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Abstract

Mice and rats are important mammalian models in biomedical research. In contrast to other
biomedical fields, work on sexual differentiation of brain and behavior has traditionally utilized
comparative animal models. As mice are gaining in popularity, it is essential to acknowledge the
differences between these two rodents. Here we review neural and behavioral sexual dimorphisms
in rats and mice, which highlight species differences and experimental gaps in the literature, that
are needed for direct species comparisons. Moving forward, investigators must answer
fundamental questions about their chosen organism, and attend to both species and strain
differences as they select the optimal animal models for their research questions.
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Introduction

One distinct advantage of a comparative approach to neuroendocrine research is that
information obtained from different model organisms can be used to determine general rules
that may apply across many vertebrates. In behavioral neuroendocrinology, the goal is to
establish both structural similarities and differences in the brain, and to relate these to
function. Researchers have used a broad arsenal of species, but when it comes to rodents, the
rat has been the traditional animal of choice. Laboratory rats display a variety of well-
characterized behaviors and are practical to work with; they are docile, breed readily, have
relatively large brains, enough blood for multiple hormone assays, and are easily
maintained. Nonetheless, work with mice is on the rise for a number of reasons, particularly
the availability of genetic models and tools.
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Where there is commonality, it is helpful to discuss research results from rats and mice
(often referred to as “rodents”) together. Work done previously on rats is useful to guide and
inform mouse studies. However, data from rats may not always generalize to mice. For
example, the role of gonadal steroid hormones in the regulation of mounting behavior seems
to differ between rats and mice, as well as between inbred mouse strains [38]. Additionally,
the role of androgen versus estrogen receptors in brain sexual differentiation also varies
between species. There are now enough critical data on sexual differentiation in the mouse
that it is useful to compare this body of work with rat studies.

A few caveats need to be made as we describe and interpret the data within this review.
First, sex differences are often examined in gonad-intact adult animals. This is not a problem
if the goal is to identify sex differences per se and not to study the development of these
differences. However, data from animals of different sexes, tested with different levels of
gonadal hormones in circulation cannot be used to address questions on sexual
differentiation. Second, hundreds of inbred rat and mouse strains exist and there are neural
and behavioral differences between and within strains [135]. It is clear that similar studies
conducted in different rat or mouse strains may have different outcomes, and we need to be
cautious about general conclusions based on only one or two strains. Strain differences can
be used to the experimenters’ advantage when examining genetic factors that influence
behavior. In addition, for specific behaviors, some strains are more useful than others. For
example, in mice, DBA/2 is an aggressive strain while C57BL/6 is not [116]. If expression
of a gene is hypothesized to reduce resident-intruder aggression, it might be best to knock it
down in a relatively unaggressive strain, such as C57BL/6. However, if the gene is predicted
to increase aggression, the more aggressive DBA/2 strain might be a better choice.
Therefore, the conclusion that a gene does or does not affect a particular behavior might
vary depending on the inbred strain employed.

Another source of variation is that individual investigators working with mice often do their
own colony maintenance using different breeding protocols. Consequently, a C57BL/6J
mouse in one investigator’s lab may be genetically different from a C57BL/6J purchased
from Jackson Laboratories [61]. Additionally, different commercial breeding houses
produce their own lineages of rats and mice that, while derived from the same ancestral
strains (i.e. C57BL/6), have been maintained in closed colonies for multiple generations.
Gene mutations and changes in copy numbers between lineages have been observed [61]
and may affect brain and behavior [206]. Due to the early development of inbred strains of
mice and their current widespread use in molecular genetics, there is substantially more
information concerning strain differences in mice than rats on numerous, specific levels
[36,91,128]. Even so, both strain and species differences will be considered in this review.

Finally, much of the mouse data has been generated with gene-disrupted, KD, or knockout
(KO) models. If we are concerned with the developmental process of sexual differentiation,
and are examining endpoints at or shortly after birth, the fact that the targeted genes are not
functional during development helps in determining the developmental function of the
knocked out gene. Alternatively, if we are assessing developmental effects on adult
behaviors, and these behaviors require adult expression of the same gene that has been
disrupted, we cannot learn much about the developmental role of the gene. A related issue
pertinent to work done with knockout and transgenic mice, is that newly generated models
are often tested before they are completely backcrossed (at least 10 generations) into a more
uniform genetic background. Many reports of phenotypic effects of gene knockouts have
been based on work done in mice from mixed genetic backgrounds. Once a disrupted gene is
moved into a more uniform background, previously reported differences might be
diminished, amplified, or no longer exist because of allelic changes in behavior modifying
genes. These issues may make it difficult for laboratories to replicate each other’s work, or
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even lead to failures to replicate within a lab as the KO mouse is bred into a pure
background.

While keeping these confounding factors in mind, this review will first consider sexual
differentiation of neuroanatomical markers in the hypothalamus that provide examples of
how sex differences in mice differ from rats. Next we will discuss sexual differentiation of
three behaviors: partner preference, masculine sexual behavior, and female sexual behavior.
Certainly there are many more sexually dimorphic behaviors in rodents (and other animals);
however, the paucity of mouse data prevents comparing mice with rats for many behavioral
tasks. We have selected these three particular behaviors, because there are a sufficient
number of mouse studies from which to draw information.

Sex and Species Differences in Neuroanatomical Markers in the
Hypothalamus

Calbindin in

A major contributing factor in sexual differentiation of the rodent brain is the gonadal
secretion of testosterone during a specific critical period in male development. In certain
tissues, including the brain, testosterone is converted to estradiol by the enzyme aromatase.
Brain sexual dimorphisms and concordant sex differences in physiology and behavior arise
primarily due to these critical period influences. The neonatal critical period for
development of rat brain begins before birth ending by postnatal day 10 (PN10) [76,243].
Exposure to testosterone or estradiol masculinizes and defeminizes aspects of brain
morphology and results in sex-specific behaviors (reviewed in [18]). Whether the critical
period for mouse brain sexual differentiation is comparable to that of the rat is discussed in
later sections.

the Preoptic Area (POA)

Calbindin, a 28kD protein with a Ca2* binding domain, was discovered in peripheral tissues
(e.g., intestine and kidney), but has emerged as an interesting molecular marker in brain. For
now, ‘marker’ may be the best term, as the exact function(s) of calbindin remain unclear.
Calbindin is important for Purkinje cell physiology (reviewed in [42]), and in vivo rat studies
have demonstrated that calbindin plays a role in neuroprotection following insult to the
hippocampus [168,187], substantia nigra [96,240] and cortex [242]. In mice, knockout
studies have not supported the hypothesis that calbindin plays a significant role in
preventing neuronal damage following insult [2,16,68,106,188], but it is possible that other
redundant calcium binding proteins in the brain compensate for the loss of calbindin
expression. In some studies calbindin is referred to as a phenotypic marker for GABAergic
neurons in telencephalic regions ([220] monkey; [104] rat); whereas in other studies it is
referred to it as a “biomarker” for sexual dimorphism in the hypothalamus [56]. Sex
differences (male > female) in the levels of both calbindin immunoreactivity and mRNA
expression in the preoptic area (POA) were first identified by western and northern blots
[117,118,208]. These findings were further refined to show a specific sex difference in
calbindin expression in the neonatal rat preoptic area/anterior hypothalamus (POA/AH;
[31,161,163,186,197]) with the highest level of calbindin expression in the classically
identified (i.e., based on Nissl stained cellular architecture) sexually dimorphic nucleus
(SDN).

From the perspective of comparing rats and mice in the context of sex differences, calbindin
is an interesting protein. In rats, the levels of immunoreactive calbindin in the SDN are low
at birth and increase as the nucleus emerges and differentiates postnatally [197]. In mice,
however, calbindin expression is high in the POA prenatally (Tobet and Rissman et al.,
unpublished observation), and sex differences (male > female) only become apparent as the
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levels of immunoreactive calbindin fall postnatally, becoming highly restricted to the
potential homolog of the adult rat SDN [37,56]. On the day of birth (PNO), a sex difference
is apparent in the number of calbindin immunoreactive cells in mice [56]. However, in
adulthood the sex difference is related to the position of calbindin immunoreactive cells in
males compared to female, and not to the total number of calbindin immunopositive cells in
this region [37].

Studies on the hormone dependence of calbindin expression in rats are somewhat
conflicting. Dissections of both prepubertal and adult hypothalamic tissue followed by
western blot analysis showed both estrogen and androgen dependent increases in expression
[209], but immunocytochemistry (ICC), only revealed an estradiol driven increase in
calbindin within the prepubertal rat SDN [197]. The difference in results between these two
rat studies may indicate the existence of a within-strain difference in terms of how gonadal
hormones regulate calbindin. However, another complication is the fact that the
suprachiasmatic nucleus (SCN), which contains high levels of calbindin, was contained in
the dissections for the Western analysis in rats. In general, both of these studies
demonstrated that calbindin expression in rat hypothalamus is dependent upon estrogens,
and it is unlikely that calbindin expression selectively in the SDN is regulated by androgens.

In mice, it is clear that the pattern of calbindin immunoreactivity is gonad dependent, as the
arrangement, but not the total number, of these cells is altered when the steroidogenic
factor-1 gene (SF-1) is disrupted [37]. In SF-1 knockout mice (SF-1 KO), the gonads and
adrenals do not form and these mice provide a model of gonadal hormone independent
sexual differentiation [37,77,123]. SF-1 KO genetic males have immunoreactive calbindin
cells scattered within the POA/AH similar to both knockout and wildtype (WT) females
[37]. Furthermore, evidence from examination of the POA/AH of testicular feminization
(Tfm) mutants, which lack a functional androgen receptor (AR) gene, and also of estrogen
receptor o knockout (ERaKO) mice (both on the C57BL/6J background) suggest that the sex
difference in calbindin is caused by activation of androgen receptors rather than estrogen
receptors ([56]; J. H. Hall, T. L. Dellovade, E. F. Rissman and S. A. Tobet, unpublished
data). Moreover, as with Tfm mutants, females exposed to the non-aromatizable androgen
dihydrotestosterone (DHT) at birth show male-typical numbers and patterns of calbindin
immunoreactive cells [26].

Estrogen Receptor B in the Anteroventral Periventricular Preoptic Area (AVPV)

The anteroventral periventricular nucleus (AVPYV) in the POA lies adjacent medially and
ventral to the medial POA (mPOA). The AVPV is well characterized as sexually dimorphic
in rats [216] and mice [67] with females in both cases having greater volume and number of
cells than males. There is a significant difference in the expression pattern of estrogen
receptor B (ERp) in the AVPV of rats as compared to mice. ERp [143] is one of two
identified classical nuclear steroid receptors that binds estradiol and impacts both
transcription in the nucleus, and induces signal transduction at extra-nuclear sites (reviewed
in [138]). In adult rats, ERp in the AVPV is both highly expressed [195] and sexually
dimorphic (female > male) [154], whereas in adult mice the levels of ERp expression in the
AVPV are low [139] to undetectable [40]. In the female rat AVPV 18% of ERp positive
cells co-localize with TH [154]. The cells expressing both ERpB and TH in the female rat
AVPV may play a role in the modulation of the luteinizing hormone (LH) surge that occurs
during the proestrus phase of the estrous cycle [154,198]. Comparable studies have not been
done in mice.

The expression of ERp in the rat AVPV during development has not been as clearly defined
as in the adult, although a role for ERB in development has been indicated [160]. There are
conflicting studies that describe the presence [154] or absence [165] of ERp in the AVPV at
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postnatal day 7 (PN7). One possible explanation for this discrepancy could be due to strain
differences in the rats used in these studies (Sprague-Dawley versus Fisher 344,
respectively). Heterogeneity of ERP expression in the AVPV between rat strains may be less
surprising in the context of the regional differences (and lack of sex differences) found for
AVPV structure in general in other mammalian species including rabbits [24], ferrets [20],
and sheep [201].

In contrast to rats, no expression of ERp in the AVPV has been observed during
development in mice (authors unpublished observation [238]. However, modulation of ER[3
activity appears to impact the development of the AVPV in mice, as seen through increased
TH-immunoreactive neurons in the AVPV of ERB knockout (ERBKO) males as compared to
females, possibly through extra-nuclear activation [27,111]. In both rats and mice ERa plays
a necessary role in development of the AVPV [27,199,229] and it is likely that a
combination of effects, activated by both ERa and ERp, leads to the normal phenotype. It is
possible that development of the AVPV in both rats and mice follow similar patterns, being
dependent on both receptors, with the impact of ERB occurring indirectly through
projections from other brain regions. In reference to ERp, the endpoint of development of
rats versus mice is different. Rats have a clearly defined sex difference in levels of ERB
expression in the AVPV, while expression of ERB in the mouse AVPV is largely
undetectable.

Progestin Receptor in the POA and Ventromedial Nucleus of the Hypothalamus (VMH)

One of the clearest examples of a transcriptional event mediated directly by the estrogen
receptor is the induction of progestin receptors (PRs). PRs are important for the display of
sexual receptivity in adult female rodents. In both rats and mice, there is a striking sex
difference in the number of PR immunoreactive cells in the neonatal mMPOA that is
dependent upon gonadal steroid hormone induction (reviewed [223]). Estradiol, aromatized
from circulating testosterone, induces large areas positive for PR immunoreactivity in the
POA of perinatal male rats, whereas PR immunoreactivity is virtually absent in females at
this stage [224,225]. This proved to be similar in C57BL/6J mice [225]. The similarity in PR
distribution between rats and mice extends to the more rostral region of the AVPV
[175,223], but not to the more caudal region of the ventrolateral quadrant of the
ventromedial nucleus of the hypothalamus (VMH; In the VMH, a sex difference in the total
area of PR immunoreactivity was seen in neonatal mice (male > female as for the rostral
regions) [225], In rats, however, this sex difference was not found (male = female for total
area of PR immunoreactivity at P7) [174].

Neuronal Nitric Oxide Signaling Throughout the Hypothalamus

Nitric oxide (NO) is a signaling molecule that is synthesized through the conversion of L-
arginine to L-citrulline by nitric oxide synthases (NOS) in the presence of nicotinamide
adenine dinucleotide phosphate (NADPH) and oxygen. Neuronal NOS (nNOS) is
differentially distributed in a number of brain regions across vertebrate phylogeny. Reports
relating NO to the reproductive axis date back to the early 1990’s when NO was found to
facilitate sexual behaviors in female rats [124]. Sex hormones were found to influence NOS
activity in a number of tissues in guinea pigs [230], and a sex difference (female > male)
was reported in the ability of estradiol to induce NADPH-diaphorase activity (an indicator
for nNOS) in the VMH [149]. A number of reports over the years have focused on the
ability of gonadal steroids to regulate NOS expression and/or NO production in regions of
the brain that are important for neuroendocrine function (e.g., hypothalamus). While there is
agreement that sex steroids can influence expression of NOS protein, diaphorase activity, or
NO production, there are fewer studies that show sex differences per se. However, sex
differences have been found in three hypothalamic regions: the POA, AVPV, and VMH.
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Studies of the POA in rats and mice show high levels of immunoreactive nNOS (reviewed
[95,157,190], suggesting that NO is abundant. In gonad-intact, wildtype adult rats (~ 2
months age), obtained by breeding Tfm and Wistar strains, males have higher numbers of
immunoreactive nNOS (ir-nNOS) cells than estrus females [127]. In the absence of fully
functional androgen receptors there are fewer numbers of ir-nNOS containing cells (in Tfm
males) suggesting that the sex difference in wildtype rats is due to androgen induction of
nNOS in males [127]. By contrast, gonadectomized juvenile Sprague—Dawley female rats
have more NNOS mRNA containing cells than males [97]. Moreover, estradiol followed by
progesterone treatment decreases the number of nNOS mRNA containing cells in female
rats, but has no effect in males [97]. Moreover, estradiol followed by progesterone treatment
decreases the number of NNOS mRNA containing cells in female rats, but has no effect in
males [97]. In sum, androgens appear to upregulate nNOS expression in the rat POA,
whereas exposure to ovarian steroids leads to a reduction in expression levels.

Sex differences in nNOS expression and activity have been found in the POA of several
mouse strains, and studies have identified a role for gonadal steroids in nNOS regulation.
D2C6F1 hybrid adult males have more ir-nNOS containing cells in the mPOA than females
at every stage of the estrous cycle except estrus [196]. In another strain (Thy1-YFP), sex
differences in ir-nNOS are noted as early as PNO in the POA/AH (males > females) [56].
Interestingly, testosterone appears to reduce the levels of ir-nNOS labeling in males. When
intact adult C57BL/6 males and females were testosterone treated, males showed a greater
number of ir-nNOS cells than females [190]. This action occurred through both ERa and AR
activation, with ERa inducing an increased number of ir-nNOS cells and total area, and AR
reducing the total ir-nNOS cell number. A second study (mice on a C57BL/6 background)
also identified a sex difference in ir-nNOS area in the caudal POA/AH (male > female) in
both WT and SF-1 knockout mice [37]. The fact that the difference was noted in the
agonadal SF-1 knockout mice indicates that the maintenance of this sex differences is
gonad-independent. Thus, while both rats and mice express ir-nNOS in the POA, the
steroidal modulation of this expression appears to be opposite. In rats, androgens increase
nNOS levels through the AR, while estrogens decrease expression. In mice the opposite is
true, with estrogens acting through ERa to increase ir-nNOS levels, while activation of the
AR decreases expression.

There are few studies examining sex differences in nNOS in the AVPV in mice or rats. In
mice, (C57BL/6 background) more ir-nNOS is present in males than females at birth
(predominantly in fibers; [56]) and in adulthood (a mixture of fibers and cell bodies; [37]).
The only experiment showing nNOS in the region of AVPV in male and female rats
suggested that cells containing nNOS mRNA lie outside the defined nucleus. Interestingly,
in the region surrounding the nucleus, juvenile gonadectomized females had more nNOS
MRNA containing cells than gonadectomized males (Sprague-Dawley strain; [97]).

