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Abstract

Emerging evidence suggests that epigenetic-based mecha-
nisms contribute to various aspects of sex differences in 
brain and behavior. The major obstacle in establishing and 
fully understanding this linkage is identifying the traits that 
are most susceptible to epigenetic modifi cation. We have 
proposed that sexual selection provides a conceptual frame-
work for identifying such traits. These are traits involved in 
intrasexual competition for mates and intersexual choice of 
mating partners and generally entail a combination of male–
male competition and female choice. These behaviors are 
programmed during early embryonic and postnatal develop-
ment, particularly during the transition from the juvenile to 
adult periods, by exposure of the brain to steroid hormones, 
including estradiol and testosterone. We evaluate the evi-
dence that endocrine-disrupting compounds, including bi-
sphenol A, can interfere with the vital epigenetic and gene 
expression pathways and with the elaboration of sexually 
selected traits with epigenetic mechanisms presumably gov-
erning the expression of these traits. Finally, we review the evi-
dence to suggest that these steroid hormones can induce a 
variety of epigenetic changes in the brain, including the ex-
tent of DNA methylation, histone protein alterations, and 
even alterations of noncoding RNA, and that many of the 
changes differ between males and females. Although much 
previous attention has focused on primary sex differences in 
reproductive behaviors, such as male mounting and female 
lordosis, we outline why secondary sex differences related to 
competition and mate choice might also trace their origins 
back to steroid-induced epigenetic programming in dispa-
rate regions of the brain. 
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Introduction

S tudies on epigenetics are changing how we interpret 
animal behavior and development (Bredy et al. 2010; 
Crews 2010; Curley and Mashoodh 2010; Meaney 

2010; Miller 2010; Svrakic and Cloninger 2010; Weaver 
et al. 2004; Zhang and Meaney 2010). In the past, most behav-
ioral differences were ascribed to polymorphism in either 
select groups of genes or physiochemical differences of un-
known etiology (Bray 2008; Hamer 2002; Inoue and Lupski 
2003; Jabbi et al. 2007; Kreek and LaForge 2007; Lee 2007; 
Mancama et al. 2003; Mantione et al. 2010; Proudnikov 
et al. 2008; Zhou et al. 2008; Zill et al. 2002). However, it is 
becoming apparent that at least some of these differences in 
behavior are related to epigenetic changes stemming from 
early social or developmental experience (Bredy et al. 2010; 
Crews 2010; Curley and Mashoodh 2010; Meaney 2010; 
Miller 2010; Svrakic and Cloninger 2010; Weaver et al. 
2004; Zhang and Meaney 2010). Although there are varying 
defi nitions of epigenetics (Haig 2004), for the purpose of 
this review, we consider an epigenetic change to be a mitoti-
cally, postmitotically, or meiotically heritable change in 
gene expression that occurs independently of an alteration in 
DNA sequence (Youngson and Whitelaw 2008). Behavioral 
epigenetics will thus be broadly defi ned as any behavioral 
change that has an epigenetic basis and provides a means of 
understanding how environmental factors, in particular ma-
ternal care, early social experiences, and exposure to en-
docrine-disrupting compounds (EDCs1) and diet, lead to 
behavioral abnormalities not readily explained by conven-
tional genetic mechanisms (Meaney 2010; Weaver et al. 
2004; Zhang and Meaney 2010). 

Genetically identical (monozygotic) twins have provided 
a means to study epigenetic effects on human behavior and 
development because marked differences can frequently be 
observed to distinguish such individuals (Alter et al. 2008; 
Kaminsky et al. 2008; Zwijnenburg et al. 2010). However, it 
is neither feasible nor ethical to control for the myriad envi-
ronmental factors that might have contributed to individual 
differences between twins. Thus, the impact of epigenetics 
on behavior is best studied in the laboratory setting where the 
test animals can be maintained under uniform environmental 

1Abbreviations that appear ≥3x throughout this article: BNST, bed 
nucleus of the stria terminalis; BPA, bisphenol A; EDC, endocrine-
disrupting compound; HDAC, histone deacetylase enzymes; MECP2, 
methyl-CpG-binding protein 2; mPOA, medial preoptic area; mRNA, 
messenger RNA.

Eldin Jašarević, David C. Geary, and Cheryl S. Rosenfeld

Eldin Jašarevic´, BA, is a PhD candidate in the Department of Psychological 
Sciences, the Interdisciplinary Neuroscience Program, and the Bond 
Life Sciences Center; David C. Geary, PhD, is a Curators’ Professor in 
the Department of Psychological Sciences and the Interdisciplinary 
Neuroscience Program; and Cheryl S. Rosenfeld, DVM, PhD, is an 
associate professor in the Bond Life Sciences Center and the Department of 

Biomedical Sciences, all at the University of Missouri, Columbia.
Address correspondence and reprint requests to Dr. Cheryl S. Rosenfeld, 

Biomedical Sciences and Bond Life Sciences Center, University of Missouri, 
440F Bond Life Sciences Center, 1201 E. Rollins Road, Columbia, MO 
65211 or email rosenfeldc@missouri.edu.

