aggressive behavior is believed to be primarily influenced by serotoninergic
systems. Serotonergic systems usually dampen aggression in both animals and humans, and
reduced serotonin levels or turnover are associated with increased aggression [11,22,74].
This behavior is also strongly sex dependent due in large part to sex differences in the
modulation of serotonergic systems by sex steroid hormones. Interestingly, there may be
strain differences with regard to which sex steroid hormone is important for the regulation of
aggressive behavior in mice. Namely, the CF-1 strain is sensitive to both estrogens and
androgens, the CFW strain only to estrogens, while aggression in C57BL/6J mice seems to
be influenced only by testosterone and not by its aromatized metabolites in adult life
[121,122]. Nevertheless, estrogens are likely to be important for organizational development
of the capacity to display aggressive behavior in C57BL/6J mice. This is suggested by data
from ERKO mice that display reduced aggression [93,94]. This organizational influence of
sex steroid hormones on aggressive behavior probably arises from the modulation of
serotonergic systems during the neonatal period [43,126,146].

Adult activational effects of testosterone are needed for the normal expression of aggressive
behavior since castrated males usually do not show strong aggressive responses to male
intruders [87,121,122], and several studies have shown that organizational effects of
testosterone during neonatal development are also needed for development of capacity to
exhibit aggressive behavior [48,121]. In a study of SF-1 KO mice raised to adulthood, only
wild type males gonadectomized prior to puberty showed aggressive responses to intruder
males when treated with testosterone prior to testing [54]. Despite much evidence
confirming the importance of sex steroid hormones in the regulation of intermale aggressive
behavior (either androgens or estrogens), a study using FCG mice [47] found differences in
aggressive behavior that were in part related to sex chromosomes of origin. In this study,
XX gonadal female mice showed less aggression than any other group of mice (XY gonadal
female, XY gonadal male, XX gonadal male), suggesting that an interaction between
hormonal exposure and sex chromosomal genes is important for development of the
capacity to express aggressive behavior. It is important to note that the FCG and SF-1 KO
models provide for hormonal exposure in different ways. Although SF-1 KO mice are
sometimes discussed as a null hormone environment, this is an oversimplification. SF-1 KO
mice are exposed to maternal steroids, any sources of steroids outside of the endogenous
gonads or adrenals (e.g., such as brain neurosteroids [85], and adrenal steroids following
transplant. Most of these sources should not produce sex differences in hormone exposure,
but it remains to be determined whether subtle sex differences in neurosteroids play key
roles in early development [69]. FCG mice are exposed to additional sex steroid hormones
during development, since they maintain gonads and adrenals capable of steroidogenesis in
addition to the common mechanisms. In the aforementioned FCG study [48], mice were not
gonadectomized until puberty. For both animal models (FCG or SF-1 WT controls) the time
of gonadectomy may impact the expression of particular characteristics that are examined.
Some of these hormonal differences in addition to the genetic differences could account for
alternate results between experiments using FCG and SF-1 KO mice.

2.2.3. Parental behavior—Parental behavior is needed to ensure survival of the
offspring. While in birds both males and females often exhibit parental behavior, in
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mammals it is usually mothers that are responsible for parental care. Nevertheless, male
parental behavior is also present in some species of carnivores, rodents and primates,
including humans [89]. In rats and mice, both parents usually exhibit parental behavior and
often, males take care of newborns [76,144]. Parents respond to ultrasonic vocalizations and
smells/pheromones secreted by offspring with typical behaviors such as crouching, nest
building, retrieval, and protection from intruders [75,107]. Although parental behavior is
induced after delivery by hormonal changes in the female, both rats and mice that are not
parents are also capable of showing parental behavior. Juvenile or gonadectomized mice and
rats will thus usually show some patterns of parental behavior, although, especially in males,
this is not always the case and some males will also exhibit infanticide when presented with
unfamiliar pups [89].