The VMH has been characterized for a number of sexual dimorphisms [78], and, with regard
to sex differences in nNOS, it provides the additional complication of potential strain
differences within both rats and mice. For WT litter mates from a Wistar-Tfm cross, ir—
NNOS cell numbers in the VMH were greater in intact adult males than females [127].
However, in Sprague-Dawley rats no sex difference was observed for NADPH-diaphorase
positive cells in the VMH [149]. In mice (a cross between DBA/2 and C57BL/6J), males
had a larger number of ir-nNOS cells in the VMH than females sampled on several different
cycle days [196]. However, in another study using mice on a C57BL/6 background treated
with testosterone propionate for 7 days prior to sacrifice, more cells were found in the most
ventrolateral portion of the VMH of adult females than equivalently treated males [37].
These findings in adults were consistent with C57BL/6 mice examined at birth in which
more ir-nNOS was found in females than males [56]. The differences in results may be due
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to the strains used in these studies, or alternatively, caused by differences in experimental
conditions, like testosterone treatment, the laboratory conditions, the assays used, or the
developmental stage of the animal. Regardless of the reason for the discrepancies, they make
it difficult to identify clear differences in NO signaling pathways between rats and mice.

Examination of neuroanatomical markers within the hypothalamus of rats and mice,
demonstrate some species differences. Developmental expression of calbindin in the POA
differs between the two species, and the development of sexual dimorphism in this nucleus
is dependent upon different hormones. ERB expression in the AVPV is virtually absent in
mice, yet the differentiation of the AVPV is altered in the ERB KO mouse suggesting that
differentiation of this nucleus may rely on input from other, ERp expressing cells outside of
the AVPV. The sexual dimorphism in progesterone receptor expression is similar between
rats and mice, but mice have an additional sex difference in the VMH that is not seen in rats.
Finally, the more generalized dimorphism in nNOS expression throughout the hypothalamus
is difficult to contrast in these species, since there appear to be strain differences within
species.

Sex and Species Differences in Partner Preference Behavior

The hypothalamus is one of the major brain areas responsible for sex-specific behaviors, but
inputs from the olfactory system to the hypothalamus are also very important to the display
of these behaviors. Many of the sex differences within the olfactory system of rats and mice
have been presumed to be the same, therefore there are gaps in the literature that make direct
comparisons of rats and mice difficult. Nonetheless, species differences in olfactory
regulated behaviors, including partner preferences, and the hormonal influences over these
behaviors suggest that olfactory systems may develop differently across rodent species.

Sex Differences in the Rodent Olfactory System

The rodent olfactory system has been divided into at least two, functionally distinct
pathways: the main olfactory system (including the olfactory epithelium and main olfactory
bulb {MOB}) and the accessory olfactory system (including the vomeronasal organ {VNO}
and the accessory olfactory bulb {AOB}). The main olfactory system is thought to be
devoted to detection of volatile odorants such as those from food, predators, and potential
mates [66]. The accessory olfactory system is used to detect non-volatile odorants that
influence reproductive and aggressive behaviors [105], and also to aid in recognition of
conspecifics [122]. While the separation of the two systems has provided a useful heuristic
model, in reality there is overlap in function [101,102]. For many years the accessory
olfactory pathway was believed to exert more influence on sexually dimorphic behaviors
than the MOB; and sex differences in this pathway have been more extensively studied in
this context.

In rats, most of the studies of sexual dimorphism in the accessory pathway have been
structural rather than functional. In Wistar rats, the VNO [192,194], AOB [193], bed nucleus
of the accessory olfactory tract (BAOT) [44], medial amygdala (MeA) [140], and medial
posterior nucleus of the bed nucleus of the stria terminalis (BNST) [193] are all larger in
males than in females. One exception is the medial anterior region of the BNST which is
larger in females than males [53]. In contrast to rats, the focus in mice has been on sex
differences in the activation of the accessory pathway as shown by immediate early gene
activation (Fos) in specific olfactory processing regions, including the VNO, the AOB, and
downstream nuclei. There are sex differences in VNO Fos responses to both male [80] and
female bedding [81] and the response of the AOB to volatile odors is sexually dimorphic,
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with opposite-sex odors activating the accessory olfactory bulb of both males and females
and same-sex odors having no effect [126].

Sex Differences in Partner Preferences

While it remains to be determined whether rats and mice have the same structural
dimorphisms within the accessory olfactory pathway, the function of these regions has been
examined by assessment of partner preferences. Partner preference has been studied a
number of ways, including measuring the amount of time spent associating with a male
versus a female or samples of their soiled bedding, assessing hormonal responses such as
luteinizing hormone (LH) surges to conspecific odorants, and/or analysis of neuronal
responses such as Fos (as previously discussed). The large variety of methods used has led
to a rather confusing body of literature.

In 1978, Hetta and Meyerson showed that sexually experienced male Sprague-Dawley and
Wistar rats display a female-oriented partner preference when choosing between a male and
an estrus female separated by a wire mesh [89]. When given full access to the female,
complete olfactory bulb removal in male rats abolishes the preference for an estrus female
over a non-receptive female [59]. However, lesions of the POA, which results in cessation of
copulation in males, do not eliminate partner preferences [60]. Similarly, female rats
maintain a preference for sexually active males over castrated males, even after receiving
bilateral midbrain lesions that eliminate their display of other sexual behaviors [167]. When
POA lesions were combined with olfactory bulb deafferentation (removal of olfactory inputs
from the olfactory epithelium to the olfactory bulbs), male partner preferences were
abolished [60]. Thus, in rats, preferences for the opposite sex are independent of the ability
to mate, and olfactory inputs through the olfactory bulbs are necessary to maintain partner
preferences.

Male mice are also attracted to urine from gonad-intact females in behavioral tests, but show
less investigatory interest when presented with urine from gonadectomized females [98]. In
the same way, female mice sniff urine from gonad-intact males more frequently than urine
from castrated males, suggesting a preference for these odors [191]. In C57BL/6 female
mice with complete VNO ablation, preference for male volatile odors persist even though
the ability to discriminate between non-volatile odors is decreased [103]. On the other hand,
male C57BL/6 mice without a VNO can distinguish between volatile urinary odors from
estrus females and intact males, as well as between non-volatile odors from estrus versus
ovariectomized (OVX) females and from intact versus castrated males [156]. These findings
suggest that both olfactory systems regulate preference for male urine in female mice, while
in male mice the VNO is not required for sex discrimination. Moreover, these results
strengthen the argument that sex differences within the accessory olfactory pathway may be
responsible for behavioral sex differences in mice.

The Critical Period in Development of Partner Preferences: Do Species Differences Exist?

In rats, early studies sought to discover whether the critical period for partner preference is
the same as that of male sexual behavior. In the first such study, Davis et al. [51] treated
male rats of the CD strain with the aromatase inhibitor androstatriene-3, 17-dione (ATD)
from PN1-10. Neonatal ATD treatment did not affect male preferences for females,
suggesting that the critical period for male partner preference does not coincide with that of
masculine sexual behavior. However, subsequent studies reported different results. When
male rats were castrated neonatally, and tested as adults, they showed a decreased preference
for an estrus female as compared to control males, even after testosterone treatment [33].
Moreover, when ATD was administered prenatally (from E11 to birth) and/or neonatally
(PNO-10), there was a decline in male preference behaviors [35]. When repeatedly tested
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with an estrus female and an intact male, neonatally ATD-treated males showed
significantly lower preference scores for an estrus female, whereas prenatally treated males
scored only slightly lower than controls. Few reciprocal studies have been reported in
female rats, but when given androgens on PNO, testosterone but not DHT promoted female
preferences for estrus females over gonad-intact males [33]. Taken together, these results
suggest that the critical period for partner preference in rats appears to coincide with the
prenatal critical period for sexual behaviors. While experiments similar to these have yet to
be conducted in normal mice, a discussion of similar work in KO mice follows.

Estrogens During the Critical Period

To ascertain whether aromatization of androgens to estrogens is essential for sexual
differentiation of partner preference, Matuszczyk and Larrson [221] treated pregnant Wistar
rats with either the anti-estrogen nitromifene citrate (C1628) or the anti-androgen
cyproterone acetate (CA) and examined the behavior of their male offspring. As gonad-
intact adults, all males showed a partner preference for a female after sexual experience.
However, after castration and testosterone treatment, preference for a female persisted only
in vehicle and anti-androgen treated animals, while males given anti-estrogen during
gestation showed a reduced preference. These results are perplexing; it is not clear why
castrated and testosterone treated males would not behave like gonad-intact males.
Differences in circulating hormone levels and/or repeated testing may account for this
discrepancy; but those data have not been provided. Additional evidence for the role of
estrogens exists, though. Female rats treated with estradiol or testosterone as pups had male-
like partner preference when given access to tethered stimulus animals [33,87]. Thus, in
male rats, estrogens likely act during development to differentiate partner preferences, but it
is not clear how normal female partner preferences are established.

The majority of data on sexual differentiation of partner preference in mice have been
collected using knockout mouse models. Male ERaKO mice (backcrossed into C57BL/6)
showed no partner preference and spent little time investigating stimulus males or females.
However, when gonad-intact adult males of both WT and ERaKO genotypes were exposed
to female-soiled bedding they exhibit both an LH surge and Fos responses in the POA [232],
indicating that their olfactory systems were capable of responding to female odors at a
neural but not a behavioral level. Neural integration of olfaction may involve the
organization of dopamine inputs or activation of dopamine release, because ERaKO male
and female mice treated with a dopamine agonist displayed sex-typical partner preferences
[233]. The lack of ERa during development was not an impediment, as adult ERaKO mice
could regain sex-typical preference behaviors. This argues against a critical role for ERa in
the development of this behavior.

Other evidence for a role of estrogens in organization of partner preference comes from
studies of aromatase knockout (ArkKO) mice (on C57BL/6 background). Male ArKO mice
have no preference for female over male volatile odors [10], and, while treatment with
estradiol in adulthood restored coital ability in ArkKO male mice, it did not stimulate
olfactory investigation of volatile body odors [12]. Perhaps hormonal treatment in adulthood
was not sufficient to reinstate male odor preference behaviors because the olfactory
pathways have been organized in the absence of prenatal estrogens. Together with the data
on ERaKO mice these studies raise the possibility that estrogens are acting developmentally
via an ER other than ERa.

Organization of female partner preferences in rats does not require estrogens, however, there
are data to suggest this is the case in mice. ArKO female mice treated with testosterone as
adults spend significantly less time sniffing both volatile and non-volatile odors from either
males or females as compared to heterozygous or WT females. Adult treatment with
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estradiol recovers female-typical investigation of non-volatile odors, but not of volatile
odors [9]. In addition, gonadectomized and estradiol-treated ArKO female mice show
normal Fos responses to male odors in several regions along the olfactory input pathway.
The only area in which ArKO females fail to demonstrate a Fos response to male odors is
the VMH,; this area might be organized by prenatal and/or pubertal estradiol [171]. Thus, in
mice, estrogens may be involved in the development of female olfactory circuits.

Androgens During the Critical Period are Important for Mouse, but not Rat Partner

Preferences

Most of the data collected in rats indicate that developmental estrogens are required for male
partner preference behavior. However, a role for androgen signaling has not been
completely ruled out. Male rats treated prenatally with the AR antagonist flutamide had
normal partner preference for females over males, but theirl Fos responses elicited by
exposure to estrus bedding were eliminated [55]. Tfm male rats had partner preferences
similar to WT males when choosing between an estrus and a non-estrus female [82], but
there are no data on Fos responses from these experiments. In addition, females treated
prenatally with an anti-androgen or neonatally with DHT showed a normal preference for an
intact male [34]. Taken together, these results suggest that androgens do not influence
preference behaviors in rats, but may still play a role in the organization of olfactory
pathways.

In mice, a role of androgen signaling in partner preference behaviors is more compelling.
The developing brains of female mice lacking alpha fetoprotein (AFP-KO), an estrogen
binding protein present in the developing fetus, are exposed to free estradiol. Using adult,
gonadectomized and estradiol treated AFP-KO mice (CD-1 background), Bakker et al. [13],
showed that exposure to estrogens during development did not change female preference for
either male volatile odors or male soiled bedding. Moreover, AFP-KO females on a C57BL/
6 background, showed a preference for male odors that was not observed in C57BL/6
control females.

Another line of evidence for a role for androgens comes from Tfm mice tested with soiled
bedding from estrus females and sexually active males. The Tfm mice, like WT females,
show a slight preference for male-soiled over female-soiled bedding, while WT males show
a strong preference for female bedding. Using awake stimulus animals in a Y-maze
apparatus, Tfm mice behaved more like WT females than WT males and expressed no
preference for either stimulus mouse [25]. Moreover, when DHT was administered on PNO
to C56BL/6J females, it masculinized their partner preference and Fos responses in the
medial POA and BNST. In contrast, estradiol given to female pups from PNO-2 did not
affect either measure [26]. Taken together, these findings suggest that androgens acting
through the AR organize male-typical partner preference in mice.

One recent study using the ARNeSCre mouse (a conditional knockout designed to lack AR
only in neurons) is in seeming opposition to the data collected using Tfm mice. When tested
with gonads intact, males with the neural-KO males showed a normal preference for estrus
female odors and when presented with male-soiled, female-soiled or clean bedding, they
displayed normal Fos responses to female-soiled bedding in the MeA and POA [176]. There
are several potential reasons for these differences including differences in hormone levels at
the time of the tests. The data collected with Tfm mutants and reviewed above used low
levels of estradiol to produce comparable hormone levels between test subjects, while the
work with the conditional KO mice used gonad-intact animals. In addition, it is not clear that
these mice represent a complete neural knockout of AR, since astrocytes [121] also express
AR in rat brain, finally it is also possible that the presence or absence of AR in non-neural
tissues causes behavioral changes.
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Partner preference behaviors have been examined in both rats and mice using a variety of
techniques (reviewed in Tables 1 and 2). In rats, sexual dimorphisms within the accessory
olfactory pathway have been well characterized, and partner preference behaviors persist
without MOB inputs. The critical period for development of partner preference behaviors
has been well defined in rats, and estrogens during development are required for organizing
the olfactory pathways involved in partner preference. In mice, functional dimorphisms exist
throughout the olfactory pathway, but structural dimorphisms are not as well defined.
Additionally, both the main and accessory pathways are necessary for the display of female
partner preferences, while in male mice the VNO is not required for sex discrimination. The
critical period in mice has not been separately determined, but, in contrast to rats, it appears
that both estrogens and androgens organize partner preference behaviors.

Despite the body of work on partner preferences in rats and mice, there are still several basic
questions that remain to be answered. First, in rats, it is necessary to examine whether the
structural sexual dimorphisms in the olfactory pathways have functional correlates in the
display of preference behavior. It is no longer sufficient to assume that the Fos studies in
mice correspond with findings in rats, particularly since there are differences in which
olfactory pathways are utilized for partner preference. Second, the critical period for
development of partner preference needs to be defined in mice. Third, the role of estrogens
and androgens in development of preferences needs to be investigated more completely,
particularly in mice.

Masculine Sexual Behavior

Not surprisingly, much of the social behavior that rodents engage in is related to
reproduction, such as maintaining a breeding territory, seeking mates, mating, and caring for
young. All these behaviors are sexually dimorphic, but the sexual differentiation of
copulatory behavior is the best characterized of all rodent social behaviors. This is likely due
to several factors, including that the behaviors are stereotyped, stable, and quantifiable. In a
landmark study of sexual differentiation, pregnant female guinea pigs received androgen
injections. Females born to testosterone-injected dams had masculinized external genitalia,
and after adult treatment with additional testosterone, they displayed more male-like
mounting and thrusting behaviors as compared with females born to control dams. Despite
these prenatal treatments, females did not equal males in the numbers of mounting events
[170].

Subsequent studies, done in rats, sought to determine how androgens organized these
behaviors. Interestingly, female Sprague-Dawley rats, like guinea pigs, treated in adulthood
only with testosterone proprionate (TP) showed low levels of mounting and thrusting
behaviors [189]. This strain has been especially valuable for studies of sexual
differentiation, because hormonal manipulations of females during development can
produce readily discernible changes in the expression of male-like behaviors in adulthood.
In contrast, female Long Evans rats can display male-like mounting and thrusting at high
levels when they receive adult hormone treatment [1,62]. Strain differences are present in
mice also, but female mice of several strains display high levels of mounting and thrusting
male-like sexual behavior when tested as adults [38,54,234]

Androgens and the Organization of Masculine Sexual Behaviors (MSB)

Androgen Levels during Development—Studies in rats have pursued the “critical
period” for androgen exposure by measuring hormone concentrations in male and female rat
pups and embryos [4,136,200,228,231]. Male rats have elevated testosterone concentrations
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relative to females just before birth (E18, 19, and 20), and again after birth for at least 3
hours and up to 5 days. These findings, along with the ease and precision of giving
hormones postnatally, have led to an extensive focus on administration of hormones or
drugs that interfere with hormone exposure during the first 5 days (or less) after birth.

The neonatal patterns for androgen secretion in the male mouse may be similar to the rat.
Male embryos of the CF1 strain have higher testosterone levels in plasma on E17 than
females [222]. In C57BL/6J mice, testosterone concentrations increase an average of 4-fold
in male plasma during the first 2 hours after birth and then drop to low levels, comparable to
females, for the next 24 hours [46,144]. In addition, when three postnatal days (PNO, 2, and
4) were compared in ICR mice, at all time points males had 2—3 times higher concentrations
of testosterone in plasma than females [155]. These are the only studies we are aware of that
have measured androgen levels during neonatal mouse development. There remains a need
for a thorough investigation of steroid hormone levels in both mouse embryos and pups,
along with direct strain comparisons.

Androgen Exposure and Male Sexual Behavior in Females—In 1973, Sachs and
colleagues [184] found that female Long-Evans rats can perform male sexual behavior, and
do so in a manner closest to normal males when both pre- and postnatal testosterone is
provided. When testosterone was given both before and after birth, the majority of adult
females displayed the complete ejaculatory reflex and the patterning of their mounting and
thrusting behavior was similar to control males, with the exception of longer latencies to
display the ejaculatory reflex. However, in a separate study OVX adults received long-term
treatment with estradiol produced ejaculatory reflexes similar to males. In fact, post-
ejaculatory mounting and intromissive behaviors resumed more rapidly in these females
than in intact adult males [62]. These results demonstrate that no extra perinatal androgen
exposure is needed to elicit adult masculine behaviors in female Long-Evans rats as long as
high levels of estradiol are provided chronically to the adults prior to and during testing.