Sexually Selected Traits: A Fundamental Framework for Studies on Behavioral 
Epigenetics 

 by guest on January 9, 2015
http://ilarjournal.oxfordjournals.org/

D
ow

nloaded from
 

http://ilarjournal.oxfordjournals.org/


254 ILAR Journal

conditions. Even with strong experiment controls, the contri-
bution of these laboratory studies are often limited by the 
lack of a conceptual framework for identifying which behav-
ioral traits are most susceptible to epigenetic changes and 
how such behavioral abnormalities might serve as useful ba-
rometers of environmental insults received during early devel-
opment and manifested later in life as behavioral pathologies. 

In this review, we propose that sexual selection provides 
the foundation of such a framework. Specifi cally, we will 
consider whether sexually selected traits, as opposed to natu-
rally selected traits, are particularly vulnerable to environ-
mentally induced epigenetic alterations. Sexual selection 
entails intrasexual competition for mates and intersexual 
choice of mating partners (Darwin 1871) and, for most 
mammals, involves a combination of intrasexual competi-
tion, usually among males, and intersexual choice, typically 
female choice of mates, although female–female competi-
tion and male choice are found in some species (Clutton-
Brock 2007), including humans (Geary 2010). Unlike 
naturally selected traits, sexually selected traits, such as the 
long train of the male peacock, often reduce survival prospects. 
For example, these latter traits necessitate higher energy and 
foraging cost. They may also render the animal more suscep-
tible to predation while searching for food or prospective 
mates (Andersson 1994). Although these traits are a handi-
cap and impose fi tness costs, they are also necessary for pro-
viding advantages over same-sex competitors and for 
attracting mates (Folstad and Karter 1992; Zahavi 1975). 
Moreover, the expression of sexually selected traits is more 
strongly dependent on development and current condition 
of the individual than naturally selected traits, and thus their 
expression can be highly variable across individuals and 
even in the same individual across breeding seasons (Pomi-
ankowski and Møller 1995). When an animal is in poor health 
or is malnourished, sexually selected traits will likely be un-
derexpressed, thereby reducing associated fi tness costs and 
providing a greater likelihood of surviving to the next breed-
ing cycle when the animal might be better poised to compete 
and reproduce (Mougeot et al. 2005, 2006). The extreme 
variability in the expression of sexually selected traits sug-
gests that the observed phenotype is strongly infl uenced by 
epigenetic processes and hence is able to respond rapidly to 
environmental fl uctuations. Such plasticity would not be 
possible if the traits were under classic genetic control.

The outline of this review is as follows. First, we expand 
the discussion of sexually selected traits and their manifesta-
tion. We then consider the mechanisms whereby environmental 
changes, including exposure to EDCs such as bisphenol A 
(BPA1), during development can disrupt the expression of 
these traits. Last, we examine the evidence that sex steroid 
hormones underpin normal epigenetic changes that shape 
sex differences in morphologic development of the brain and 
later programming of adult behavioral responses. Most of 
the latter studies have focused on primary sex behaviors, but 
we suggest that consideration should be extended to include 
sexually selected traits. The potential for EDCs to affect 
sexually selected traits has not been extensively studied, but 

available research suggests these traits may be particularly 
vulnerable (Jašarević et al. 2011). By separating sexually 
selected traits from naturally selected traits, we may be able 
to account for some of the confl icting data on endocrine 
disruption of behavioral processes and provide useful 
barometers for endocrine disruption of neurobehavioral traits.

Sexual Selection

Darwin’s (1871) theory of sexual selection identifi ed the evolu-
tionary mechanisms that account for the majority of sex dif-
ferences in physical, behavioral, cognitive, and neural traits. 
These traits facilitate competition with members of the same 
sex over mates (intrasexual competition) and discriminative 
choice of mating partners (intersexual choice). Competition and 
mate choice can be observed in both sexes, but more typically 
these traits involve male–male competition, as manifested in 
access to mates or control of the resources males need to 
reproduce (e.g., nesting sites) and female choice of mating 
partners (Andersson 1994). We fi rst consider why this pattern 
is so common and when variation from this pattern (i.e., male 
choice and female–female competition) is predicted to 
evolve. We then provide a brief overview and a few examples 
of intersexual choice and intrasexual competition, and fi nally 
we describe why steroidogenic hormone-induced epigenetic 
changes might be a critical aspect of the evolution and 
expression of these sexually selected traits. 

Compete or Choose?

Darwin (1871) defi ned and described sexual selection but 
was not able to determine why males tend to compete and 
females tend to be choosy. Nearly 100 years later, Williams 
(1966) and Trivers (1972) proposed that the bias toward 
competition or choice is tightly linked to any sex difference 
in amount of parental investment. The sex that provides 
more than his or her share of parental investment is an im-
portant reproductive resource for members of the opposite sex 
(Trivers 1972). The result is competition among members of 
the lower-investing sex (typically males) over the parental 
investment of members of the higher-investing sex (typically 
females). Members of the higher-investment sex are thus in 
demand and, as a result, can be more quality minded when it 
comes to mates. The sex difference in parental investment 
provides potential inferences to be drawn about which sex 
will be more biased to compete for mates or engage in mate 
choice, but this behavioral pattern does not determine which 
specifi c traits will be involved in mediating same-sex compe-
tition or selection of breeder partners (Andersson 1994). 