Parental behavior is hormonally regulated by several hormones like prolactin, estrogens,
oxytocin and others [23,41,79,91,102]. In addition, some parental behavior must be hormone
independent as parental behavior is also observed in gonadectomized mice without hormone
replacement. Still, parental behavior is sexually differentiated in juvenile or gonadectomized
mice [76]. A recent study has also shown that prenatal exposure to estradiol is probably
involved in defeminization of parental behavior. Female alpha-fetoprotein knockout mice
that are not protected from maternal estrogens as normal females are, exhibit reduced levels
of parental behavior, similar to the parental behavior observed in WT males [66]. Important
for the current review, studies with FCG mice have shown that XX gonadal females exhibit
better parental behavior [47]. In this study, latency to retrieve pups as well as number of
retrieved pups was better in XX gonadal females than in any other group (XY gonadal
females, XX gonadal males, XY gonadal males) suggesting that both genetic and hormonal
influences must synergize for the development of this behavior. Namely, XX and XY
females are exposed to similar levels of sex steroid hormones during development; yet, XX
gonadal females show better parental behavior. This would suggest the influence of genes
on sex chromosomes, perhaps reduced levels of some X chromosome genes (that escape X
inactivation) in XY gonadal females. However, it is also clear that hormones also contribute
to this behavior as XX gonadal males performed similarly as XY gonadal males and XY
gonadal females, suggesting that a combination of long term hormonal and direct sex
chromosomal gene influences lead to fully developed parental behavior.

3. Sex differences in development

All of the preceding discussion presupposes the sex-dependent characteristics develop
across the lifespan, with likely emphasis on early developmental processes. These processes
fundamentally include cell birth, migration, specification, death, and connectivity [129,133].
Accumulating evidence suggests that both hormone dependent and independent mechanisms
are active in the developing preoptic area and anterior hypothalamus of rodents. Two studies
indicate hormone independence for the retention of cells born at early ages to be sex
dependent when examined later. This was originally seen for cells in the SDN of rats using
tritiated-thymidine autoradiography [62] and more recently for the same region of mice
using bromodeoxyuridine (BrdU) immunohistochemistry [68]. In both cases, incorporation
of a labeled nucleotide during DNA synthesis resulted in more cells being observed in
females when the labeled nucleotide was given at the earliest stages of neurogenesis in this
region. Interestingly, the more frequently cited data are that more labeled cells were
observed in male rats when the label was given at the end of the neurogenic period [62]. In
either case, this could indicate differences in cell proliferation, or a role for cell survival. If
the sex difference is generated based on differences in proliferation early in the neurogenic
period, then it may be more likely hormone independent (e.g., the gonads are not sufficiently
formed to produce gonadal steroids). If the sex difference is generated later by a selective
action on the survival of cells that are born early, then it may be a synergistic interaction of
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hormone-independent and dependent mechanisms. Hormonal mechanisms of cell death in
nervous system development are well studied and reviewed elsewhere [44]. However, the
presence of sex differences in agonadal SF-1 mice injected with BrdU at the early age,
suggests that the sex difference in labeling was not dependent upon gonadal steroids at the
older age [68]. This renders the argument for hormone-dependent cell survival at later ages
less viable for this particular cohort of cells born at the earliest ages. Still, it is entirely
possible that the early age of birth results in cells arriving at a maturational state during later
development when they are most sensitive to sex-dependent (hormone dependent or not)
events that influence viability.

The sex and hormone dependence for cell movements have been directly visualized by video
microscopy and indirectly visualized by examining the positions of cells with defined
molecular phenotypes as a function of sex and age. Organotypic slices have been used in
vitro from mice harvested at E13 to E15 during the earliest period of gonad development at
a particularly important time in hypothalamic development [60,68]. Although cells from
slices started at E13 and 14 were capable of responding to estradiol (activational hormone
influence), only cells in slices started on E14 or E15 showed sex differences in cell
movements in the absence of hormone treatment. There are two probable sources of
‘programming’ for basal sex differences seen in cells from E14 or E15 slices. First, a
hormone-independent mechanism similar to one that led to more early-born BrdU
immunoreactive cells in females than males may alter the movement behavior of cells.
Secondarily, hormone exposure prior to slices being prepared on E14 [105,106,136] may
alter the subsequent behavior of cells examined in the absence of gonadal steroids
(organizational hormone influence). In general, the data suggest that a key focal point for
sexual programming of brain structure occurs early in brain development and prior to the
commonly considered prenatal surge in testicular hormones [141].