Comparable hormone treatment studies have been performed in mice of various strains, with
varying results. In C57BL/6 by DBA/2 hybrid females, a single injection of testosterone on
PNO did not increase the display of masculine sexual behaviors in ovary-intact adult females
[125]. However, when early androgen-treated females also received testosterone at the time
of the test, ejaculatory responses were noted in most animals (13 out of 16). When compared
with normal males, the duration of the ejaculations were shorter, and the latencies longer, in
the neonatal androgen-treated females. Interestingly, these females exhibit much longer
intra-ejaculation “refractory” intervals than males. This result leads to the hypothesis that
neonatal androgens in mice is to organize the ejaculatory reflex.

Inbred strains of mice have also been tested. BALB/c female pups that received testosterone
on PNO did not show any higher levels of masculine sexual behaviors in adulthood as
compared with control females, the vast majority of which displayed mounting and thrusting
[90]. Additional work in other strains reported that neonatal testosterone injections had little
impact on male sex behaviors. In Swiss-Webster female mice, an injection of testosterone or
oil on PNO or on PN10 and additional testosterone in adulthood lead to mounting, but the
majority (68-90%) of the control-injected females likewise displayed these behaviors.
Mount frequencies were equivalent in all groups and, in all animals, mounting behavior
increased with testosterone dose at the time of the test [58]. To directly compare strain
differences, females from three strains (A strain, BALB/c, and C57BL/6) were injected on
PN3 with oil, testosterone or estradiol and, as ovary-intact adults tested, with receptive
females. In general, strain differences accounted for more of the variability than hormone
treatments and C57BL/6 females given neonatal testosterone displayed the most male-
typical behavior. Neonatal estradiol treatment was less effective in promoting male-like
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sexual behavior than was testosterone [218]. These data suggest that, in contrast to rats,
female mice of several strains are able to display masculine sexual behaviors in adulthood
without any extra treatment with testosterone or estradiol during development. However, in
some strains, perinatal testosterone enhanced adult behaviors.

In mice, intra-uterine position has provided an additional, indirect way to investigate
prenatal hormone exposure in females. These studies classify female embryos into three
groups: (OM) positioned in utero with no male sibling beside them; (1M) positioned in utero
beside one male sibling; and (2M) positioned in utero between two males. When
ovariectomized, testosterone treated OM and 2M females of the CF-1 strain were compared,
the 2M females displayed more mounting than OM females at 5 months of age. However, by
21 months of age all females showed large amounts of masculine sexual behavior [178]. 2M
animals are exposed to more androgens from neighboring males than are OM animals [222],
[163]), therefore androgen exposure in utero may impact male sexual behavior in female
mice.

Disruption of Androgen Exposure and Sexual Behavior in Males—The reciprocal
study to giving excess testosterone to females is to castrate males shortly after birth and
examine their masculine sexual behaviors in adulthood after testosterone administration.
Castration of rats during the critical period reduces adult male sexual behavior [22].
Combined castration and postnatal testosterone administration in male rat pups
demonstrated that T replacement compensates for gonad removal. Male rats exposed to
flutamide, both pre- and postnatally, had reduced intromissions and ejaculations as adults
but mounting behavior was similar to control males and control females [55]. One problem
with flutamide administration, and neonatal castration to a lesser extent, is that complete
differentiation of peripheral androgen-target tissues, such as the phallus and scent marking
glands can be disrupted, particularly when treatment is given in utero. This may affect the
males’ abilities to display intromission and ejaculation. This issue has been addressed in
work with non-human primates that have gestational durations long enough to administer
flutamide selectively when the brain, but not the periphery, is undergoing sexual
differentiation [226].

Studies in which male mice were deprived of gonadal hormones during various perinatal
periods. In hybrid (129/ReWI by C57BL/6JWe) male mice, castration on PN25 followed by
testosterone replacement did not reduce sexual behavior, while castration on PNO
significantly inhibited behavior [173]. However, when an anti-gonadotropin antiserum was
given on PNO, PN2, and PN4 to reduce steroid hormone levels (passive immunization),
adult penis size was reduced with no effect on sexual behavior. In addition, neonatal (PN3)
testosterone treatment did not enhance male sexual behavior in gonad-intact C57BL/6
males, but it did increase the number of BALB/c males displaying sexual behavior [219]. In
a similar study, a single testosterone injection on PN4 failed to affect adult masculine sexual
behaviors in BALB/c, C57BL/6Fa or hybrid (C57BL/6Fa by DBA/2J) males, while a small
enhancement was noted in DBA males [17]. Therefore, strain differences in mice appear to
influence how androgens affect sexual behaviors in males, but there are still few data that
directly addresses the role of androgens in inbred strains of mice.

Another way to specifically block the actions of AR is to use spontaneous mutants with
reduced AR function (testicular feminized or Tfm) or engineered AR knockout mice.
Mutations of the AR gene are fairly common, and the type and location of the mutation
dictates the amount of AR function [137]. In rats, the mutation in the AR gene is a single
amino acid substitution in the steroid-binding domain resulting in an AR protein that has a
reduced ability to bind ligand [241]. On the other hand, the Tfm mouse mutant has a single
base deletion in the open reading frame of the N-terminal domain which results in a frame
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shift. Transcription is disrupted, less mMRNA is present, and the resulting AR protein is
truncated and unstable [41]. Tfm rats and mice both have a female external appearance, but
it is possible that some of their differences in behavior are related to the degree of their AR
mutation.

Tfm rats either tested with gonads intact, or castrated as adults and treated with estradiol or
T, displayed mounting and thrusting behavior similar to WT males [82,151]. However,
intromission and ejaculations were compromised; only about half of the Tfm rats displayed
intromissions and one third showed an ejaculatory reflex in sexual behavior tests. Moreover,
the latencies to display these behaviors were longer in Tfm than WT males [82]. Frequencies
of intromission and ejaculations were reduced in Tfm rats; however, numbers of mounts
were increased relative to WT males [82]. These final data suggest that the sexual
motivation in the Tfm males is reduced as compared with WT males. Overall, work with
Tfm rats tends to support a role for AR in sexual motivation and expression of intromissions
and ejaculations.

Early studies in adult Tfm mice tested without androgen or estrogen replacement described
their behavior as “asexual” meaning they did not display male- or female-typical sexual
behaviors [148]. Gonad-intact Tfm rats can display low levels of male sexual behavior. This
discrepancy may be caused by the differences in circulating hormones in Tfm mice and rats.
Tfm rats, like humans, have elevated T levels in adulthood whereas Tfm mice have low
androgen concentrations [151]. When Tfm mice were tested after castration and hormone
replacement (testosterone, DHT or estradiol), estradiol-implants restored mounting and
thrusting behavior in close to one half of Tfm males [25,151]. Comparable to Tfm rats,
hormone treated Tfm mice have frequencies of mounts with thrusts that are similar to female
controls and increased when compared with WT males [25]. More recently, several
engineered AR knockout mice have been used, and in these mice masculine sexual
behaviors were also severely compromised [176,185]. Thus, sexual behavior is greatly
reduced in engineered mouse AR mutants and the spontaneous mutants (rats and mice). The
largest difference between Tfm rats and mice is in the absence of ejaculatory behavior in
mice, and its retention in a subpopulation of Tfm rats.

Estrogens and the Organization of Masculine Sexual Behaviors

The aromatization hypothesis predicts that the important steroid for sexual differentiation is
estradiol [133,145]. Masculinization of sexual behavior is partially blocked by aromatase
inhibitors administrated either prenatally or just after birth in Wistar rats [71,94]. Likewise,
various estrogen receptor antagonists can have a similar effect [70,141]. Strain differences in
response to ATD do exist, however. Sprague-Dawley males, exposed to the aromatase
inhibitor ATD both during gestation and every other day after birth for a total of 6
treatments, did not demonstrate any differences in masculine sexual behavior as compared
with control males [55]. Thus, while estrogen may be important for the development of
MSB, in rats it is not sufficient in every strain.

Data on the role of ERs in sexual differentiation of the mouse brain come primarily from
knockout animals, and the findings have been taken as support for the role of estrogens
during development. Several groups of researchers working with ERaKO mice noted
reduced masculine sexual behaviors [146,234]. Particularly when the mice were first
phenotyped and still in a mixed genetic background (C57BL/J and SV129), different levels
of mounting behavior were reported by different groups. To test the hypothesis that genetic
heterogeneity leads to more sexual behavior in male ERaKO mice, mice in the C57BL/J6
strain were crossed twice into one of three other backgrounds: A/J, BALB/c or DBA/2J.
Genetically the resulting F2 mice were 25% C57BL/6 and 75% new strain [54]. Nearly 40%
of ERaKO males crossed into DBA or BALB/c displayed intromissions and one ERaKO in
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the mixed DBA background sired a litter. Given the work in the B6D2F1 hybrid mouse
[159] it is interesting to speculate that these animals are less dependent on ER than other
strains for control of male sexual behavior, and perhaps this is why the ERa disruption lead
to a less severe phenotype. Thus, earlier reports of more or less male sexual behavior in
ERaKO mice were likely due to their mixed (C57BL and SV129) genetic background. In
addition, when the general dopamine agonist, apomorphine, was given systemically to
ERaKO males they were able to display ejaculations [233]. This result suggests that ERa is
not an absolute developmental requirement for masculine sexual behaviors in the mouse. It
also suggests that in adults a functional ERa may be important for dopamine release related
to sexual behaviors.

When studying the developmental effects of estrogens, the ArkKO mouse has a major
advantage over ERaKO animals since estrogens can be administered at any time point and
the mice have all the ERs needed to respond. In the first published study on masculine
sexual behaviors in the ArKO male, long latencies to mount and reduced frequencies of
mounting behavior were reported, similar to data collected in ERaKO mice [92,181]. Yet,
when ArKO males were maintained in long-term pairs with fertile females, half of them
were able to sire litters [181]. Moreover, when adult ArKO males were treated with estradiol
many aspects of their sexual behaviors were similar to those in WT males including
intromission frequencies and latencies to mount, intromit, and ejaculate [12] suggesting an
activational, but no organizational, requirement for estradiol. Corresponding developmental
studies were also done, and adult ArKO males that were administered estradiol shortly after
birth displayed mounting behavior. Fertility was also recovered in some as adults, even
when additional estradiol was not provided [215].

The opposite KO to ArKO males are AFP-KO female mice, which are exposed to higher
titers of free estradiol than normal controls. Thus, female AFP-KOs can be used to
determine if exposure to maternal estradiol in utero masculinizes adult behaviors. When
adult females, in the out-bred CD-1 background, were OVX and treated with estradiol
implants, the AFP-KO females displayed more mounting than WT females. Thus, exposure
to estradiol during development did indeed masculinize their behavior. Treatment of
pregnant dams with an aromatase inhibitor blocked the effect of gene disruption in their
AFP-KO offspring [14]. The AFP-KO data show nicely that exposure to estrogen in utero
enhances masculine sexual behaviors in females, but taken together with other data,
discussed in the previous section, it is clear that masculine sexual behaviors are not
especially sex dependent in mice. In sum, these KO studies suggest a small role for estradiol
and ERa during neonatal development, and a larger role for ERa. in activation of the
behavior; however, the degree of variability between individuals is great. More normative
data collected from normal mice and estrogen agonist versus antagonist administration both
before and after birth would be immensely useful.

The data reviewed here are also presented in Tables 3 and 4. In rats, clear strain differences
in females’ capacity for masculine sexual behavior present researchers the opportunity to
select the best animal model for particular questions. Long-Evans adult females given
continued high levels of testosterone or estradiol performed all aspects of masculine sexual
behavior, including the ejaculation reflex. Even when levels of testosterone and/or estradiol
are low, appropriately tested females can display mounts and deep intromission-like thrusts.
Studies in this strain might reveal endocrine and genetic pathways that are similar between
the sexes and this should inform data on sex differences. Conversely, one might consider the
strain of choice for sexual differentiation work as the Sprague-Dawley rat, since adult
females require prenatal treatment with estradiol or testosterone to perform male-like sexual
behavior in adulthood. In mice, females of many inbred strains are capable of displaying
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masculine sexual behavior and neonatal hormone injections are not necessary if adults
receive adequate testosterone.

Despite females’ ability to mount and thrust as do males, the timing of these behaviors
during the mating test is different in male versus female mice and rats. When given
equivalent doses of testosterone, adult female mice begin to mount and thrust faster than
males and display these behaviors with a higher frequency [234]. In addition, the ejaculatory
reflex is rarely expressed by females of either species. Perinatal androgen exposure may be
related to these variations in masculine sexual behavior, particularly the expression of the
ejaculatory reflex in mice. Many questions remain, including do females normally display
mounts and thrusts, and if so, under what type of conditions? These behaviors are likely to
have different signaling purposes in females than in males. In fact, mounting and thrusting
are routinely noted in gonad-intact females paired with receptive female partners [90]. More
recently mounting and thrusting has been reported in adult female mice housed with their
juvenile offspring [49].

The role of perinatal estradiol in the sexual differentiation of the rat brain has been well
established, but in mice the evidence is inconclusive. Sexual motivation in mice may require
neonatal estradiol, as the response of the dopamine system to contact with a female appears
to be compromised in ERaKO males [38,233]. The absolute necessity of ER activation
during the neonatal period in male mice awaits future studies that limit the use of estradiol,
anti-estrogens, or siRNA to specific periods during development.

Female Sex Behavior: Receptivity and Lordosis

Similar to male sexual behavior, female sexual behavior has been extensively studied to the
point where striking differences between rats and mice have been revealed. To gauge
receptivity in female rodents when mounted by a male, the most frequently used measure is
the stereotypical lordosis reflex [21,166]. Sexually experienced female rats and mice in the
estrus phase of their reproductive cycle assume the lordosis posture if mounted by a male
[131]. Diestrus and OV X females with low levels of ovarian hormones rarely display
lordosis and actively reject mount attempts [28,131,134]. The arched-backed dorsiflexion
and raised head is easily recognizable in rat lordosis. Receptive rats also display
precopulatory proceptive behaviors such as hopping, darting, and ear-wiggling to solicit
male coital behaviors. In sexually naive OV X rats, exogenous estradiol and progesterone
replacement is sufficient to quickly establish lordosis equal to that of ovary-intact females
[69].

Female sexual behavior in mice differs from rats in several important aspects, including
their response to activational hormones. Receptive mice stand in lordosis when mounted, but
the dorsiflexion does not appear to be as extreme and is sometimes hard to detect. Unlike
rats, mice do not exhibit the precopulatory proceptive behaviors of hopping, darting and ear-
wiggling. Additionally, C57BL/6 mice are less sensitive than rats to exogenous hormone
replacement, because hormone primed sexually naive OV X mice initially show only low
levels of lordosis. With continued sexual experience over subsequent trials, mice predictably
demonstrate a gradual enhancement of receptivity [9,54,75,110,114,213]. Sexual experience
appears to be an additional, necessary factor for maximal receptivity in the mouse, but there
are strain differences in the initial receptivity of sexually naive females [75,213]. However,
doses and timing of exogenous estradiol and progesterone replacement used in mice are
examples of methods that have been derived empirically in rats. Perhaps these methods are
not optimized for expression of receptivity in mice, and it remains to be determined if the
requirement of sexual experience in the mouse is an artifact of suboptimal hormone
replacement or a true difference between mice and rats.
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Organization of Lordosis

Neonatal Androgens and the Reduction of Female Receptivity—Treatment of
neonatal female rats with androgens has long-lasting behavioral effects on receptivity.
Neonatal TP injection blocks normal estrus cycles and receptivity in adulthood [15,63,85].
However, the deficits in androgenized female receptivity are not the consequence of
abnormal estrus cycles as adults, because ovariectomy and exogenous estradiol and
progesterone replacement cannot restore receptivity [15,50,69,73,85,236]. The ability of
exogenous androgens to permanently affect lordosis depends upon the timing of
administration. Females injected with TP between PNO-5 have minimal lordosis quotients,
but females treated after PN19 are highly receptive and no different than controls
[15,50,63,69,73,85,236].

Even though the ovaries during perinatal development do not secrete appreciable hormones,
prenatal exposure to androgens produced by male siblings in utero may affect normal
females and be a source of natural variation of receptivity within a population. Studies that
use intrauterine position as a variable offer indirect support of this hypothesis (reviewed in
[183]). Female rats that develop in litters with more males or downstream in the direction of
uterine blood flow from adjacent males are less receptive as adults than females not so
positioned [88,93], although not all studies have replicated this finding [214]. Additionally,
prenatal treatment of pregnant females with the anti-androgen flutamide increased lordosis
in both PNO androgenized and normal female offspring [72,73]. Most experiments support
the conclusion that only aromatizable androgens are effective at defeminization of lordosis
[237]. These experiments and others led to the defeminization theory of sex differences in
behavior. This theory posits that normal neonatal exposure to androgens reduces feminine
behaviors in males through irreversible developmental processes acting on neural substrates,
one of those is likely aromatase enzyme.

Neonatal hormone administration to female mice has also revealed the defeminizing
properties of androgens. Subcutaneous injection of TP on PN2 to A strain and BALB/c
mice, reduces the number of times adult ovary-intact females receive mounts with an
intromission as compared to same strain controls [217]. Like rats, adult hormone
replacement does not eliminate long-lasting effects of neonatal androgens. Exogenous
estradiol and progesterone replacement to adult OV X mice injected with TP on PNO
produces lordosis quotients as low as males castrated in adulthood. However, females
injected with TP on PN9 are highly receptive and have lordosis quotients equivalent to PNO
oil injected control females, demonstrating that androgens need to be administered within
the first few days after birth to defeminize lordosis [57,58]. Additionally, perinatal exposure
to the non-aromatizable metabolite DHT does not reduce lordosis in female mice, suggesting
that AR activation is not sufficient for blocking the organization of female receptivity
[26,185]. To date, no major species differences have been directly demonstrated for
defeminization by androgens between rats and mice. One could argue, however, that more
data are needed in mice to determine whether there are subtle, yet important, differences in
the critical period for androgen action.