Sexually Selected Traits 

Before describing how and why competition and mate choice 
infl uence the evolution and expression of sexually selected 
traits, we note there are several key aspects of these traits that 
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suggest that they are strongly infl uenced by epigenetic 
processes. First, it is well established that prenatal exposure to 
gonadal sex steroid hormones, especially estradiol and testos-
terone, can shape the expression of several key developmental 
genes in the brain and other organ systems by epigenetic control 
mechanisms (reviewed in McCarthy et al. 2009). Hence, 
changes in exposure to such hormones during development 
could have a profound infl uence on the later manifestation of 
the traits in adulthood. In addition to setting up the basic 
framework of sexual development during early life, fl uctuating 
postnatal exposures to sex steroid hormones, particularly at 
the time of sexual maturation or at the beginning of a new 
breeding period, program an animal for later reproductive 
competition, mate choice, and parenting (Adkins-Regan 
2005). Clearly, the pursuit of a potential link between epigenetic 
control of gene expression and the phenomenon of sexual 
selection merits further consideration. Also as noted earlier, 
the highly variable and adaptive expression of these traits, 
their contribution to reproductive competition, and their asso-
ciated fi tness costs ensure that the traits have become highly 
responsive to environmental conditions, such as parasite load, 
availability of food, and climate (Geary 2010). One good ex-
ample is the bidirection relation between immunocompetence 
and testosterone (Folstad and Karter 1992) (discussed further 
in the “Condition-Dependent Expression” section) whereby 
high parasite loads and accompanying heightened immune 
function appear to suppress adult testosterone production and 
expression of sexually selected traits, such as the bright 
plumage of males of many species of birds. Thus, improved 
health may come at the cost of a compromised, short-term 
ability to compete with other males for mates. On the other 
hand, these males will presumably have greater prospects of 
reproductive success in subsequent breeding seasons. 

Intersexual Choice

Under most conditions, female parental investment is a 
valuable reproductive resource for males, and thus, female 
choice is more common than male choice (Andersson 1994; 
Darwin 1871; Trivers 1972). For species in which males 
parent and for species in which there are large individual 
differences in females’ ability to successfully rear offspring, 
male choice is predicted to evolve, although this prediction 
has not been as thoroughly tested as female choice (Amundsen 
2000). In contrast, female choice has been well characterized 
in birds, fi sh, insects, reptiles, and mammals (Andersson 
1994; Sargent et al. 1998). One critical evolutionary result is 
the exaggeration of male traits on which females base their 
choice of breeding partner(s). An example is man-o’-war 
birds, which include the greater and magnifi cent frigatebirds 
(Fregata minor and Fregata magnifi cens, respectively) 
(Figure 1), in which females choose mates, in part, based on 
the male’s infl atable gular pouch. Such traits can also in-
clude elaborate and inexplicable behaviors, such as sky-
pointing by male blue-footed boobies (Sula nebouxii) 
(Figure 2).

In many species, traits such as the gular pouch of frigate-
birds (shown in Figure 1) are an indicator of the physical or 
genetic health of the male or serve as a direct marker of the 
male’s ability (e.g., vigor in searching for food) to provide 
parental investment (Andersson 1994; Zahavi 1975). Male 
birds with large ornament structures, colorful plumage, or 
elaborate behaviors are chosen as mating partners more of-
ten than their less-fl amboyant peers because these traits con-
vey to females information on males’ immunocompetence 
and physical and developmental health (Hamilton and Zuk 

Figure 1 The infl ated gular pouch of the great and magnifi cent 
frigatebirds (Fregata minor and Fregata magnifi cens, respectively) 
is a sexually selected trait and likely to be a direct indicator of the 
male’s health to a prospective female partner. Photo taken by 
Cheryl S. Rosenfeld on North Seymour Island in the Galápagos 
Archipelago.

Figure 2 Example of skypointing with beak pointing upward and 
wings spread out by male blue-footed booby (Sula nebouxii) on right 
side of the photo, as female on left side observes this behavior, 
which is part of an elaborate courtship behavioral pattern that has 
evolved in this species. Photo taken by Cheryl S. Rosenfeld on 
North Seymour Island in the Galápagos Archipelago.
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1982). Immunocompetence has a heritable component, and 
thus offspring sired by healthy males appear to have lower 
mortality (Saino et al. 1995), as do grand-offspring in at least 
one species (Reid et al. 2005). However, there can be one 
potential negative effect (i.e., a cost) to the increases in tes-
tosterone needed for the development and elaboration of 
such traits, which is that the increase in testosterone may be 
accompanied by immunosuppression that might compromise 
the health and increase the mortality risks of less-fi t males. 
Genetically fi t males, in contrast, are able to maintain the high 
levels of testosterone needed for full elaboration of sexually 
selected traits and simultaneously possess a healthy immune 
system to ward off diseases (Folstad and Karter 1992). 