If there are hormone-dependent and independent influences on cell positions, then there
should be instances of sexual dimorphism where the sex difference is in the position of
particular cell populations as much as in the number of cells. This has been found in several
instances. In embryonic mice, there are sex differences in the position of cells containing
both immunoreactive estrogen receptor beta and the R1 subunit of the GABAg receptor
[142]. Similar differences in cell positions have been observed in the preoptic area of adult
mice for cells containing immunoreactive nNOS [115] and in the anteroventral
periventricular preoptic area of adult rats for estrogen receptor beta containing cells [97].
For these 3 molecular signatures, there are good data suggesting the hormone-dependence of
the position of cells containing immunoreactive estrogen receptor beta. This is based on the
use of embryonic SF-1 KO mice in one case [142] and neonatal hormone treatments in the
other [97].

Cells containing immunoreactive calbindin (and to some extent nNOS) provoke an
interesting question. Data in adults clearly indicates that the positions of these cells differ in
male and female mice [18,39,58,99]. However, in development there is a sex difference that
is not in the positions of cells, but rather in the number of cells. A key component of the
developmental process for these cell populations is that the number of immunoreactive cells
decreases with age (opposite from the rat pattern). There is clearly the potential of cell death
and neuronal re-specification (e.g., turning off calbindin expression) as terms in a
mechanistic equation.

However, a critical twist in such an equation must be the role of location. Either cells

reorganize in some sort of movement-dependent process or the loss of immunoreactive cells
must be more likely in some locations than others. There is an interesting precedent for this
among cells that contain immunoreactive gonadotropin-releasing hormone (GnRH) early in
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development. There are almost twice as many GnRH neurons in early development as in
adulthood [143]. One subset that ‘disappears’ (death or loss of expression) are those that are
found in greater abundance in development in places where they are no longer found in
adulthood such as in the cerebral cortex (e.g., mice; [114] or ferrets [130].

Conclusions

Sex differences in brain structure and function are found in many regions. There is a large
body of accumulated evidence that shows the importance of gonadal steroids during
development for the genesis of sexual dimorphism. In recent years, however, there is a
growing realization that there are hormone-independent processes that also contribute.
Gonadal steroids do not write on a clean molecular white board (blackboard perhaps to older
readers). There may be writing already in place that in some cases influences the hormonal
outcome. For example, hormone independent influences on cell movements or positions
may set the stage for later hormone dependent influences [68]. Conversely, excessive
experimental hormonal treatments or disorders of hormone metabolism might overwrite
underlying genetic instructions. There may be some writing in place that can be read in the
final version regardless of hormonal overwriting. For example, calbindin expression in the
adult VMH is sexually dimorphic in wildtype and SF-1 KO mice [18]. Alternatively, there
may be some writing that is uncovered when hormonal signals are not present and some
writing that is only visible when hormones have been present to amplify. For example,
differences between FCG and SF-1 KO mice might be due to the cooperation of sex
chromosome and hormonal mechanisms that operate in the FCG mice (e.g., vasopressin)
that have not been observed in the SF-1 KO mice. In the final analysis, we are left with an
ongoing need to account for the influence of hormones in the context of the underlying
genetic condition and null hormone condition.
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Schematic representation of a genotype in WT male and female mice and in all four groups
of FCG mice. The number and shapes of chromosomes are purely schematic and do not

represent real metaphase chromosomal shapes.
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