Hormone Manipulations in Males—During the perinatal period, male rats are exposed
to more testosterone than females at two points in time: around embryonic day 18 (E18) and
postnatally (PNO) [47,200,231]. The presence of greater levels of testosterone during this
time period in males, and the lower levels in females, fits well with the role of androgens in
the process of defeminization. However, male rats and mice are able to display lordosis
under certain conditions [111,114,153,202]. Wistar males can show lordosis with intact
gonads, and both Wister and Sprague-Dawley males can display the behavior after pulsed
estradiol and progesterone priming [153,205,206]. Nonetheless, in most strains of rats and
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mice, unmanipulated males do not display female sexual receptivity [76,142,244]. Removal
of endogenous gonadal androgens early in development by neonatal castration greatly
reduces sex differences in lordosis.

Similar to experiments of androgenized females, the timing of castration is critical. Neonatal
castration of rats between PNO and PN5, followed by administration of estradiol and
progesterone in adulthood, produces lordosis quotients in males that are similar to females
[64,65,73,76,86,203,236]. In contrast, males castrated after PN7 show low levels of lordosis
[64,65,76,86,203,244]. Furthermore, PNO castrated rats given exogenous androgen
replacement starting the day of castration, were less receptive than castrates that received
androgens after PN10 [73,86,203,236]. Thus, androgens must be present before PN10 to
efficiently defeminize rat female sex behavior, and, in general, the earlier rats are castrated
the more receptivity is increased [45]. The temporal sensitivity of removing or blocking
perinatal androgens in males to increase lordosis corresponds well with the effective time for
androgenization to decrease lordosis in females. Unfortunately, gonadectomy of mice on the
day of birth is technically difficult and experiments to support species differences and
similarities with rats are lacking.

Aromatization and Estrogen Receptors

Estrogens and Defeminization—Defeminization of receptivity is typically attributed to
estradiol produced after the local aromatization of testosterone in brain. Injections of
estradiol benzoate to female and neonatal castrated rats during the critical period
demonstrate that estradiol is just as effective and probably more effective than androgens at
reducing adult expression of lordosis [63,64,69,160,162,189,203,235,236]. As is the case
with androgens, estradiol has no defeminizing effects when administered late in
development (i.e. after P19; [63]). Neonatal administration of the antiestrogen
ethamoxytriphetol (MER25), or aromatase inhibitors, block defeminization, providing good
evidence that androgens must be converted to estradiol to affect lordosis [6,29,203,204].
Additionally, Tfm male rats, with a mutant androgen receptor and high levels of circulating
testosterone [172], do not display lordosis, suggesting that aromatization of androgens and
signaling through the estrogen receptor may be sufficient for defeminization [150].
Modulation of NMDA receptor activity in the medial basal hypothalamus during
development, may be a crucial mechanism by which estradiol mediates defeminization of
lordosis [189]. Thus, the evidence to support the aromatization hypothesis for
defeminization is extensive in the rat.

Several studies support the aromatization hypothesis in mice, including experiments
showing low receptivity in adult females that were given exogenous estradiol as neonates
[152,218]. A good example of the potential of perinatal estradiol to reduce receptivity in
mice has been demonstrated in a-fetoprotein KO (AFP-KO) mice. Female AFP-KOs are not
protected from perinatal estradiol and show no lordosis [14]. Using an aromatase inhibitor to
block synthesis of estradiol rescues the expression of lordosis in the knockouts.
Interestingly, male aromatase knockout mice (ArKO) in the C57BL/6 background display
low levels of lordosis similar to their WT male littermates [114]. This is a surprising finding;
however, ArKO male mice are exposed to androgens and some androgenic metabolites may
bind to an ER and reduce feminization [84,115]. Despite the data from ArKO male mice, it
is clear that perinatal estradiol can reduce receptivity in both mice and rats.

Estrogens and Feminization—In light of the ability of perinatal estradiol to disrupt the
development of receptivity, the dogma has been that feminine neural development occurs
via a “default” mechanism without any need for facilitation by hormones. Yet, early studies
of rats with ovarian tissue or low levels of exogenous estradiol during late postnatal
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development suggested enhanced receptivity (reviewed in [5]. Compared to controls, female
rats neonatally administered the anti-estrogen tamoxifen, perform less lordosis as adults,
which could be taken to suggest that small amounts of neonatal estrogens are needed for
feminization of lordosis behavior [83]. This interpretation was muddled by the fact that
tamoxifen can also have ER-agonist properties in some tissues and perhaps defeminize
lordosis. Based on these rat studies alone, evidence for estradiol promoting neural
development in favor of high receptivity remains weak.

Studies in the mouse provide plausible support for a role of perinatal estrogens in the
feminization of this species. ArKO females display less lordosis than their WT female
littermates [9,11]. As the authors pointed out, it is unlikely that prenatal and early neonatal
ovarian secretions were responsible for estrogenic feminization, since the ovaries cannot
produce estradiol until PN7 and a-fetoprotein initially protects the brain from all sources of
estradiol. In fact, an exogenous source of environmental estrogens may be responsible for
the observed differences. ArKO females placed on a phytoestrogen free diet were no
different than WT in their ability to acquire lordosis behavior [114]. Moreover, ArKO
females given a phytoestrogen rich diet displayed significantly less lordosis than WT
females on the same diet, and all females on the phytoestrogen-free diet. Thus, it is possible
that ArKO females are more sensitive to defeminizing phytoestrogens, perhaps through
enhanced activation of estrogen receptor-p [114]. Based on these results, a model has been
proposed in which prenatal estrogens defeminize, while postnatal estrogens, including those
experienced during puberty, feminize development of lordotic potential [5].

Which Estrogen Receptor(s)?—Given that androgens promote defeminization by
acting through estrogenic metabolites, the question of which ER is critical has been
addressed in both rats and mice. Antisense-RNA to ERa administered on PN2 blocked a
reduction of lordosis behavior in concurrently androgenized female rats [132]. More recent
studies using pharmacological approaches have yielded conflicting results on the ability of
ERa to affect receptivity. Wistar female rats subcutaneously injected with 5ug of ZK
281471 an ERa-agonist, starting on PNO and repeated every other day for 12 days displayed
a sharp reduction in the lordosis quotient compared to controls [160]. However, injections of
ERa-agonist PPT to Long-Evans female rat pups on the first four days after birth resulted in
high lordosis quotient scores, whereas estradiol benzoate treated females had low scores
[162]. The contradictory results of the two ERa-agonist experiments could be explained by
strain, experimental design, and agonist differences. In contrast, experiments examining the
role of ERp in the rat are in agreement. Neonatal injections of the selective ERB-agonists ZK
281738 or DPN to female rats do not reduce lordosis [160,162].

Most of the work in mice examining ER effects on lordosis has used gene knockouts. Even
though ERaKO mice are unreceptive [180], the fact that ERa is necessary for the activation
of lordosis in adulthood precludes the use of knockouts to study ERa’s role in
developmental defeminization [112,179]. Pharmacological evidence suggests that ERa is
not important for sexual differentiation of mouse lordosis. Female C57BL/6J mice given
PPT (ERa-agonist) during the first 3 days of life do not differ from controls in the
acquisition of lordosis [112]. In contrast to the caveats of ERaKO mice, use of ERBKOs is
much more promising because selectively activating or blocking ERp in the adult animal has
no major effects on receptivity in either rats or mice [110,130]. Interestingly, the lack of a
functional ERS gene in ERBKO mice facilitates the acquisition of lordosis in estrogen plus
progesterone primed males castrated as adults compared to their WT littermates [111].
Furthermore, ovary-intact ERBKO mice can display lordosis at times in the ovarian cycle
when WT females are unreceptive [110,147]. Pharmacologically, neonatal DPN (ERp-
agonist) injections given to normal WT C57BL/6 female mice reduce lordosis quotients as
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effectively as estradiol, providing further proof that ER[ effects on receptivity are
organizational and not activational [112].

Results are mixed between rats and mice when manipulating ERa and ERB during perinatal
development, and highlight a species difference. There is only evidence for the ability of
ERa to mediate perinatal estradiol influences on receptivity in the rat, whereas in the mouse
there is evidence for ERB. To date, much less is known about ERp and the role it plays in
discreet or overlapping functions with ERa. The finding that ERBKO male mice are
incompletely defeminized as adults suggests this ER has a role in behavioral defeminization.

General principles of organization of receptivity mostly are in agreement between rats and
mice (see Tables 5 and 6). The critical period for organization of receptivity in both rats and
mice likely begins after E15 and ends before P10 in rats, but the data for a definitive critical
period in mice are still scarce (reviewed in [18]). Although it is clear that testosterone
secretion by the testes during early development is responsible for reduced receptivity,
animals exposed to perinatal androgens can still display lordosis; however, it takes a much
higher dose of estradiol in adulthood to induce lordosis [76,202]. Therefore, it does not
appear that developmental androgen exposure permanently abolishes the neural circuitry to
express the lordosis reflex. Rather, early exposure to high levels of androgens, or estrogens,
decreases the sensitivity of the adult brain to ovarian hormones to stimulate lordosis [52].

A few notable differences between rats and mice in the development of receptivity include
the necessity of sex experience in at least certain strains of mice, versus sufficiency of
activational hormones for lordosis in rats. Additionally, there is a potential rat versus mouse
difference in the importance of specific estrogen receptor isoforms on defeminization. One
gap in understanding the development of sex differences in behavior is discovery of
mechanisms downstream of hormone signaling that set the feminization and/or
defeminization processes in motion. The genetic tools available to the mouse may make
these animals particularly suited for these sorts of experiments. As always, a strong
foundation is needed in WT control mice to place the work in KO and other mutants into
context.

Concluding Summary

Studies of sexually dimorphic brain regions and behaviors may be more advanced in rats,
but work in mice has been progressing. Findings with KO mice of mixed genetic
background, when compared directly to discoveries in rats, can create some confusion. This
review highlights some of the apparent species differences as well as similarities. The
gonadal steroid modulation and developmental progression of the calbindin-ir sub-region of
the POA, and the role and distribution of the ERp in the AVPV are divergent in rats and
mice. Sexual dimorphisms in PR are similar in one region (POA), but divergent in another
(VMH), while the literature on nNOS is too complex at this point to make useful general
conclusions. Partner preference behaviors likely require organizational actions of ERa in
rats and in mice, but AR may play an added role in mice. Male sexual behaviors are less
sexually dimorphic in mice than in Sprague-Dawley rats, and thus assumptions based on
information from rats should be carefully considered. The importance of organizational/
developmental hormones on sexual differentiation of male sex behaviors could be a species-
specific phenomenon. On the other hand, lordosis is sexually dimorphic in mice and rats and
estradiol during development is likely responsible for defeminization of this behavior in
both species. Interestingly, the roles of ERa versus ERp for defeminization of receptivity
could be species specific. Studies conducted in the same laboratory, with both species,
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employing the same treatments and timing would be useful for the resolution of this
interesting issue.

For animal models in general, it is important to understand the relationship of the molecular
mechanisms in the model species to the target species; frequently humans. For the choice of
rats versus mice, there are clear differences between them as reviewed above. For some of
these characteristics there are comparisons that can be made with humans. For example, in
humans, calbindin is expressed in both the developing [108] and adult POA [107]. The
ontogeny of calbindin expression in the human POA may be more similar to the pattern
found in mice than to rats, with greater expression levels occurring during development
[108] and becoming more restricted in adulthood [107]. As there is more than one potential
homolog of the rodent SDN-POA in humans, it is unclear if the expression of calbindin in
the rodent is analogous to events occurring during the development of the human POA.
Although mice might be appropriate for modeling calbindin in the human POA, ERp
expression in primates appears to occur in a region that might be homologous to the rat
AVPV perhaps making it the more attractive rodent for studying ERp at this location
[79,109]. In humans, no sex difference in expression pattern was detected by
immunohistochemistry [109], although, due to limitations of post-mortem tissue examined
in this study and questions regarding the specificity of the antibody used, these findings are
inconclusive.

On the behavioral side, it is always difficult to compare rats and mice with humans, but it
can still be relevant. Difficulties have been reviewed by others [19], but it is important to
note that the behaviors measured in animals are rarely the same as in humans. Lordosis and
mounting/thrusting behaviors are stereotypical mating postures in rodents. In humans, the
sexual postures per se are not sexually dimorphic and it is probably motivation, desire, and
other psychological aspects of these behaviors, not the mating stances that are sexually
dimorphic. The second hurdle for translation of these behaviors to humans is their
dependence on species typical hormone levels. In humans, the expression of sexual
behaviors is far less dependent on activational hormones [158]. Partner preference behaviors
in animals have been taken as indications of gender identification and/or sexual orientation
[19], but even this analogy is complex. Residing next to a conspecific behind a mesh barrier,
or sniffing bedding soiled by a male versus a female, is not necessarily an indication of a
sexual partner preference.

One of the positive aspects of the analogy between gender identification and mating/
preference behaviors is that human data collected from clinical populations with various
neuroendocrine disorders of sexual differentiation can be compared to experimental animal
data [43,74]. These “experiments of nature,” range from increased fetal androgen exposure
(congenital adrenal hyperplasia) to inability to respond to androgens (complete and partial
androgen insensitivity mutations) or estrogens (aromatase enzyme or ER mutations). Recent
data from rhesus monkeys, exposed to non-aromatizable androgens (females) or anti-
androgens (males) during development at gestational ages that do not coincide with genital
differentiation, argue that AR activation in utero can produce a suite of male-typical
behaviors even in individuals without a male-like phallic structure [227]. These studies,
along with other data, suggest that brain differentiation of male-like behaviors in humans
may rely on androgen receptor mechanisms. Our review of the rat and mouse literature
suggests that the AR may be more critical for partner preference behavior in mice than in
rats. Moreover, some strains of mice might be more appropriate for these models than
others.

In summary, behavioral neuroendocrinologists have frequently utilized comparative
approaches, and mice and rats are important components of these studies. A practical outline
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the research strategy for studying sexual differentiation in rodents [23] notes key

guidelines that include establishment of sex differences in uniform endocrine environments,
a critical step often missed by investigators new to the field. In genetically modified

an
ge

imals, investigators’ results should always be interpreted in the context of backcross
neration [169]. The proper use of engineered mice, along with other model organisms

including, but not limited to, rats, will undoubtedly enrich the field.

Acknowledgments

Th

e authors’” work is supported by R01 MH61376 (ST) and RO1 MH057759 (EFR). PJB is supported by T32

GMO08715 and KHC is supported by T32GM008328.

References
1.

10

11.

12.

13.

Afonso VM, Lehmann H, Tse M, Woehrling A, Pfaus JG. Estrogen and the neural mediation of
female-male mounting in the rat. Behav Neurosci 2009:369-381. [PubMed: 19331460]

. Airaksinen MS, Thoenen H, Meyer M. Vulnerability of midbrain dopaminergic neurons in

calbindin-D28k-deficient mice: lack of evidence for a neuroprotective role of endogenous calbindin
in MPTP-treated and weaver mice. Eur J Neurosci 1997:120-127. [PubMed: 9042576]

. Amateau SK, McCarthy MM. Induction of PGE2 by estradiol mediates developmental

masculinization of sex behavior. Nat Neurosci 2004:643-650. [PubMed: 15156148]

. Anderson PJ, Fatinikun AE, Swift AD. Concentrations of testosterone in neonatal male rats suckled

naturally and hand-fed. J Endocrinol 1982:419-424. [PubMed: 7040585]

. Bakker J, Baum MJ. Role for estradiol in female-typical brain and behavioral sexual differentiation.

Front Neuroendocrinol 2008:1-16. [PubMed: 17720235]

. Bakker J, van Ophemert J, Slob AK. Organization of partner preference and sexual behavior and its

nocturnal rhythmicity in male rats. Behav Neurosci 1993:1049-1058. [PubMed: 8136058]

. Bakker J, Baum MJ, Slob AK. Neonatal inhibition of brain estrogen synthesis alters adult neural Fos

responses to mating and pheromonal stimulation in the male rat. Neuroscience 1996:251-260.
[PubMed: 8843090]

. Bakker J, Brand T, van Ophemert J, Slob AK. Hormonal regulation of adult partner preference

behavior in neonatally ATD-treated male rats. Behav Neurosci 1993:480-487. [PubMed: 8329137]

. Bakker J, Honda S, Harada N, Balthazart J. The aromatase knock-out mouse provides new evidence

that estradiol is required during development in the female for the expression of sociosexual
behaviors in adulthood. J Neurosci 2002:9104-9112. [PubMed: 12388618]

. Bakker J, Honda S, Harada N, Balthazart J. Sexual partner preference requires a functional
aromatase (cyp19) gene in male mice. Horm Behav 2002:158-171. [PubMed: 12367569]

Bakker J, Honda S, Harada N, Balthazart J. The aromatase knockout (ArKO) mouse provides new
evidence that estrogens are required for the development of the female brain. Ann N Y Acad Sci
2003:251-262. [PubMed: 14993058]

Bakker J, Honda S, Harada N, Balthazart J. Restoration of male sexual behavior by adult
exogenous estrogens in male aromatase knockout mice. Horm Behav 2004:1-10. [PubMed:
15215036]

Bakker J, De Mees C, Szpirer J, Szpirer C, Balthazart J. Exposure to oestrogen prenatally does not
interfere with the normal female-typical development of odour preferences. J Neuroendocrinol
2007:329-334. [PubMed: 17425607]

14. Bakker J, De Mees C, Douhard Q, Balthazart J, Gabant P, Szpirer J, Szpirer C. Alpha-fetoprotein

15.