In sum, male ornament structures and behavioral patterns 
are guiding signals that are strongly affected by the current 
and prior developmental condition of the male. Female mate 
choice refl ects the evolution of the female’s ability to inter-
pret these species-specifi c traits and respond to these cues. 
Exaggerated male traits benefi t the fi ttest males because 
males in poor health and body condition cannot express such 
traits without risking increased likelihood of further morbid-
ity or mortality (Mougent et al. 2005, 2006; Zahavi 1975). 

In species in which males assist in rearing the young or 
female reproductive success varies, females also may have 
evolved ornament structures, whose elaboration varies with 
fi tness. In such species, males tend to be selective of their fe-
male breeding partners (Amundsen 2000). Roulin and col-
leagues, for example, determined that male barn swallows 
(Tyto alba) preferred colorful females as mates and that the 
offspring of highly ornamented females showed greater resis-
tance to infection than did offspring of other females, suggest-
ing that at least in this species ornamentation is indeed a direct 
indicator of female quality (Roulin 1999; Roulin et al. 2000). 

Intrasexual Competition

Direct, physical, one-on-one, male–male competition is 
common across species of insects, fi sh, reptiles, and mam-
mals and results in the evolution of sex differences in the 
physical traits that are used in this competition for mates 
(Andersson 1994). The typical result is that physically larger, 
healthier, and more aggressive males monopolize the repro-
ductive potential of the majority of conspecifi c females, 
leading to extreme individual differences in reproductive 
success, with the dominant males siring many progeny and 
less-competitive ones fathering few, if any, offspring. Ulti-
mately, this competition governs the evolution of extreme 
sex differences in physical size, armament and weaponry, 
and aggressiveness (Darwin 1871), as illustrated by the 
prominent horns used for direct male–male competition in 
the bighorn sheep ram (Ovis canadensis) (Figure 3). 

However, the traits that facilitate intrasexual competition 
are not always physical or morphologic in nature. Sexual 
selection can operate on brain and cognitive traits in the same 
manner as on physical ones, particularly when the associated 
abilities and behavioral biases provide reproductive benefi ts. 

One well-studied example of cognitive sexual selection in-
volves comparison of related species of voles (Microtus) 
(Gaulin 1992). In the polygynous meadow vole (M. pennsyl-
vanicus), males compete by searching for and attempting to 
mate with females dispersed throughout the habitat. In contrast, 
males of monogamous prairie (M. ochrogaster) and pine voles 
(M. pinetorum) do not search for additional mates once paired. 
For meadow voles, intrasexual competition favors males that 
court the most females, which is possible only through expan-
sion of the home range. This form of male–male competition 
(so-called scramble competition) should thus result in larger 
home ranges for male than for female meadow voles, but this 
home range expansion would not be predicted to be benefi cial 
for monogamous prairie or pine vole males. Indeed, fi eld stud-
ies indicate male meadow voles have home ranges that cover 
4 to 5 times the area of females’ home ranges, but only during 
the breeding season (Gaulin 1992). On the other hand, the 
home ranges of male and female prairie and pine voles do not 
differ in size. Variation in size of the home range and ability to 
locate widely dispersed prospective breeding partners leads to 
the prediction of enhanced spatial abilities in male meadow 
voles compared with female meadow voles but no sex differ-
ence in monogamous prairie and pine voles, in which these 
traits are not advantageous. A series of laboratory and fi eld 
studies has confi rmed these predictions (Gaulin and Fitzgerald 
1986, 1989). The use of molecular biological techniques to 
determine paternal lineages furthermore supports the fi nding 
that males with superior spatial abilities breed with more 
widely dispersed females and, on average, sire more offspring 
(Spritzer et al. 2005). 

Enhanced brain development, particularly of the hippo-
campus region that supports spatial and other related cognitive 

Figure 3 Picture of bighorn sheep ram (Ovis canadensis ). Two 
males compete by kneeling in front of each other and then trying to 
maneuver the points of their horns under the body of their com-
petitor. Photo taken by Cheryl S. Rosenfeld in Yellowstone Na-
tional Park, Wyoming.
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abilities, is an essential component of this form of male–
male competition (O’Keefe and Nadel 1978). Any associ-
ated sex differences might, therefore, be governed by 
prenatal or perinatal exposure to sex hormones and activated 
with adult-onset breeding season increases in testosterone 
that promote home range expansion (Galea et al. 1996; Perrot-
Sinal et al. 1998). This same pattern of species-dependent 
differences is found for the overall volume of the hippocampus 
(Jacobs et al. 1990; Sherry et al. 1989). The hippocampus of 
male meadow voles is larger than that of male prairie and pine 
voles, but similar comparisons of male and female meadow 
voles have produced mixed results (Galea et al. 1999; Jacobs 
et al. 1990). Sex differences in mental tasks may not be related 
to total hippocampal volume, given that the hippocampus 
subserves many cognitive functions other than spatial abilities 
(e.g., working and reference memory). Rather, the sex differ-
ences might be more apparent in regions of the hippocampus 
related to the representation of large-scale space, including 
the Cornu Ammonis (CA1 and CA3) areas, and entorhinal 
cortex (Langston et al. 2010; Wills et al. 2010). 

Parenting behavior may also be a refl ection of a sexually 
selected trait to the extent it infl uences mate choice in select 
species. In monogamous pairs, such as California mice (Pero-
myscus californicus), males assist in rearing the offspring, in-
cluding engaging in anogenital licking and grooming of the 
pups, as illustrated in Figure 4. In this species, the female may 

use other behavioral cues to assess the potential paternal capa-
bilities of the males (Dudley 1974a, 1974b). Although there is 
clear evidence that maternal rearing and grooming might in-
duce epigenetic changes in offspring that can persist for gen-
erations (Champagne 2008; Szyf et al. 2007), there is a paucity 
of comparable data on the effects of early paternal behavior on 
inducing analogous epigenetic changes. However, this fi eld is 
rapidly evolving as alternative rodent models to the rat, such 
as the biparental California mouse, will undoubtedly shed 
light on paternal effects on offspring outcomes (Bredy et al. 
2004; Gubernick and Teferi 2000). Paternal behavior assur-
edly leads to dramatic and long-lasting effects on offspring 
(Cantoni and Brown 1997), but the epigenetic alterations elic-
ited remain to be determined. 

Effects of Gonad Steroid Hormones on Sex 
Differences in Behavior

The evolution and proximate expression of the described sex 
differences in physical, behavioral, and cognitive traits are 
programmed by prenatal and postnatal exposure of the brain 
and other organs to sex hormones (Arnold and Breedlove 
1985; Morris et al. 2004; Phoenix et al. 1959). Currently, the 
distinction between steroid-controlled organization of the 
brain during prenatal and postnatal development is less rigid 
than originally proposed (as discussed in McCarthy and Arnold 
2011). The relative contributions of organization and activation 
effects can vary from one species to the next, but the distinction 
between these effects still contributes to our understanding of 
the infl uence of hormones on many sex differences (Adkins-
Regan 2005). For example, in adult meadow voles, testosterone 
increases signifi cantly during the breeding season and contrib-
utes to the increased activity levels associated with home range 
expansion (Perrot-Sinal et al. 1998; Turner et al. 1983); castra-
tion prevents these season-dependent changes (Rowsemitt 
1986). However, the situation is more complicated than sim-
ply an outcome of direct androgen action on a set of target 
genes. In select regions of the brain, the neurobehavioral effects 
associated with testosterone are secondary to estrogen effects 
and are an outcome of aromatization of testosterone into estra-
diol in specifi c brain regions (Bowers et al. 2010; Konkle and 
McCarthy 2011; Watson and Adins-Regan 1989a, 1989b). 
Moreover, as described below, it is increasingly clear that both 
testosterone and estradiol can infl uence the brain through epi-
genetic mechanisms. Testosterone, after being fi rst converted 
to estradiol, is also necessary for development of the hippocam-
pus itself (Bowers et al. 2010; Konkle and McCarthy 2011). 
Thus, depending on the brain region, both testosterone and 
estradiol are crucial for correct programming of normal neu-
robehavioral development.

Sex steroid hormones also play a key role in the timing 
of the transitions between prematuration stages of develop-
ment, in the scheduling of reproduction, and in determining 
onset of senescence. Each developmental transition necessi-
tates the ability to induce rapid, in some cases reversible but 
in other cases permanent, modifi cations in behavior and 

Figure 4 Parental behaviors of California mice (Peromyscus cali-
fornicus). While the female nurses the pups, the male engages in 
anogenital licking and grooming of them. Photo taken by Cheryl S. 
Rosenfeld.
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physiology. For example, prenatal exposure to estradiol is 
necessary for establishing sex differentiation of the central 
nervous system, and estradiol concentrations quickly plummet 
following the perinatal period and remain fairly low during 
the juvenile period. At the onset of adulthood, increase in aro-
matization of testosterone leads to greater estradiol concentra-
tion in some brain regions, which then coordinates the 
expression of sexually selected traits such as mating and parent-
ing behaviors (Adkins-Regan 2005; McCarthy 2008). Thus, 
the functional role of a single hormone (e.g., estradiol in this 
example) is expected to differ across developmental stages, 
and, based on the potential rapid nature of these transitions, 
these steroid-induced behaviors are likely modulated by 
environmental epigenetic changes during the various life-stage 
transitions. Such mechanisms might be particularly important 
for the elaboration of sexually selected traits because their 
expression varies based on sex and development, breeding 
season, and current physical conditions.

Steroid hormones might trigger epigenetic changes during 
early and postnatal development and might also transmit im-
portant nongenomic information that leads to later vital repro-
ductive behaviors at sex maturity. This complex relationship 
between life history, hormone signaling, and environmental 
cues lays the foundation for the epigenetic regulation of sex 
differences. Because males and females across various species 
possess contrasting life histories, there is presumably marked 
underlying sexual dimorphism in systemic, cellular, and 
molecular mechanisms driving these differences in all sexu-
ally reproducing species, including humans.