16.

protects the developing female mouse brain from masculinization and defeminization by
estrogens. Nat Neurosci 2006:220-226. [PubMed: 16388309]

Barraclough CA, Gorski RA. Studies on mating behavior in the androgen-sterilized female rat in
relation to the hypothalamic regulation of sexual behaviour. J Endocrinol 1962:175-182.
[PubMed: 13969490]

Bastianelli E. Distribution of calcium-binding proteins in the cerebellum. Cerebellum 2003:242-
262. [PubMed: 14964684]

Front Neuroendocrinol. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bonthuis et al.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38

39.

40.

Page 23

Batty J. Influence of neonatal injections of testosterone propionate on sexual behavior and plasma
testosterone levels in the male house mouse. Dev Psychobiol 1979:231-238. [PubMed: 437362]

Baum MJ. Differentiation of coital behavior in mammals: a comparative analysis. Neurosci
Biobehav Rev 1979:265-284. [PubMed: 120519]

Baum MJ. Mammalian animal models of psychosexual differentiation: when is ‘translation’ to the
human situation possible? Horm Behav 2006:579-588. [PubMed: 16876166]

Baum MJ, Tobet SA. A sex comparison of serotonin immunoreactivity and content in the ferret
preoptic area/anterior hypothalamus. Brain Res Bull 1993:185-189. [PubMed: 8348343]

Beach FA. Sexual attractivity, proceptivity, and receptivity in female mammals. Horm Behav
1976:105-138. [PubMed: 819345]

Beach FA, Noble RG, Orndoff RK. Effects of perinatal androgen treatment on responses of male
rats to gonadal hormones in adulthood. J Comp Physiol Psychol 1969:490-497. [PubMed:
5388030]

Becker JB, Arnold AP, Berkley KJ, Blaustein JD, Eckel LA, Hampson E, Herman JP, Marts S,
Sadee W, Steiner M, Taylor J, Young E. Strategies and methods for research on sex differences in
brain and behavior. Endocrinology 2005:1650-1673. [PubMed: 15618360]

Bisenius ES, Veeramachaneni DN, Sammonds GE, Tobet S. Sex differences and the development
of the rabbit brain: effects of vinclozolin. Biol Reprod 2006:469-476. [PubMed: 16738224]

Bodo C, Rissman EF. Androgen receptor is essential for sexual differentiation of responses to
olfactory cues in mice. Eur J Neurosci 2007:2182-2190. [PubMed: 17419752]

Bodo C, Rissman EF. The androgen receptor is selectively involved in organization of sexually
dimorphic social behaviors in mice. Endocrinology 2008:4142-4150. [PubMed: 18467440]

Bodo C, Kudwa AE, Rissman EF. Both estrogen receptor-alpha and -beta are required for sexual
differentiation of the anteroventral periventricular area in mice. Endocrinology 2006:415-420.
[PubMed: 16239299]

Boling JL, Blandau RJ. The Estrogen-Progesterone induction of mating responses in the spayed
female rat. Endocrinology 1939:359-364.

Booth JE. Sexual behaviour of male rats injected with the anti-oestrogen MER-25 during infancy.
Physiol Behav 1977:35-39. [PubMed: 11803687]

Booth JE. Sexual behaviour of neonatally castrated rats injected during infancy with oestrogen and
dihydrotestosterone. J Endocrinol 1977:135-141. [PubMed: 845532]

Brager DH, Sickel MJ, McCarthy MM. Developmental sex differences in calbindin-D(28K) and
calretinin immunoreactivity in the neonatal rat hypothalamus. J Neurobiol 2000:315-322.
[PubMed: 10645971]

Brand T, Slob AK. Perinatal flutamide and mounting and lordosis behavior in adult female Wistar
and Sprague-Dawley rats. Behav Brain Res 1991:43-51. [PubMed: 1910570]

Brand T, Slob AK. Neonatal organization of adult partner preference behavior in male rats. Physiol
Behav 1991:107-111. [PubMed: 2017462]

Brand T, Slob AK. On the organization of partner preference behavior in female Wistar rats.
Physiol Behav 1991:549-555. [PubMed: 2062933]

Brand T, Kroonen J, Mos J, Slob AK. Adult partner preference and sexual behavior of male rats
affected by perinatal endocrine manipulations. Horm Behav 1991:323-341. [PubMed: 1937426]
Brown AE, Mani S, Tobet SA. The preoptic area/anterior hypothalamus of different strains of
mice: sex differences and development. Brain Res Dev Brain Res 1999:171-182.

Budefeld T, Grgurevic N, Tobet SA, Majdic G. Sex differences in brain developing in the presence
or absence of gonads. Dev Neurobiol 2008:981-995. [PubMed: 18418875]

. Burns-Cusato M, Scordalakes EM, Rissman EF. Of mice and missing data: what we know (and
need to learn) about male sexual behavior. Physiol Behav 2004:217-232. [PubMed: 15488541]
Casto JM, Ward OB, Bartke A. Play, copulation, anatomy, and testosterone in gonadally intact
male rats prenatally exposed to flutamide. Physiol Behav 2003:633-641. [PubMed: 12954404]
Chakraborty TR, Rajendren G, Gore AC. Expression of estrogen receptor {alpha} in the
anteroventral periventricular nucleus of hypogonadal mice. Exp Biol Med (Maywood) 2005:49—
56. [PubMed: 15618125]

Front Neuroendocrinol. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bonthuis et al.

41.

42.

43

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 24

Charest NJ, Zhou ZX, Lubahn DB, Olsen KL, Wilson EM, French FS. A frameshift mutation
destabilizes androgen receptor messenger RNA in the Tfm mouse. Mol Endocrinol 1991:573-581.
[PubMed: 1681426]

Cheron G, Servais L, Dan B. Cerebellar network plasticity: from genes to fast oscillation.
Neuroscience 2008:1-19. [PubMed: 18359574]

. Cohen-Bendahan CC, van de Beek C, Berenbaum SA. Prenatal sex hormone effects on child and
adult sex-typed behavior: methods and findings. Neurosci Biobehav Rev 2005:353-384. [PubMed:
15811504]

Collado P, Guillamon A, Valencia A, Segovia S. Sexual dimorphism in the bed nucleus of the
accessory olfactory tract in the rat. Brain Res Dev Brain Res 1990:263-268.

Corbier P, Roffi J, Rhoda J. Female sexual behavior in male rats: effect of hour of castration at
birth. Physiol Behav 1983:613-616. [PubMed: 6878461]

Corbier P, Edwards DA, Roffi J. The neonatal testosterone surge: a comparative study. Arch Int
Physiol Biochim Biophys 1992:127-131. [PubMed: 1379488]

Corbier P, Kerdelhue B, Picon R, Roffi J. Changes in testicular weight and serum gonadotropin
and testosterone levels before, during, and after birth in the perinatal rat. Endocrinology
1978:1985-1991. [PubMed: 748030]

Csaba G, Karabelyos C. The effect of a single neonatal treatment (hormonal imprinting) with the
antihormones, tamoxifen and mifepristone on the sexual behavior of adult rats. Pharmacol Res
2001:531-534. [PubMed: 11419961]

Curley JP, Jordan ER, Swaney WT, lzraelit A, Kammel S, Champagne FA. The meaning of
weaning: influence of the weaning period on behavioral development in mice. Dev Neurosci
2009:318-331. [PubMed: 19546569]

Davis AM, Grattan DR, McCarthy MM. Decreasing GAD neonatally attenuates steroid-induced
sexual differentiation of the rat brain. Behav Neurosci 2000:923-933. [PubMed: 11085606]

Davis PG, Chaptal CV, McEwen BS. Independence of the differentiation of masculine and
feminine sexual behavior in rats. Horm Behav 1979:12-19. [PubMed: 478444]

de Vries GJ, Sodersten P. Sex differences in the brain: the relation between structure and function.
Horm Behav 2009:589-596. [PubMed: 19446075]

del Abril A, Segovia S, Guillamon A. The bed nucleus of the stria terminalis in the rat: regional
sex differences controlled by gonadal steroids early after birth. Brain Res 1987:295-300.
[PubMed: 3567668]

Dominguez-Salazar E, Bateman HL, Rissman EF. Background matters: the effects of estrogen
receptor alpha gene disruption on male sexual behavior are modified by background strain. Horm
Behav 2004:482-490. [PubMed: 15465535]

Dominguez-Salazar E, Portillo W, Baum MJ, Bakker J, Paredes RG. Effect of prenatal androgen
receptor antagonist or aromatase inhibitor on sexual behavior, partner preference and neuronal Fos
responses to estrous female odors in the rat accessory olfactory system. Physiol Behav 2002:337-
346. [PubMed: 11897260]

Edelmann M, Wolfe C, Scordalakes EM, Rissman EF, Tobet S. Neuronal nitric oxide synthase and
calbindin delineate sex differences in the developing hypothalamus and preoptic area. Dev
Neurobiol 2007:1371-1381. [PubMed: 17638388]

Edwards DA. Neonatal administration of androstenedione, testosterone or testosterone propionate:
effects on ovulation, sexual receptivity and aggressive behavior in female mice. Physiol Behav
1971:223-228. [PubMed: 5166472]

Edwards DA, Burge KG. Early Androgen Treatment and Male and Female Sexual Behavior in
Mice. Horm Behav 1971:49-58.

Edwards DA, Griffis KT, Tardivel C. Olfactory bulb removal: effects on sexual behavior and
partner-preference in male rats. Physiol Behav 1990:447-450. [PubMed: 2267253]

Edwards DA, Walter B, Liang P. Hypothalamic and olfactory control of sexual behavior and
partner preference in male rats. Physiol Behav 1996:1347-1354. [PubMed: 8916193]

Egan CM, Sridhar S, Wigler M, Hall IM. Recurrent DNA copy number variation in the laboratory
mouse. Nat Genet 2007:1384-1389. [PubMed: 17965714]

Front Neuroendocrinol. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bonthuis et al.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Page 25

Emery DE, Sachs BD. Ejaculatory pattern in female rats without androgen treatment. Science
1975:484-486. [PubMed: 1174387]

Feder HH. Specificity of testosterone and estradiol in the differentiating neonatal rat. Anat Rec
1967:79-86. [PubMed: 6030761]

Feder HH, Whalen RE. Feminine Behavior in Neonatally Castrated and Estrogen-Treated Male
Rats. Science 1965:306-307.

Feder HH, Phoenix CH, Young WC. Suppression of feminine behaviour by administration of
testosterone propionate to neonatal rats. J Endocrinol 1966:131-132. [PubMed: 5900574]
Firestein S. How the olfactory system makes sense of scents. Nature 2001:211-218. [PubMed:
11557990]

Forger NG. Control of cell number in the sexually dimorphic brain and spinal cord. J
Neuroendocrinol 2009:393-399. [PubMed: 19207822]

Gary DS, Sooy K, Chan SL, Christakos S, Mattson MP. Concentration- and cell type-specific
effects of calbindin D28k on vulnerability of hippocampal neurons to seizure-induced injury.
Brain Res Mol Brain Res 2000:89-95. [PubMed: 10648891]

Gerall AA. Effects of early postnatal androgen and estrogen injections on the estrous activity
cycles and mating behavior of rats. Anat Rec 1967:97-104. [PubMed: 6067691]

Gerardin DC, Bernardi MM, Moreira EG, Pereira OC. Neuroendocrine and reproductive aspects of
adult male rats exposed neonatally to an antiestrogen. Pharmacol Biochem Behav 2006:618-623.
[PubMed: 16650888]

Gerardin DC, Piffer RC, Garcia PC, Moreira EG, Pereira OC. Effects of maternal exposure to an
aromatase inhibitor on sexual behaviour and neurochemical and endocrine aspects of adult male
rat. Reprod Fertil Dev 2008:557-562. [PubMed: 18577352]

Gladue BA, Clemens LG. Androgenic influences on feminine sexual behavior in male and female
rats: defeminization blocked by prenatal antiandrogen treatment. Endocrinology 1978:1702-1709.
[PubMed: 570912]

Gladue BA, Clemens LG. Development of feminine sexual behavior in the rat: androgenic and
temporal influences. Physiol Behav 1982:263-267. [PubMed: 7146131]

Gooren L. The biology of human psychosexual differentiation. Horm Behav 2006:589-601.
[PubMed: 16870186]

Gorzalka BB, Whalen RE. Genetic regulation of hormone action: selective effects of progesterone
and dihydroprogesterone (5alpha-pregnane-3,20-dione) on sexual receptivity in mice. Steroids
1974:499-505. [PubMed: 4829342]

Grady KL, Phoenix CH, Young WC. Role of the Developing Rat Testis in Differentiation of the
Neural Tissues Mediating Mating Behavior. J Comp Physiol Psychol 1965:176-182. [PubMed:
14288340]

Grgurevic N, Budefeld T, Rissman EF, Tobet SA, Majdic G. Aggressive behaviors in adult SF-1
knockout mice that are not exposed to gonadal steroids during development. Behav Neurosci
2008:876-884. [PubMed: 18729641]

Griffin GD, Flanagan-Cato LM. Sex differences in the dendritic arbor of hypothalamic
ventromedial nucleus neurons. Physiol Behav 2009:151-156. [PubMed: 19254731]

Gundlah C, Kohama SG, Mirkes SJ, Garyfallou VT, Urbanski HF, Bethea CL. Distribution of
estrogen receptor beta (ERbeta) mRNA in hypothalamus, midbrain and temporal lobe of spayed
macaque: continued expression with hormone replacement. Brain Res Mol Brain Res 2000:191—
204. [PubMed: 10762694]

Halem HA, Cherry JA, Baum MJ. Vomeronasal neuroepithelium and forebrain Fos responses to
male pheromones in male and female mice. J Neurobiol 1999:249-263. [PubMed: 10235679]
Halem HA, Baum MJ, Cherry JA. Sex difference and steroid modulation of pheromone-induced
immediate early genes in the two zones of the mouse accessory olfactory system. J Neurosci
2001:2474-2480. [PubMed: 11264321]

Hamson DK, Csupity AS, Ali FM, Watson NV. Partner preference and mount latency are
masculinized in androgen insensitive rats. Physiol Behav 2009:25-30. [PubMed: 19375435]
Hancke JL, Dohler KD. Postnatal estradiol treatment prevents tamoxifen induced defeminization
of the female rat brain. Acta Endocrinol. (Copenhagen) Suppl 1980:102-103.

Front Neuroendocrinol. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bonthuis et al.

84.

85.

86.

87.

88.

89.
90.

9L

92.

93.

94.

95.

96.

97.

98.

99.

10

10

10

10

10

Page 26

Handa RJ, Weiser MJ, Zuloaga DG. A role for the androgen metabolite, 5alpha-androstane-3beta,
17beta-diol, in modulating oestrogen receptor beta-mediated regulation of hormonal stress
reactivity. J Neuroendocrinol 2009:351-358. [PubMed: 19207807]

Harris GW, Levine S. Sexual differentiation of the brain and its experimental control. J Physiol
1965:379-400. [PubMed: 5893725]

Hendricks SE. Androgen modification of behavioral responsiveness to estrogen in the male rat.
Horm Behav 1972:47-54. [PubMed: 4680506]

Henley CL, Nunez AA, Clemens LG. Estrogen treatment during development alters adult partner
preference and reproductive behavior in female laboratory rats. Horm Behav 2009:68-75.
[PubMed: 18793640]

Hernandez-Tristan R, Arevalo C, Canals S. Effect of prenatal uterine position on male and female
rats sexual behavior. Physiol Behav 1999:401-408. [PubMed: 10497959]

Hetta J, Meyerson BJ. Sexual motivation in the male rat. Acta Physiol Scand Suppl 1978:1-68.

Holman SD. Neonatal androgen and mounting behaviour in female house mice. Anim Behav
1976:135-140. [PubMed: 944542]

Holmes A, Wrenn CC, Harris AP, Thayer KE, Crawley JN. Crawley, Behavioral profiles of inbred
strains on novel olfactory, spatial and emotional tests for reference memory in mice. Genes Brain
Behav 2002:55-69. [PubMed: 12886950]

Honda S, Harada N, Ito S, Takagi Y, Maeda S. Disruption of sexual behavior in male aromatase-
deficient mice lacking exons 1 and 2 of the cyp19 gene. Biochem Biophys Res Commun
1998:445-449. [PubMed: 9826549]

Houtsmuller EJ, Slob AK. Masculinization and defeminization of female rats by males located
caudally in the uterus. Physiol Behav 1990:555-560. [PubMed: 2075207]

Houtsmuller EJ, Brand T, de Jonge FH, Joosten RN, van de Poll NE, Slob AK. SDN-POA volume,
sexual behavior, and partner preference of male rats affected by perinatal treatment with ATD.
Physiol Behav 1994:535-541. [PubMed: 7972405]

Hull EM, Dominguez JM. Getting his act together: roles of glutamate, nitric oxide, and dopamine
in the medial preoptic area. Brain Res 2006:66—75. [PubMed: 16963001]

lacopino A, Christakos S, German D, Sonsalla PK, Altar CA. Calbindin-D28K-containing neurons
in animal models of neurodegeneration: possible protection from excitotoxicity. Brain Res Mol
Brain Res 1992:251-261. [PubMed: 1317497]

Ishihara T, Orikasa C, Araki T, Sakuma Y. Sex difference in the expression and regulation of nitric
oxide synthase gene in the rat preoptic area. Neurosci Res 2002:147-154. [PubMed: 12067750]

Johnston RE, Bronson F. Endocrine control of female mouse odors that elicit luteinizing hormone
surges and attraction in males. Biol Reprod 1982:1174-1180. [PubMed: 7159661]

Jyotika J, McCutcheon J, Laroche J, Blaustein JD, Forger NG. Deletion of the Bax gene disrupts
sexual behavior and modestly impairs motor function in mice. Dev Neurobiol 2007:1511-1519.
[PubMed: 17525992]

0. Kauffman AS, Park JH, McPhie-Lalmansingh AA, Gottsch ML, Bodo C, Hohmann JG, Pavlova
MN, Rohde AD, Clifton DK, Steiner RA, Rissman EF. The kisspeptin receptor GPR54 is
required for sexual differentiation of the brain and behavior. J Neurosci 2007:8826-8835.
[PubMed: 17699664]

1. Keller M, Douhard Q, Baum MJ, Bakker J. Destruction of the main olfactory epithelium reduces
female sexual behavior and olfactory investigation in female mice. Chem Senses 2006:315-323.
[PubMed: 16484502]

2. Keller M, Douhard Q, Baum MJ, Bakker J. Sexual experience does not compensate for the
disruptive effects of zinc sulfate--lesioning of the main olfactory epithelium on sexual behavior
in male mice. Chem Senses 2006:753-762. [PubMed: 16901952]

3. Keller M, Pierman S, Douhard Q, Baum MJ, Bakker J. The vomeronasal organ is required for the
expression of lordosis behaviour, but not sex discrimination in female mice. Eur J Neurosci
2006:521-530. [PubMed: 16420459]

4. Kemppainen S, Pitkanen A. Distribution of parvalbumin, calretinin, and calbindin-D(28k)
immunoreactivity in the rat amygdaloid complex and colocalization with gamma-aminobutyric
acid. J Comp Neurol 2000:441-467. [PubMed: 10992249]

Front Neuroendocrinol. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bonthuis et al.