Condition-Dependent Expression

A critical feature of sexually selected traits is greater phenotypic 
variation than with naturally selected traits, partially because 
of dependence on more genetic loci and overall male condi-
tion (Pomiankowski and Møller 1995; Rowe and Houle 1996). 
Sexual selection also results in the evolution of greater trait 
complexity, such as more coloration or larger size, for one 
sex or the other. Greater complexity also suggests polygenic 
control, the need for prolonged developmental period, better 
conditions (e.g., higher quality food), or the combination 
of genetic and environmental factors for full expression 
(Pomiankowski and Møller 1995). Thus, the sex that has un-
dergone intense intrasexual competition or intersexual choice 
is rendered more vulnerable to developmental, social, and eco-
logic disturbances and displays more phenotypic diversity 
(Pomiankowski and Møller 1995; Rowe and Houle 1996). 
The vulnerable and variable sex is typically the male, but 
there are presumably sexually selected traits in females that 
might also be susceptible to environmental insults, including 
hormonally induced epigenetic alterations. 

This vulnerability is presumably the cost associated with 
the evolution of mechanisms that lead to exaggerated traits 
and account for the suppression of these costly behaviors in 
animals in poor body health and condition. For such ani-
mals, avoiding contemporary and potentially lethal competi-

tion provides the prospect survival to compete and breed in 
the future as they age. 

Evidence for Disruption of Epigenetic 
Pathways and Sexually Selected Traits by 
EDCs

Because developmental exposure to steroid hormone governs 
many epigenetic processes in the brain responsible for later 
adult behaviors, including the expression of sexually selected 
traits (Arnold and Breedlove 1985; Morris et al. 2004; 
Phoenix et al. 1959), such traits might be rendered susceptible 
to EDCs, including chemicals such as BPA and vinclozolin 
(Crews et al. 2007; Jašarević et al. 2011). Figure 5 provides a 
working hypothetic model of how these EDCs and other envi-
ronmental factors could modulate expression of sexually se-
lected traits through epigenetic means. There is increasing 
evidence that EDCs can induce DNA methylation and histone 
protein changes in the brain (Bromer et al. 2010; Dolinoy et al. 
2007; Doshi et al. 2011; Ho et al. 2006; Tang et al. 2012; 
Weinhouse et al. 2011; Weng et al. 2010; Yaoi et al. 2008). 
Additionally, there is mounting evidence that developmental 
exposure to EDCs can disrupt normal steroid-induced neu-
robehavioral responses (Cox et al. 2010; Della Seta et al. 
2005; Gioiosa et al. 2007; Jašarević et al. 2011; Palanza et al. 
1999, 2002; Patisaul and Bateman 2008; Xu et al. 2010, 
2011). In the following section, we consider a few examples 
of these EDC-induced epigenetic and neurobehavioral changes. 

BPA exposure can induce epigenetic changes in the 
DNA methylome (Bromer et al. 2010; Dolinoy et al. 2007; 
Doshi et al. 2011; Ho et al. 2006; Tang et al. 2012; Weinhouse 
et al. 2011; Weng et al. 2010; Yaoi et al. 2008). Exposure to 
BPA during the fetal period of mouse development has been 
proposed to lead to global DNA methylation changes in the 
developing forebrain, with some genes hypermethylated and 
others hypomethylated in exposed mice compared with con-
trol mice (Yaoi et al. 2008). However, this study did not try 
to correlate the epigenetic changes with later behavioral 
outcomes. A more recent experiment has indicated that 
developmental exposure to BPA induces persistent aberrant 
overexpression of certain genes, including ones encoding the 
DNA methyl transfersases (Dnmt3a/3b) and the putative de-
methylases, methyl-CpG binding domain proteins, Mbd2/4—
changes that are correlated with later adult onset pathologies, 
including cancer (Tang et al. 2012).

Additionally, there have been several reports that develop-
mental exposure to BPA can disrupt later adult traits, including 
learning and memory, anxiety-like behaviors, and parental 
behavior, some of which are sexually dimorphic (Cox et al. 
2010; Della Seta et al. 2005; Gioiosa et al. 2007; Jašarević 
et al. 2011; Palanza et al. 1999, 2002; Patisaul and Bateman 
2008; Xu et al. 2010, 2011). Similar to meadow voles, male 
deer mice (Peromyscus maniculatus bairdii) expand their 
home range and exhibit enhanced spatial navigation ability 
upon reaching sexual maturity to locate prospective mates 
that are widely dispersed throughout the environment. We 
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have recently demonstrated that developmental exposure of 
deer mouse males to either BPA or ethinyl estradiol through 
the maternal diet leads to disruption of these spatial naviga-
tion abilities when the animals become sexually mature, 
as assessed in the Barnes maze (Figure 6). These per-
turbed responses are likely caused by a failure among BPA- 
and ethinyl estradiol–exposed males to learn direction and 
position intra-maze cues that aid in navigating a large-scale 
space (Figure 7). In contrast with the poor responses observed 
in ethinyl estradiol–exposed males, female deer mice exposed 
developmentally to ethinyl estradiol became masculinized in 
their behavioral responses. These treated females quickly lo-
cated the escape hole and adopted a search strategy similar to 
that observed in control males (Figures 6 and 7). No compa-
rable response, however, was observed in female deer mice 
exposed to BPA, suggesting that BPA does not act solely as 
an estrogenic compound. BPA- and ethinyl estradiol–exposed 
males were also more anxious and demonstrated decreased 
exploratory behaviors compared with control, nonexposed 
males (Jašarević et al. 2011). It should be emphasized that 
in these experiments with deer mice there were no overt dif-
ferences in general phenotype, including neuromuscular, ol-
factory, auditory, and visual senses between the animals 
exposed to BPA and those not exposed. The main distin-
guishing phenotype was in the behaviors that would contribute 
to reproductive success, which would likely pass unnoticed 
without behavioral testing. 