105.
106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Page 27

Keverne EB. The vomeronasal organ. Science 1999:716-720. [PubMed: 10531049]

Klapstein GJ, Vietla S, Lieberman DN, Gray PA, Airaksinen MS, Thoenen H, Meyer M, Mody .
Calbindin-D28k fails to protect hippocampal neurons against ischemia in spite of its cytoplasmic
calcium buffering properties: evidence from calbindin-D28k knockout mice. Neuroscience
1998:361-373. [PubMed: 9622236]

Koutcherov Y, Paxinos G, Mai JK. Organization of the human medial preoptic nucleus. J Comp
Neurol 2007:392-406. [PubMed: 17503490]

Koutcherov Y, Mai JK, Ashwell KW, Paxinos G. Organization of human hypothalamus in fetal
development. J Comp Neurol 2002:301-324. [PubMed: 11954031]

Kruijver FP, Balesar R, Espila AM, Unmehopa UA, Swaab DF. Estrogen-receptor-beta
distribution in the human hypothalamus: similarities and differences with ER alpha distribution. J
Comp Neurol 2003:251-277. [PubMed: 14528452]

Kudwa AE, Rissman EF. Double oestrogen receptor alpha and beta knockout mice reveal
differences in neural oestrogen-mediated progestin receptor induction and female sexual
behaviour. J Neuroendocrinol 2003:978-983. [PubMed: 12969243]

Kudwa AE, Bodo C, Gustafsson JA, Rissman EF. A previously uncharacterized role for estrogen
receptor beta: defeminization of male brain and behavior. Proc Natl Acad Sci U S A 2005:4608—
4612. [PubMed: 15761056]

Kudwa AE, Michopoulos V, Gatewood JD, Rissman EF. Roles of estrogen receptors alpha and
beta in differentiation of mouse sexual behavior. Neuroscience 2006:921-928. [PubMed:
16338079]

Kudwa AE, Dominguez-Salazar E, Cabrera DM, Sibley DR, Rissman EF. Dopamine D5 receptor
modulates male and female sexual behavior in mice. Psychopharmacology (Berl) 2005:206-214.
[PubMed: 15696326]

Kudwa AE, Boon WC, Simpson ER, Handa RJ, Rissman EF. Dietary phytoestrogens dampen
female sexual behavior in mice with a disrupted aromatase enzyme gene. Behav Neurosci
2007:356-361. [PubMed: 17469925]

Kuiper GG, Lemmen JG, Carlsson B, Corton JC, Safe SH, van der Saag PT, van der Burg B,
Gustafsson JA. Interaction of estrogenic chemicals and phytoestrogens with estrogen receptor
beta. Endocrinology 1998:4252-4263. [PubMed: 9751507]

Kulling P, Frischknecht HR, Pasi A, Waser PG, Siegfried B. Effects of repeated as compared to
single aggressive confrontation on nociception and defense behavior in C57BL/6 and DBA/2
mice. Physiol Behav 1987:599-605. [PubMed: 3588705]

Lephart ED. Dimorphic expression of calbindin-D28K in the medial basal hypothalamus from
perinatal male and female rats. Brain Res Dev Brain Res 1996:281-284.

Lephart ED, Watson MA, Jacobson NA, Rhees RW, Ladle DR. Calbindin-D28k is regulated by
adrenal steroids in hypothalamic tissue during prenatal development. Brain Res Dev Brain Res
1997:117-120.

Leypold BG, Yu CR, Leinders-Zufall T, Kim MM, Zufall F, Axel R. Altered sexual and social
behaviors in trp2 mutant mice. Proc Natl Acad Sci U S A 2002:6376-6381. [PubMed: 11972034]
Livne I, Silverman AJ, Gibson MJ. Reversal of reproductive deficiency in the hpg male mouse by
neonatal androgenization. Biol Reprod 1992:561-567. [PubMed: 1391342]

Lorenz B, Garcia-Segura LM, DonCarlos LL. Cellular phenotype of androgen receptor-
immunoreactive nuclei in the developing and adult rat brain. J Comp Neurol 2005:456-468.
[PubMed: 16228996]

Luo M, Fee MS, Katz LC. Encoding pheromonal signals in the accessory olfactory bulb of
behaving mice. Science 2003:1196-1201. [PubMed: 12595684]

Majdic G, Young M, Gomez-Sanchez E, Anderson P, Szczepaniak LS, Dobbins RL, McGarry
JD, Parker KL. Knockout mice lacking steroidogenic factor 1 are a novel genetic model of
hypothalamic obesity. Endocrinology 2002:607-614. [PubMed: 11796516]

Mani SK, Allen JM, Rettori VV, McCann SM, O'Malley BW, Clark JH. Nitric oxide mediates
sexual behavior in female rats. Proc Natl Acad Sci U S A 1994:6468-6472. [PubMed: 7517551]
Manning A, McGill TE. Neonatal androgen and sexual behavior in female house mice. Horm
Behav 1974:19-31. [PubMed: 4857571]

Front Neuroendocrinol. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bonthuis et al.

126.

127.

128.

129.

130.

131

132.

133.

134.
135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Page 28

Martel KL, Baum MJ. Sexually dimorphic activation of the accessory, but not the main, olfactory
bulb in mice by urinary volatiles. Eur J Neurosci 2007:463-475. [PubMed: 17623023]

Martini M, Di Sante G, Collado P, Pinos H, Guillamon A, Panzica GC. Androgen receptors are
required for full masculinization of nitric oxide synthase system in rat limbic-hypothalamic
region. Horm Behav 2008:557-564. [PubMed: 18582470]

Mathieson WB, Taylor SW, Marshall M, Neumann PE. Strain and sex differences in the
morphology of the medial preoptic nucleus of mice. J Comp Neurol 2000:254-265. [PubMed:
11064365]

Matsumoto T, Honda S, Harada N. Alteration in sex-specific behaviors in male mice lacking the
aromatase gene. Neuroendocrinology 2003:416-424. [PubMed: 12845227]

Mazzucco CA, Walker HA, Pawluski JL, Lieblich SE, Galea LA. ERalpha, but not ERbeta,
mediates the expression of sexual behavior in the female rat. Behav Brain Res 2008:111-117.
[PubMed: 18433893]

McCarthy, MM.; Becker, JB. Neuroendocrinology of Sexual Behavior in the Female. In: Becker,
JB.; Breedlove, SM.; Crews, D.; McCarthy, MM., editors. Behavioral Endocrinology. The MIT
Press Cambridge; 2002. p. 75-116.

McCarthy MM, Schlenker EH, Pfaff DW. Enduring consequences of neonatal treatment with
antisense oligodeoxynucleotides to estrogen receptor messenger ribonucleic acid on sexual
differentiation of rat brain. Endocrinology 1993:433-439. [PubMed: 8344188]

McEwen BS, Lieberburg I, Chaptal C, Krey LC. Aromatization: important for sexual
differentiation of the neonatal rat brain. Horm Behav 1977:249-263. [PubMed: 611076]

McGill TE. Sexual behavior in three inbred strains of mice. Behaviour 1962:341-350.

McGill TE, Tucker GR. Genotype and Sex Drive in Intact and in Castrated Male Mice. Science
1964:514-515. [PubMed: 14163780]

McGivern RF, Hermans RH, Handa RJ, Longo LD. Plasma testosterone surge and luteinizing
hormone beta (LH-beta) following parturition: lack of association in the male rat. Eur J
Endocrinol 1995:366-374. [PubMed: 7581956]

McPhaul MJ. Androgen receptor mutations and androgen insensitivity. Mol Cell Endocrinol
2002:61-67. [PubMed: 12573815]

Mermelstein PG. Membrane-localised oestrogen receptor alpha and beta influence neuronal
activity through activation of metabotropic glutamate receptors. J Neuroendocrinol 2009:257—
262. [PubMed: 19207809]

Mitra SW, Hoskin E, Yudkovitz J, Pear L, Wilkinson HA, Hayashi S, Pfaff DW, Ogawa S,
Rohrer SP, Schaeffer JM, McEwen BS, Alves SE. Immunolocalization of estrogen receptor beta
in the mouse brain: comparison with estrogen receptor alpha. Endocrinology 2003:2055-2067.
[PubMed: 12697714]

Mizukami S, Nishizuka M, Arai Y. Sexual difference in nuclear volume and its ontogeny in the
rat amygdala. Exp Neurol 1983:569-575. [PubMed: 6822281]

Morales-Otal A, Retana-Marquez S, Ferreira-Nuno A, Velazquez-Moctezuma J. Testosterone
levels and histological features of reproductive glands in adult male rats treated neonatally with
tamoxifen. Neuro Endocrinol Lett 2005:729-732. [PubMed: 16380686]

Moreines J, McEwen B, Pfaff D. Sex differences in response to discrete estradiol injections.
Horm Behav 1986:445-451. [PubMed: 3793025]

Mosselman S, Polman J, Dijkema R. ER beta: identification and characterization of a novel
human estrogen receptor. FEBS Lett 1996:49-53. [PubMed: 8769313]

Motelica-Heino I, Castanier M, Corbier P, Edwards DA, Roffi J. Testosterone levels in plasma
and testes of neonatal mice. J Steroid Biochem 1988:283-286. [PubMed: 3419158]

Naftolin F, MacLusky NJ. Aromatase in the central nervous system. Cancer Res 1982:3274s—
3276s. [PubMed: 7083185]

Ogawa S, Lubahn DB, Korach KS, Pfaff DW. Behavioral effects of estrogen receptor gene
disruption in male mice. Proc Natl Acad Sci U S A 1997:1476-1481. [PubMed: 9037078]

Ogawa S, Chan J, Chester AE, Gustafsson JA, Korach KS, Pfaff DW. Survival of reproductive
behaviors in estrogen receptor beta gene-deficient (betaERKO) male and female mice. Proc Natl
Acad Sci U S A 1999:12887-12892. [PubMed: 10536018]

Front Neuroendocrinol. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bonthuis et al.

148.

149.

150.

151

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.
167.

Page 29

Ohno S, Geller LN, Young L. Tfm mutation and masculinization versus feminization of the
mouse central nervous system. Cell 1974:235-242.

Okamura H, Yokosuka M, McEwen BS, Hayashi S. Colocalization of NADPH-diaphorase and
estrogen receptor immunoreactivity in the rat ventromedial hypothalamic nucleus: stimulatory
effect of estrogen on NADPH-diaphorase activity. Endocrinology 1994:1705-1708. [PubMed:
7925135]

Olsen KL. Induction of male mating behavior in androgen-insensitive (tfm) and Normal (King-
Holtzman) male rats: effect of testosterone propionate, estradiol benzoate, and
dihydrotestosterone. Horm Behav 1979:66—84. [PubMed: 521021]

Olsen, KL. Genetic influences on sexual behavior differentiation. In: Gerall, A.; Moltz, H.; Ward,
IL., editors. Handbook of Behavioral Neurobiology. Sexual Differentiation: A Life-Span
Approach, Plenum Press New York; 1992. p. 1-40.

Olsen, KL. Sex and the Mutant Mouse : Strategies for Understanding the Sexual Differentiation
of the Brain. In: Haug, M., editor. The Development of Sex Differences and Similarities in
Behavior. Kluwer Academic Publishers Dordrecht; 1993. p. 255-278.

Olster DH, Blaustein JD. Progesterone facilitation of lordosis in male and female Sprague-
Dawley rats following priming with estradiol pulses. Horm Behav 1988:294-304. [PubMed:
3169695]

Orikasa C, Kondo Y, Hayashi S, McEwen BS, Sakuma Y. Sexually dimorphic expression of
estrogen receptor beta in the anteroventral periventricular nucleus of the rat preoptic area:
implication in luteinizing hormone surge. Proc Natl Acad Sci U S A 2002:3306-3311. [PubMed:
11854469]

Pang SF, Tang F. Sex differences in the serum concentrations of testosterone in mice and
hamsters during their critical periods of neural sexual differentiation. J Endocrinol 1984:7-11.
[PubMed: 6690645]

Pankevich DE, Baum MJ, Cherry JA. Olfactory sex discrimination persists, whereas the
preference for urinary odorants from estrous females disappears in male mice after vomeronasal
organ removal. J Neurosci 2004:9451-9457. [PubMed: 15496681]

Panzica GC, Viglietti-Panzica C, Sica M, Gotti S, Martini M, Pinos H, Carrillo B, Collado P.
Effects of gonadal hormones on central nitric oxide producing systems. Neuroscience 2006:987—
995. [PubMed: 16310319]

Park JH, Rissman EF. The male sexual revolution: independence from testosterone. Annual
Review of Sex Research 2007:23-59.

Park JH, Bonthuis P, Ding A, Rais S, Rissman EF. Androgen- and estrogen-independent
regulation of copulatory behavior following castration in male B6D2F1 mice. Horm Behav
2009:254-263. [PubMed: 19450599]

Patchev AV, Gotz F, Rohde W. Differential role of estrogen receptor isoforms in sex-specific
brain organization. Faseb J 2004:1568-1570. [PubMed: 15289439]

Patisaul HB, Fortino AE, Polston EK. Differential disruption of nuclear volume and neuronal
phenotype in the preoptic area by neonatal exposure to genistein and bisphenol-A.
Neurotoxicology 2007:1-12. [PubMed: 17109964]

Patisaul HB, Adewale HB, Mickens JA. Neonatal agonism of ERalpha masculinizes serotonergic
(5-HT) projections to the female rat ventromedial nucleus of the hypothalamus (VMN) but does
not impair lordosis. Behav Brain Res 2009:317-322. [PubMed: 18950659]

Pei M, Matsuda K, Sakamoto H, Kawata M. Intrauterine proximity to male fetuses affects the
morphology of the sexually dimorphic nucleus of the preoptic area in the adult rat brain. Eur J
Neurosci 2006:1234-1240. [PubMed: 16553785]

Perakis A, Stylianopoulou F. Effects of a prenatal androgen peak on rat brain sexual
differentiation. J Endocrinol 1986:281-285. [PubMed: 2936858]

Perez SE, Chen EY, Mufson EJ. Distribution of estrogen receptor alpha and beta immunoreactive
profiles in the postnatal rat brain. Brain Res Dev Brain Res 2003:117-139.

Pfaff, DW. Estrogens and Brain Function. New York: Springer-Verlag; 1980.

Pfeifle JK, Edwards DA. Midbrain lesions eliminate sexual receptivity but spare sexual
motivation in female rats. Physiol Behav 1983:385-389. [PubMed: 6635009]

Front Neuroendocrinol. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bonthuis et al.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

Page 30

Phillips RG, Meier TJ, Giuli LC, McLaughlin JR, Ho DY, Sapolsky RM. Calbindin D28K gene
transfer via herpes simplex virus amplicon vector decreases hippocampal damage in vivo
following neurotoxic insults. J Neurochem 1999:1200-1205. [PubMed: 10461912]

Phillips TJ, Hen R, Crabbe JC. Complications associated with genetic background effects in
research using knockout mice. Psychopharmacology (Berl) 1999:5-7. [PubMed: 10591855]

Phoenix CH, Goy RW, Gerall AA, Young WC. Organizing action of prenatally administered
testosterone propionate on the tissues mediating mating behavior in the female guinea pig.
Endocrinology 1959:369-382. [PubMed: 14432658]

Pierman S, Douhard Q, Bakker J. Evidence for a role of early oestrogens in the central processing
of sexually relevant olfactory cues in female mice. Eur J Neurosci 2008:423-431. [PubMed:
18215238]

Purvis K, Haug E, Clausen OP, Naess O, Hansson V. Endocrine status of the testicular feminized
male (TFM) rat. Mol Cell Endocrinol 1977:317-334. [PubMed: 924015]

Quadagno DM, Wolfe HG, Kan Wha Ho G, Goldman BD. Goldman, Influence of neonatal
castration or neonatal anti-gonadotropin treatment on fertility, phallus development, and male
sexual behavior in the mouse. Fertil Steril 1975:939-944. [PubMed: 1183649]

Quadros PS, Wagner CK. Regulation of progesterone receptor expression by estradiol is
dependent on age, sex and region in the rat brain. Endocrinology 2008:3054-3061. [PubMed:
18308846]

Quadros PS, Pfau JL, Goldstein AY, De Vries GJ, Wagner CK. Sex differences in progesterone
receptor expression: a potential mechanism for estradiol-mediated sexual differentiation.
Endocrinology 2002:3727-3739. [PubMed: 12239082]

Raskin K, de Gendt K, Duittoz A, Liere P, Verhoeven G, Tronche F, Mhaouty-Kodja S.
Conditional inactivation of androgen receptor gene in the nervous system: effects on male
behavioral and neuroendocrine responses. J Neurosci 2009:4461-4470. [PubMed: 19357272]

Ribeiro CM, Pereira OC. 5alpha-reductase 2 inhibition impairs brain defeminization of male rats:
reproductive aspects. Pharmacol Biochem Behav 2005:228-235. [PubMed: 16168471]

Rines JP, vom Saal FS. Fetal effects on sexual behavior and aggression in young and old female
mice treated with estrogen and testosterone. Horm Behav 1984:117-129. [PubMed: 6539747]

Rissman EF, Wersinger SR, Taylor JA, Lubahn DB. Estrogen receptor function as revealed by
knockout studies: neuroendocrine and behavioral aspects. Horm Behav 1997:232-243. [PubMed:
9213137]

Rissman EF, Early AH, Taylor JA, Korach KS, Lubahn DB. Estrogen receptors are essential for
female sexual receptivity. Endocrinology 1997:507-510. [PubMed: 8977441]

Robertson KM, Simpson ER, Lacham-Kaplan O, Jones ME. Characterization of the fertility of
male aromatase knockout mice. J Androl 2001:825-830. [PubMed: 11545296]

Roffi J, Chami F, Corbier P, Edwards DA. Testicular hormones during the first few hours after
birth augment the tendency of adult male rats to mount receptive females. Physiol Behav
1987:625-628. [PubMed: 3588709]

Ryan BC, Vandenbergh JG. Intrauterine position effects. Neurosci Biobehav Rev 2002:665-678.
[PubMed: 12479841]

Sachs BD, Pollak EK, Krieger MS, Barfield RJ. Sexual behavior: normal male patterning in
androgenized female rats. Science 1973:770-772. [PubMed: 4724936]

Sato T, Matsumoto T, Kawano H, Watanabe T, Uematsu Y, Sekine K, Fukuda T, Aihara K, Krust
A, Yamada T, Nakamichi Y, Yamamoto Y, Nakamura T, Yoshimura K, Yoshizawa T, Metzger
D, Chambon P, Kato S. Brain masculinization requires androgen receptor function. Proc Natl
Acad Sci U S A 2004:1673-1678. [PubMed: 14747651]

Scallet AC, Divine RL, Newbold RR, Delclos KB. Increased volume of the calbindin D28k-
labeled sexually dimorphic hypothalamus in genistein and nonylphenol-treated male rats. Toxicol
Sci 2004:570-576. [PubMed: 15456915]

Scharfman HE, Schwartzkroin PA. Protection of dentate hilar cells from prolonged stimulation by
intracellular calcium chelation. Science 1989:257-260. [PubMed: 2508225]

Front Neuroendocrinol. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bonthuis et al.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

Page 31

Schwaller B, Meyer M, Schiffmann S. 'New' functions for 'old' proteins: the role of the calcium-
binding proteins calbindin D-28Kk, calretinin and parvalbumin, in cerebellar physiology. Studies
with knockout mice. Cerebellum 2002:241-258. [PubMed: 12879963]

Schwarz JM, McCarthy MM. The role of neonatal NMDA receptor activation in defeminization
and masculinization of sex behavior in the rat. Horm Behav 2008:662-668. [PubMed: 18687334]

Scordalakes EM, Shetty SJ, Rissman EF. Roles of estrogen receptor alpha and androgen receptor
in the regulation of neuronal nitric oxide synthase. J Comp Neurol 2002:336-344. [PubMed:
12389206]

Scott JW, Pfaff DW. Behavioral and electrophysiological responses of female mice to male urine
odors. Physiol Behav 1970:407-411. [PubMed: 5535491]

Segovia S, Guillamon A. Effects of sex steroids on the development of the vomeronasal organ in
the rat. Brain Res 1982:209-212. [PubMed: 7139351]

Segovia S, Guillamon A. Sexual dimorphism in the vomeronasal pathway and sex differences in
reproductive behaviors. Brain Res Brain Res Rev 1993:51-74. [PubMed: 8467350]

Segovia S, Paniagua R, Nistal M, Guillamon A. Effects of postpuberal gonadectomy on the
neurosensorial epithelium of the vomeronasal organ in the rat. Brain Res 1984:289-291.
[PubMed: 6467020]

Shughrue PJ, Lane MV, Merchenthaler I. Comparative distribution of estrogen receptor-alpha and
-beta mRNA in the rat central nervous system. J Comp Neurol 1997:507-525. [PubMed:
9388012]

Sica M, Martini M, Panzica C, Viglietti-Panzica G. Estrous cycle influences the expression of
neuronal nitric oxide synthase in the hypothalamus and limbic system of female mice. BMC
Neurosci 2009:78. [PubMed: 19604366]

Sickel MJ, McCarthy MM. Calbindin-D28k immunoreactivity is a marker for a subdivision of the
sexually dimorphic nucleus of the preoptic area of the rat: developmental profile and gonadal
steroid modulation. J Neuroendocrinol 2000:397-402. [PubMed: 10792577]

Simerly RB, Swanson LW, Handa RJ, Gorski RA. Influence of perinatal androgen on the sexually
dimorphic distribution of tyrosine hydroxylase-immunoreactive cells and fibers in the
anteroventral periventricular nucleus of the rat. Neuroendocrinology 1985:501-510. [PubMed:
2861581]

Simerly RB, Zee MC, Pendleton JW, Lubahn DB, Korach KS. Estrogen receptor-dependent
sexual differentiation of dopaminergic neurons in the preoptic region of the mouse. Proc Natl
Acad Sci U S A 1997:14077-14082. [PubMed: 9391155]

Slob AK, Ooms MP, Vreeburg JT. Prenatal and early postnatal sex differences in plasma and
gonadal testosterone and plasma luteinizing hormone in female and male rats. J Endocrinol
1980:81-87. [PubMed: 7430918]

Smith JT. Sex steroid control of hypothalamic Kiss1 expression in sheep and rodents:
comparative aspects. Peptides 2009:94-102. [PubMed: 18789989]

Sodersten P. Lordosis behaviour in male, female and androgenized female rats. J Endocrinol
1976:409-420. [PubMed: 978102]

Sodersten P. Lordosis behaviour in immature male rats. J Endocrinol 1978:233-240. [PubMed:
627817]

Sodersten P. Effects of anti-oestrogen treatment of neonatal male rats on lordosis behaviour and
mounting behaviour in the adult. J Endocrinol 1978:241-249. [PubMed: 627818]

Sodersten P, Pettersson A, Eneroth P. Pulse administration of estradiol-17 beta cancels sex
difference in behavioral estrogen sensitivity. Endocrinology 1983:1883-1885. [PubMed:
6832075]

Sodersten P, de Jong FH, Vreeburg JT, Baum MJ. Lordosis behavior in intact male rats: absence
of correlation with mounting behavior or testicular secretion of estradiol-17 beta and
testosterone. Physiol Behav 1974:803-808. [PubMed: 4445285]

Stowers L, Holy TE, Meister M, Dulac C, Koentges G. Loss of sex discrimination and male-male
aggression in mice deficient for TRP2. Science 2002:1493-1500. [PubMed: 11823606]

Stuart E, Lephart ED. Dimorphic expression of medial basal hypothalamic-preoptic area
calbindin-D(28K) mRNA during perinatal development and adult distribution of calbindin-

Front Neuroendocrinol. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bonthuis et al.

209.

210.

211

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

Page 32

D(28K) mRNA in Sprague-Dawley rats. Brain Res Mol Brain Res 1999:60-67. [PubMed:
10581398]

Stuart EB, Thompson JM, Rhees RW, Lephart ED. Steroid hormone influence on brain calbindin-
D(28K) in male prepubertal and ovariectomized rats. Brain Res Dev Brain Res 2001:125-133.

Swaney WT, Curley JP, Champagne FA, Keverne EB. Genomic imprinting mediates sexual
experience-dependent olfactory learning in male mice. Proc Natl Acad Sci U S A 2007:6084—
6089. [PubMed: 17389373]

Swaney WT, Curley JP, Champagne FA, Keverne EB. The paternally expressed gene Peg3
regulates sexual experience-dependent preferences for estrous odors. Behav Neurosci 2008:963—
973. [PubMed: 18823153]

Thomas DA, Barfield RJ, Etgen AM. Influence of androgen on the development of sexual
behavior in rats. I. Time of administration and masculine copulatory responses, penile reflexes,
and androgen receptors in females. Horm Behav 1982:443-454. [PubMed: 6897645]

Thompson M, Edwards DA. Experiential and Strain Determinants of the Estrongen-Progesterone
Induction of Sexual Receptivity in Spayed Female Mice. Hormones and Behavior 1971:299-305.

Tobet SA, Dunlap JL, Gerall AA. Influence of fetal position on neonatal androgen-induced
sterility and sexual behavior in female rats. Horm Behav 1982:251-258. [PubMed: 7173829]
Toda K, Okada T, Takeda K, Akira S, Saibara T, Shiraishi M, Onishi S, Shizuta Y. Oestrogen at
the neonatal stage is critical for the reproductive ability of male mice as revealed by
supplementation with 17beta-oestradiol to aromatase gene (Cyp19) knockout mice. J Endocrinol
2001:455-463. [PubMed: 11241177]

Tsukahara S. Sex differences and the roles of sex steroids in apoptosis of sexually dimorphic
nuclei of the preoptic area in postnatal rats. J Neuroendocrinol 2009:370-376. [PubMed:
19226350]

Vale JR, Ray D, Vale CA. The interaction of genotype and exogenous neonatal androgen:
agonistic behavior in female mice. Behav Biol 1972:321-334. [PubMed: 5063898]

Vale JR, Ray D, Vale CA. The interaction of genotype and exogenous neonatal androgen and
estrogen: sex behavior in female mice. Dev Psychobiol 1973:319-327. [PubMed: 4793361]

Vale JR, Ray D, Vale CA. Neonatal androgen treatment and sexual behavior in males of three
inbred strains of mice. Dev Psychobiol 1974:483-488. [PubMed: 4426475]

Van Brederode JF, Mulligan KA, Hendrickson AE. Calcium-binding proteins as markers for
subpopulations of GABAergic neurons in monkey striate cortex. J Comp Neurol 1990:1-22.
[PubMed: 2170466]

Vega Matuszczyk JV, Larsson K. Sexual preference and feminine and masculine sexual behavior
of male rats prenatally exposed to antiandrogen or antiestrogen. Horm Behav 1995:191-206.
[PubMed: 7557922]

vom Saal FS, Bronson FH. Sexual characteristics of adult female mice are correlated with their
blood testosterone levels during prenatal development. Science 1980:597-599. [PubMed:
7367881]

Wagner CK. The many faces of progesterone: a role in adult and developing male brain. Front
Neuroendocrinol 2006:340-359. [PubMed: 17014900]

Wagner CK, Nakayama AY, De Vries GJ. Potential role of maternal progesterone in the sexual
differentiation of the brain. Endocrinology 1998:3658-3661. [PubMed: 9681521]

Wagner CK, Pfau JL, De Vries GJ, Merchenthaler 1J. Sex differences in progesterone receptor
immunoreactivity in neonatal mouse brain depend on estrogen receptor alpha expression. J
Neurobiol 2001:176-182. [PubMed: 11333399]

Wallen K. Hormonal influences on sexually differentiated behavior in nonhuman primates. Front
Neuroendocrinol 2005:7-26. [PubMed: 15862182]

Wallen K, Hassett JM. Sexual differentiation of behaviour in monkeys: role of prenatal hormones.
J Neuroendocrinol 2009:421-426. [PubMed: 19207815]

Ward IL, Weisz J. Maternal stress alters plasma testosterone in fetal males. Science 1980:328—
329. [PubMed: 7188648]

Waters EM, Simerly RB. Estrogen induces caspase-dependent cell death during hypothalamic
development. J Neurosci 2009:9714-9718. [PubMed: 19657024]

Front Neuroendocrinol. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bonthuis et al.

230

231

232

233

234

235

236.

237.

238.

239.

240.

241.

242.

243.

244,

F

Page 33

. Weiner CP, Lizasoain I, Baylis SA, Knowles RG, Charles IG, Moncada S. Induction of calcium-
dependent nitric oxide synthases by sex hormones. Proc Natl Acad Sci U S A 1994:5212-5216.
[PubMed: 7515189]

. Weisz J, Ward IL. Plasma testosterone and progesterone titers of pregnant rats, their male and
female fetuses, and neonatal offspring. Endocrinology 1980:306-316. [PubMed: 7349961]

. Wersinger SR, Rissman EF. Oestrogen receptor alpha is essential for female-directed chemo-
investigatory behaviour but is not required for the pheromone-induced luteinizing hormone surge
in male mice. J Neuroendocrinol 2000:103-110. [PubMed: 10718905]

. Wersinger SR, Rissman EF. Dopamine activates masculine sexual behavior independent of the
estrogen receptor alpha. J Neurosci 2000:4248-4254. [PubMed: 10818161]

. Wersinger SR, Sannen K, Villalba C, Lubahn DB, Rissman EF, De Vries GJ. Masculine sexual
behavior is disrupted in male and female mice lacking a functional estrogen receptor alpha gene.
Horm Behav 1997:176-183. [PubMed: 9454668]

. Whalen RE, Nadler RD. Suppression of the development of female mating behavior by estrogen

administered in infancy. Science 1963:273-274. [PubMed: 14000192]

Whalen RE, Edwards DA. Hormonal determinants of the development of masculine and feminine

behavior in male and female rats. Anat Rec 1967:173-180. [PubMed: 6034297]

Whalen RE, Rezek DL. Inhibition of lordosis in female rats by subcutaneous implants of

testosterone, androstenedione or dihydrotestosterone in infancy. Horm Behav 1974:125-128.

[PubMed: 4847181]

Wolfe CA, Van Doren M, Walker HJ, Seney ML, McClellan KM, Tobet SA. Sex differences in
the location of immunochemically defined cell populations in the mouse preoptic area/anterior
hypothalamus. Brain Res Dev Brain Res 2005:34-41.

Wu MV, Manoli DS, Fraser EJ, Coats JK, Tollkuhn J, Honda S, Harada N, Shah NM. Estrogen
masculinizes neural pathways and sex-specific behaviors. Cell 2009:61-72. [PubMed: 19804754]

Yamada T, McGeer PL, Baimbridge KG, McGeer EG. Relative sparing in Parkinson's disease of

substantia nigra dopamine neurons containing calbindin-D28K. Brain Res 1990:303-307.

[PubMed: 2257487]

Yarbrough WG, Quarmby VE, Simental JA, Joseph DR, Sar M, Lubahn DB, Olsen KL, French

FS, Wilson EM. A single base mutation in the androgen receptor gene causes androgen

insensitivity in the testicular feminized rat. J Biol Chem 1990:8893-8900. [PubMed: 2341409]

Yenari MA, Minami M, Sun GH, Meier TJ, Kunis DM, McLaughlin JR, Ho DY, Sapolsky RM,

Steinberg GK. Calbindin d28k overexpression protects striatal neurons from transient focal

cerebral ischemia. Stroke 2001:1028-1035. [PubMed: 11283407]

Young WC, Goy RW, Phoenix CH. Hormones and Sexual Behavior. Science 1964:212-218.

[PubMed: 14077548]

Zucker 1. Suppression of oestrus behaviour in the immature male rat. Nature 1967:88-89.

[PubMed: 6069257]

ront Neuroendocrinol. Author manuscript; available in PMC 2011 July 1.



Page 34

Bonthuis et al.

"Buippaq Jo 1es ‘paiayial Ajfensn ‘Jayloue Yim 19e3u0d 10811p pey 39algns ayl yarym

U S1S8) 819M SY|Se) 9|118|OA-UON "AJUO S3[17e|0A Ateurin 0} 8insodxa Jo uonesedss [eaisAyd Aq Jayis ‘el JayIoue Y J0BIUOD 19311P INOUIM SIS3] 319M SYSE) 8]11BJOA '10eIUI-preuod 81am sjewiue 1S3} ay) Jey)
3121pUI UWINJ0D JUSWIEaIl/auowWIoy ay} Ul sasenbs yue|q ‘uwnjod poliad ausiuyes ) ay) Ul pajedlpul ale SNy} pue JUaWieal) JUeISU0d e Japun aq 0} PaIapISu0d a1am SUIels JUBINJ “au0Ja1s01saloIpAyIp =1 HA
19U0131s0158] = | ‘auoJalsabold =4 ‘uabounss =z3 ‘paziwolospeuoh =xpo) ‘10idadal usboipue =¥y ‘JuBINW UoIeZIUIWSY Je[NdNSa) =Wy | ‘ZT Aep dluoAiquia=zT3 ‘Aep [ereulsod =Nd ‘yuiq o Aep ayl =ONd

dlewsd
[e€] 10} 9ouasagald T 9]112|OA-UON JRISIA 1 'Xp9 1Inpe ‘oNd alew
0TNd-ONd
[v6 dewsd 9]118|OA-UON Joygiyul ‘0TNd-TT3
‘el 10} 8ouaiagald T pue 3|11e|oA JRISIM aselewoly ‘ONd-T13 alew
dlewsd
10} 90uUal8aId 1Ha/Aa
T:1HQ/e3 pauIquiod
BT 1023
10} 92UdIB)RId (23 ‘1HA + Xp9
ERIEIETE| ‘10MqIyul 1npe
[e] ON :1HA 9]11B|OA-UON Jeisipn asejewoly ‘TZNd-ONd slew
3[eN Joy
ERIEIETETL T [o) J+Xp9
-UON ‘sjewad oy | aj11ejoA-UON ‘101qIyu 1npe
[2] aouaJayaud a|1ejoA | pue ajnejOA JRISIAN aserewoly ‘TZNd-ONd ajew
8ouaLIadxa
|enxas
aouaLIadxa [enxas ‘uaboupue
pue uabolpue -nuy
1ue Is)e sjews 10
[d| 10} 90uaJ8aId EIDETIOTN JRISIN uabolsa-nuy 6T-0T3 ajew
alews4
[28] JTERIEIETETN] a|nejon-uoN | suea3-buo Z3 ONd alewsay
alewa Aoimeq
[z8] 10} 9dUdlBsRld 3]17e]OA-UON -anbeids wyl ajew
1
Aq pamoj|o} ‘d
pue z3 + Xp9
alewa Asimeq ‘1siuobejue 1npe
[56] 10} ddUdlBsRld 3]17e]OA-UON -anfeids v ‘ZINd-Z13 ajew
Msel juaWIeal | polaad
'sjoy | S19943 panlssqO EIEIEIET P | urens Jauow.IoH jusWyeal | X3S

"Jed 8y} Ul JolAeyaq 8ouaJa)ald Jsuried JO UOIRIUSIBLIP [enXas Uuo salpns Jofew Jo Arewwns

T alqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Front Neuroendocrinol. Author manuscript; available in PMC 2011 July 1.