Although epigenetic alterations in the developing brain 
after developmental exposure to BPA have been demon-
strated previously (Yaoi et al. 2008), it is not clear whether 
the mechanisms for disrupting sex differences in spatial 
abilities and anxiety behavior in Peromyscus are solely epi-
genetic in origin. It is unlikely that alterations in steroid 
hormone levels account for all of these differences, as we 
reported previously that developmental exposure to BPA 
had no major effects on adult serum steroid concentrations 
of testosterone and corticosterone in deer mouse males 
(Jašarević et al. 2011). Skinner and colleagues (2008) re-
ported a similar fi nding with rats exposed to the antiandro-
genic fungicide vinclozolin. Therefore, disruption of the 
adult endocrine system does not appear to be a factor in the 
defi cits observed, although this does not exclude the possibility 
of permanent disorganization during the prenatal period. 
Nevertheless, disruption of sex-specifi c spatial navigation 
ability and anxiety-like behaviors presumably has epigenetic 
underpinnings, such as DNA methylation or chromatin 
remodeling alterations.

In deer mice, females have the fi nal choice in their 
breeding partners. A mate choice experiment demonstrated 
that both control and BPA-exposed females preferred con-
trol males on an approximately 2:1 basis over BPA-exposed 
male deer mice (Figure 8). These fi ndings indicate that de-
velopmental exposure of males to BPA and ethinyl estradiol 
not only disrupts their spatial navigational abilities but also 

Figure 5 Working hypothetical model of how endocrine disrupting compounds (EDC) such as bisphenol A (BPA) might disrupt sexually se-
lected traits. Steroid hormones, including estrogen and testosterone, can underpin various epigenetic changes, including changes in DNA 
methylation patterns and histone protein modifi cation. These epigenetic changes can lead to sex-dependent alteration in the neural architec-
ture. Consequently, these epigenetic and morphologic differences underpin sexual differentiation of the brain and synchronization of adult 
behaviors. Given the sensitivity of these traits to developmental steroid hormone concentrations, exposure to EDCs that disrupt hormone 
signaling during these critical life history stages has the potential to disrupt the full expression of sexually selected traits. These traits thus 
might be employed as biomarkers for endocrine disruption and serve as the framework for experiments designed to test the effects of EDCs 
on brain, cognitive, and behavioral development in males and females. 
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compromises their attractiveness to females, presumably 
through olfactory cues (Penn and Potts 1999). Whether or not 
these effects of BPA and ethinyl estradiol on sexually selected 
traits have epigenetic underpinnings remains uncertain, 
but in some species of fi sh, ethinyl estradiol exposure is 
correlated with sex-dependent DNA methylation changes 
(Contractor et al. 2004; Stromqvist et al. 2010).

The utility of sexual selection for identifying behaviors 
most susceptible to disruption by EDCs extends far beyond 
BPA and behavior in rodents. As discussed, sexually selected 
traits include the elaboration of physical ornaments (e.g., 
horn size or plumage), physical size, and adult behavior. 
Exposure to EDCs and other environmental toxins is therefore 
predicted to disrupt a full range of sexually selected traits 
across a myriad of mammalian and nonmammalian species. 
In support of this hypothesis, decreases in sexually dimorphic 
physical size of alligators (related to male–male competition) 
born in contaminated streams of Lake Apopka (Guillette 
et al. 1995) and reduced plumage coloration around the fa-
cial region of male American kestrels (Falco sparverius) ex-
posed to polychlorinated biphenyls have been reported 

(Bortolotti et al. 2003). More recently, Holliday and Holli-
day (2011) observed growth retardation and defi cits in bone 
remodeling in male diamondback terrapins (Malaclemys ter-
rapin) developmentally exposed to PCBs; however the au-
thors did not assess whether small body size in PCB-exposed 
males lessened their ability to compete with other males, al-
though it would seem likely to do so. Nonetheless, bone re-
modeling and turnover are integral components of physiology 
in all vertebrate animals, so skeletal pathologies would have 
far-reaching impacts on feeding and locomotion, calcium 
deposition during egg shelling, and ultimately intrasexual 
competition and reproductive success (Holliday and Holliday 
2011).