Page 35

Bonthuis et al.

=Z3 ‘paziwo1dapeuch =xpo) In0x20uy UI8104d0Ia) O =OM-d4V IN0XI0UY aserewose =O My Inoxd0uy (103daay undadssiy) 7§ 101dadal pajdnod uigloid-9 =OM FSHO ‘IN0XI0UY € suab passaldxa
Alreusared =0M-ghad ‘JueInw UOIRZIUIWSY JBINJIISa) =W} | ‘IN0XI0UY aselewose =O MY IN0Xo0u3 © 103dadal uabolisa =OM0YT ‘IN0xd0uY J01daday uaboipuy [EUOTIPUOD =5 ~ga\ UV ‘yuiq Jo Aep =ONd

3]11eJOA-UON 9/14.S90
[eT] | alew loy sousiagald | pue a|ie|OA pue 1o 73 +Xp9 OM-ddv | erewsy
NI ERIEIETEN |
3]17]0A-UON '3 8]178]0A-UON 3
[e] ‘souslayeId ON 1L | pue 3|ie|oA 9/19.50 10 1 +Xp9 oMY a[ewsy
1HAd
lo/pue z3 +
[et] sousiggald ON 3|11e|0A 9/19.50 10B1UI IO XPD oMV 3[ew
[202 91
‘61Tl ousiagald ON 3|11e|0A 9/G0/AS62T O zodiL afew
1+
[ooT] aouasggald oN 3|11BjOA WIAS/TS6ZT | XPO 40 10elu| OM ¥54d9 slew
alewa 1o}
90uaJayeld a|IejoA
[tT2 | ‘aouaiayaid 3]178]0A-UON 8oualadxa
‘o1zl 9]11e|OA-UOU ON pue sjirejoA £9/19.50 [enxss OM-€93d slew
a[ewa 1o}
9ouaJayald a|1ejoA
-uou T ‘sjewsa 1oy | 8j1ejOA-UON
[gz] | eousisgaid s|melOA | puBBIRIOA | (9/19.GD 23 +Xp9 wyL alew
alewa
10} 92udJayald
3[11B]OA-UON
‘gouaiagaud 3]118|OA-UON
[ot] 3]17e]0A ON pue a|1e|oA 9/19.50 1+Xp9 oMy a[ew
EREVETEN ]
3]11e]OA-UON
ON ‘aJewsa4 o} 3[118]0A-UON
[cez] | oousisjaud ajnelOA | pue ajIRIOA 9/19.80 [O)NIUSE! alew
Z¢3 + Xp9
a[ewa 1o} 3[118]0A-UON ‘JusLwyes]
[9z] dduals)ald ‘1HA pue sjirejoA 9/19.90 ¢3 4o 1HA NPV ‘ONd 9lewsy
dlews NINS6CT
[927] 10} 8oUBIBJRId ETNEYN pue 9719/.52D aipsondV ajew
aewa
[86] 10J d0UBIBJ8Id 3[118]0A-UON 140 afew
MseL juswieal] | O/ pousd
'sgoy | s10943 pantesqO 9ouaJlajald urens /Jauow.IoH juBWIYeal | XS

*8SNOL 8] UI JOIARYS( 89UaJa)a4d Jaupied JO UoIRNUaISLLIP [enxas uo salpms Jofew o Arewwng

¢?olqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Front Neuroendocrinol. Author manuscript; available in PMC 2011 July 1.



Page 36

Bonthuis et al.

*Buippag Jo Jel ‘pasayral Ajensn JayIouR YIIM 10BIU0D 10311p Pey 193[gNs 8yl YdIym Ul SIS3) S19M SYSel 3] 11B|0A
-UoN "AJuo $8]11e|0A AseuLin 0] 8insodxa 10 uoljesedas [ea1sAyd Ag Jayie ‘e JaLI0UR Yl 1OBIUOD 10841 INOUIIM SIS3] 8JaM SHSE] 8[118|0A “108IUI-PRUOD 81aMm S|ewIue 1S8] 8] Jey) 81edIpul ULINj0oD JUsWIes.)
/auowoy ayp U1 saenbs yue|q ‘UWN|09 PoLIad/AAUBWILaL) BU) Ul PaYRIIPUL B8 SNUY) PUE JUBWILAI) JUBISUOD B I3pUN 8Q 0) PAJSPISU0D 819M SUIRIIS JUBINIA *3UO0J8IS01S310PAYIP =1 HA ‘8U0JaIS0lsa) =] ‘‘Usbonsa

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Front Neuroendocrinol. Author manuscript; available in PMC 2011 July 1.



Page 37

*aBueyd ou S81BIIPUI — puR ‘BSB8I0UI UE | ‘SIOIABY3] Ul 9S83103p B saledlpul T 10eiul-peuoh aiem sjewiue
158] 8] 18y} 81LdIPUI ULIN|OD JUSWILSI)/BUOWIOY 8U) Ul SaJenbs yue|q ‘uwnjod polad Juswies.) syl Ul Pajeolpul Se JusLLIeal) JURISUOD B 19pun 8 0] PaJapISUu0d 818 sulells Jueiniy “z3 uipuelbeisoid=z39d
‘uab011s3 =3 8U0JBIS0ISBI0IPAYIP =1 HA ‘8U0ISIS0IS8) = ‘PAZIWIOIBPRUOS =XPO) JUBINW UOHELZIUIWSY JBINdNSa) =Wy ‘ZT Aep oluokiquis =zT3 ‘Aep [ereuwssod=Nd ‘yuiq J0 Aep ayi=0Nd

Bonthuis et al.

NIH-PA Author Manuscript

[e] 1 AsimeQ-anbeids 239d ONd a[eway
[¥9T] ! suen3-buoT 1Ha 813 dewsy
[zT2] l suea3-buo usBoipuy ONd a[ewsy

uaboupue

[eel T AsimeQ-anbeids -nuy 6-0Nd %2 T2-113 | alewa)
[8v] 1 JeISIM usBonse-nuy ONd aew

[e] 1 Kajmeq-anbeids | Jongiyur X0o ONd alew
[ze1] 1 uewlays Xpo ONd djew

uaboupue

[6€] 1 Ks|meq-anbeids -nuy 1¢-113 aew
[voz] uonejnoefa 1 usbonse-nuy 6-0Nd jew

uaboupue
[¥9T] uonenoefa 1 suen3-buoT -nuy 67'8T'LT3 dew
[tzel 1 Jews RIS usbonse-nuy 61-0T3 afew
1
lonquyu ‘0T'8'9'7'¢ANd
[gs] — Ks|meq-anbeids asejewioly pue gz-¢13 alew
[osT] — »oai1quing-As|uels wiL dew
uabouise
Yim 1LHA
[og] — Ks|meq-anbeids 101 +Xp ONd aew
Jusweal | potad
'sjay | s109143 panJssqo urens fauow.IoH Juawieal | x8s

"Jed 8y} Ul JOIARBYS( [eNXas ajewl JO UOIRIUSIaLIP [enXas uo salpns Jofew Jo Arewwns

€9lgel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Front Neuroendocrinol. Author manuscript; available in PMC 2011 July 1.



Page 38

Bonthuis et al.

*aBuBYD OU S8YRJIPUI — PUE ‘9SB8IOUl UR | ‘SIOIABYS] Ul 9588109 € S81edipul T 10BIUI-peuol alam sjewiue 1$8) sy} Jey) 8Yedlpul UWnjod JUsLIesl/aUoWwIoy ay) Ul saenbs xue|q ‘uwnjod potiad juswiess)
3} U1 pa1eolpul Se JUSLWIea ) JUBISUOD B J3pun aq 0} PaIapISu0d a1am SUIeS JUBINJA "0191N Ul Sajelll Z USam1aq a[ewa) =|NZ ‘paziioloapeuoh =xpo ‘usholise =3 ‘au0181s01sal =] IN0XI0Uy| asejewole
=04V ‘IN03jo0Uy J01dadal usboipue [euonIpuod =a1n/5aNHY ‘1noxo0uy J01dadas usboipue =OMYY ‘ueInw fepeuobodAy =bdH zT Aep d1uoAiqws =zT3 ‘Aep [ereussod=Nd ‘yuiq Jo Aep ayi=0Nd

[821] ! 1-ad NZ oJan Ul a[ewsy
£9/19.50

[vee] 1 pue 6ZTAS [OLEE 8lew

[t81

‘62Tl ) 9/19.5D Pue 6ZTAS oMV 8lew

aMI9/19.80

[es1] 1 Ag 1med/62T Xpo TNd alew
9/19.80

[os7] 1 pue AJAS6ZT aigsendY a[ew

[s81] ) £9/19282 pue T-ad oMdv alew

[06] — o/qred usbospuy ONd alewsay
£9/19280

[e6cc] — pue 6ZTAS usbonsy | T pue ‘2'ONd | olewsy

[06] — o/qred uabospuy ONd alew

ZJ10TNd
[ozT] — HTOTXHaH/HED uabospuy BdH alew
Juswieall | OM/poued
'Sjod §133}J9 PaAIssqO urenls /auowIoH juswiyesd | X3S

*8SNOLU 3] Ul JOIABUSQ [BNX3S [l JO LOITRNUSIaLLIP [enxas uo salpns Jofew o Arewwng

v alqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Front Neuroendocrinol. Author manuscript; available in PMC 2011 July 1.



Page 39

Bonthuis et al.

NIH-PA Author Manuscript

uaboipuy
10110 + Xp9 ONd
[eL'el] ! suen3g-buoT UsboIpUe-NuY 2013 alew
‘IeIsIpn
‘Keimeq
-anbeids
lalHa ‘Uewwiays usbons3 08570Nd
[ogz'c0e —z3 ‘suen3-fuo 1o usboipuy '6-0Nd
‘98'e.'sy] —1 ‘Uewz)|oH +Xp9 ONd afew
‘IeISIM
[vve ‘Koimeq
‘e0z'98 -anbeids
'9/'69'9] — ‘UewizjoH Xp9 npe ‘INd | erew
uaboupuy Jo |10 ONd
[e2'2L] l suen3-buo] + UaboJpue-nuy 22-013 alewsa}
Asimeq
[68T] 1 -anbeids VAN 2-0Nd alewsy
[091] 1 TeISIMN 1sluofe-ny3 +FTONd [ 5jewsy
JeISIM\
‘Keimeq
[oez'see -anBeids
‘681297 ‘SUeAT
‘09T'58'69 -BuoT ‘Jesi usbons3 L5€Nd
'€9'05'ST] 1 ‘UewzijoH 1o usboipuy ‘ONd alewsy
usbolpuy 10 |10 +
Asimeq a1weeyrodAyenul
[os] 1 -enBelds IVNY avo ONd a[ew
uonisod
[88] T JeISIAN auLsINeIU| alewsay
1 uo0d Asimeq olweeylodAyenul
[eeT] — IVNY -anbeids IVNY 043 +cNd afewsay
JeISIM\ *._”._”-OZn_
[zot'091] — ‘suen3-buo 1stuobe-gy3 ‘€-ONd a[ewsy
[zoT1] — suen3-buon 1siuofe-ny3 €-0Nd alewsay
Jeisip
‘Keimeq
[oez'coz] — -anbeids Xp9O ONd alewsay
S10943 juswiyead | poliad
'Sjoyd PaAlasqO urenls /auowIoH juswijesad | X3S

‘Jed 8y} Ul J0IARBYS( SISOPIO] JO LUOIBIUSIALIP [enXas ay) uo saipnis Jofew Jo Arewwns

G 9lgel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Front Neuroendocrinol. Author manuscript; available in PMC 2011 July 1.



Page 40

Bonthuis et al.

ase|Ax0qJedap pioe o1weln|b =qvo :(asuas-1jue) aouaIaIdlul YN =I'YNY :pIoe d1uedse-g-[AyIsw-N =N {8u04a1s01sa10lpAyIp =1 HQ ‘8u01a1s01sa) = ‘auolalsebold =4 ‘usboiise
=23 ‘paziwo1ospeuoh =xpo ‘101dagal ushoipue =y JueInNwW uonezIuIWay Jejnonsal =wy | ‘Aep oluoAiquis=3 ‘Aep [ereuisod =Nd "ewwod e Aq payesedss aJe sjul0d-awiil 1Sa1e| pue 1Sal|Ies ayl ‘1NsaJ awes
3} PaAaIyoe pue JusLUIeal] aWes syl YIM palebinssaul aiam siulod-awil jejusidolansp ajdinjnw Jo/pue suoirend ajdijnw aJaypn "abueyd ou ssjedlpul — pue ‘asessoul Ue | ‘SISOpIo] Ul 9seaoap e sayedipul

" *3]gel SIY} U1 parealpul uey) Japjo Aep e aq Aew safie anJ) sy} sy ‘Je1ie| 8yl PaWINSSe am pue TNd 10 ONd Se YMIg 4o Aep 8y} aulyap sI0yne ayy Jayiaym suodas aWos Ul Jeajoun sem 3 Jey) sexedlpu|
x

“Y11g Jo Aep ay S ONd "ParelS SSIMIBLIO SSaJun Juswdoe|dal d+23 10 23 Yim (Xp9) Awoioapeuoh si Juswiea npy

LB6GETNd
ueWZ1|OH uaboipuy ‘6T-0TNd
[0z'98] H JRISIN +XpO ONd alew
YT-GNd
[9] l JeISIM aserewose-nuy ‘YT-0Nd ajew
uaboasa-nuy
+ uabons3
[voz 1o uaboipuy 6-ONd
‘€0¢'62] e TelsIn Xp9 ONd afew
JRISIAN
‘Kaimeq
-anbeids
[9ez'c0z ‘UewIays
'98'9L'€L ‘suen3-buo
'G9'79'GY] ! ‘Uewzi|oH Xp9 GNd ‘'ONd alew
Jonqiyut
[221] e TRISIM 35810NPaI-DgG LNd613 | gpew
s108443 jusWIIRal | poliad
'sjey panIasqO urens /auUoW.I0H 1UBWIRal | XaS

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Front Neuroendocrinol. Author manuscript; available in PMC 2011 July 1.



Page 41

Bonthuis et al.

NIH-PA Author Manuscript

pughy
[etT] 1 62Tx.SD oMsa aleway
[66] 1 9/14.80 odixeg a[ewy
1810 UNpY-13
[yl 1 9/19280 usbonsanlAyd ybiH OV alewsay
[e] 1 9/19.80 oMV alewsay
[¥1] 1 £9/19.50 ‘TAd OM-ddv | eewsy
usbouns3
[s12] 1 ogaive ‘v 10 uaBoupuy +CNd aleway
[ztT] 1 £9/19280 1s1uobe-gy3 2-0Nd alewsay
[ztT r9/19.80 usbous3 Z-0Nd
‘35,61 1 ‘191SU9/M\-SSIMS J0 usbolpuy ONd dlewsay
uomsod
[821] 1 1-40 aupRINeU| INZ Tz-13 aewsy
123 usbouns3
[812] —1 9/19.5D 1o usboipuy AL a[eway
[66] — 9/14.S0 oMxeg aew
1010 UNpY-13
[y11] — 9/19280 uabo.sa01Ayd mo OV alew
[g8T] — r9/19.50 oMyv alew
[ss] — 131S03N-SSIMS XpO 62Nd a[ew
[8s] — 191SCR-SSIMS uaboipuy 6Nd aleway
[oTT] — £9/19280 oMdy3 aewsy
1810 UNpY-13
ani — 9/19280 uabo.sa01Ayd mo OV alewsy
8-0Nd
1HQ Jo 8o1ysA ® 61-v13
[s81] — £9/19280 oMav aewsy
: 12-213
[v1] — 100 asElELOE-uY O>ddv | erewsy
[ztT] — r9/19.50 1siuofe-ny3 2-0Nd alewsy
S109143 juswiead O>1 /potisd
'Sjoyd PaAIssqO urells /auowioH Juswiesd | X3S

99|qel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

*3SNOLU 8Y) UI JOIARYS( SISOPIO]| JO UOKEBIUSIAIP [enXas sy uo salpms Jofew o Arewwng

Front Neuroendocrinol. Author manuscript; available in PMC 2011 July 1.



Page 42

Bonthuis et al.

‘urgjoud X pareInosse-z10g =0Mxed

N0X20U3| G-103dadal auiwedop =OMSQ IN0XI0Uy 3jgnop g/o-101dadal usboiiss =OM gy ‘Inoxo0uy g-101dadal uaboiss =OMgY3 ‘Inoxo0uy 0-103dadal
usBolise =03 0YT IN0X20UY J01da3281 UsBoIpUR =OMHY IN0XI0UY UII0Id0IB) © =03 -d4V IN0XI0UY| aselewole =0y *aBueyd ou SaYedIPUI — pue ‘3sealoul Ue | ‘'SISOpIO] Ul 9sesdap e sayedlpul T

" *3]ge) SIY} U1 parealpul ey Japjo Aep e aq Aew sabe anJ) sy} sy ‘Ieie| 8yl paunsse am pue TNd 10 ONd Se YMIg Jo Aep 8y} aulyap s1oyne ayy Jayisym suodas aWOS Ul Jeajoun sem 31 Jeys sexedlpu|
*

"Yuig 3o Aep a1 SI ONd *Parels asImIay10 ssajun Juswiade|dal d+3 40 3 Yim Awoiospeuoh si Juswies) npy

[Tt71] ! £9/19280 oMgy3 alew
1©Ia NpY-13

[yl pusn T 9/14.50 uabo.isaolhyd ybiH o)X\ alew

£9/19.50
[o8T ‘vaax.so oMgoy3
‘0TT'¥8] 1 ‘/SOX6ZT o043 aleway
S1093 juswiyeaa ] OM /polaad
‘Sjad PaAIssqO ureas /auowiioH juswiyesd | X3S

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Front Neuroendocrinol. Author manuscript; available in PMC 2011 July 1.