Disruption of sexually selected traits may also lead to a 
stable imprint across generations. Crews and colleagues 
(2007) have provided evidence for the transgenerational 
effects of exposure to the antiandrogenic fungicide vinclozolin 
on male quality and female choice. In particular, male rats 
whose great grandmothers had been treated with vinclozolin 
were less attractive to females. Moreover, exposure to 
vinclozolin led to inherited alterations in the DNA methylome 

Figure 6 Effects of early developmental exposure to bisphenol A (BPA) and ethinyl estradiol (EE) on spatial learning and memory of adult 
male and female deer mice (Peromyscus maniculatus) in the Barnes maze. Latency (i.e., time required to escape the maze) across days of 
training for males (A) and females (C) (Mean ± SEM). Number of escape errors across days of training for males (B) and females (D) (Mean ± 
SEM, *p < 0.01). Adapted from Jašarević and colleagues (2011).
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of the brain (Anway and Skinner 2008; Guerrero-Bosagna 
et al. 2010; Skinner et al. 2008). In the grand-offspring (i.e., 
third generation [F3]) males and females of females that 
had been exposed to vinclozolin, overt gene expression 
changes in the hippocampus and amygdala were correlated 
with the behavioral differences (Skinner et al. 2008). Yet, 
males and females were not affected identically. Whereas 
F3 generation males demonstrated decreased anxiety-like 

behaviors compared with control males, F3 generation 
vinclozolin females were more anxiety prone than control 
females (Skinner et al. 2008). In order to grasp how EDCs 
might induce behavioral disturbances in exposed F1 gen-
eration offspring and their descendants, we provide a con-
densed overview of recent advances in the understanding 
of how sex steroid hormones induce epigenetic changes in 
the brain. 

Figure 7 Effects of early developmental exposure to bisphenol A (BPA) and ethinyl estradiol on spatial search strategy of adult male and 
female deer mice (Peromyscus maniculatus) in the Barnes maze. (A) Examples of composite images from single animals tracked from entry 
to escape illustrating different spatial strategies used to exit the maze. (B) Distribution of different spatial strategies according to sex, diet 
exposure, and day of training. During the initial training period (day 1), most animals navigated by using a random strategy (black), followed 
by a serial search strategy (white). The most effi cient spatial search strategy (gray) emerged when the animals began to use direction and 
position intra-maze cues. By day 3 of training, control males used more effi cient strategies than control females and ethinyl estradiol– and 
BPA-exposed males, who in turn did not differ on any day (p < 0.0002). Ethinyl estradiol–exposed females used more effi cient strategies than 
control and BPA-exposed females on all days except day 2. Adapted from Jašarević and colleagues (2011).
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Epigenetic Effects of Sex Steroid 
Hormones in the Brain

Although steroids can induce a variety of effects by binding 
to their cognate receptors, which are themselves transcrip-
tion factors that bind to the promoter regions of sets of target 
genes, it is increasingly being recognized that many steroid-
induced changes in gene expression originate through altera-
tions in the epigenome (Champagne et al. 2006). Much of 
the information has come from studies on primary sex differ-
ences (i.e. secondary sex characteristics, onset of sexual ma-
turity, and differences in sexual behavior such as mounting 
and lordosis), but it is plausible that homologous mecha-
nisms operate to infl uence the expression of those physical, 
behavioral, cognitive, and neural traits that are under strong 
sexual selection for the reasons noted above.

DNA Methylation

DNA methylation of CpG islands is now recognized as a 
driving force governing gene expression in various cell 
types, including neuron cells of the brain, and most likely 
contributes to the sexually dimorphic patterns in behaviors 
that characterize the reproductive strategies of species across 
a wide range of taxa (Imamura et al. 2001; Jones and Takai 
2001; Lyko et al. 2010; McCarthy et al. 2009). One dramatic 
example occurs in honey bees, in which DNA methylation 
profoundly affects behavior patterns in the female bees 
(Lyko et al. 2010). Worker and queen female bees are geneti-
cally identical, but larvae destined to be queens are fed a 
royal jelly, which is known to contain the histone deacety-
lase, phenyl butyrate, as well as other uncharacterized nutri-
ents, whereas those destined to become workers are fed a 

Figure 8 Female choice of control versus bisphenol A (BPA)–
exposed males. Control and BPA-exposed females exhibited longer 
duration of nose-to-nose contact (Mean ± SEM) with control males 
than with BPA-exposed males. *p < 0.05. Adapted from Jašarević 
and colleagues (2011).

less-esoteric diet. As a result, there are marked differences in 
the DNA methylome of the brains of female queen bees ver-
sus worker castes, and these DNA methylation differences 
seemingly lead to alternative splicing and gene regulatory 
differences that guide how these very different kinds of fe-
males behave (Lyko et al. 2010). 

In mammals, one particular way that sex steroid hor-
mones might orchestrate sex-dependent epigenetic changes 
in the brain is by altering the activities of key DNA methyl 
transferases (DNMTs). For example, female rats express 
greater amounts of Dnmt3a messenger RNA (mRNA1) and 
its associated protein in the amygdala than males, although 
not within the preoptic and medial basal hypothalamus on 
postnatal day 1 (Kolodkin and Auger 2011). Moreover, when 
neonatal females are exposed to dihydrotestosterone and es-
tradiol at concentrations suffi cient to masculinize the male 
brain at birth, the expression of DNMT3a falls in the amyg-
dala (Kolodkin and Auger 2011) and adult female behavior 
becomes masculinized. 

DNMT3a and DNMT3b have been proposed to play an 
essential role in organizing the integration of contextual 
fear-induced memories (Miller and Sweatt 2007). Upon 
triggering fear conditioning, the mRNA expression pattern 
of these genes is increased in the CA1 region of the hippo-
campus, but silencing these enzymes with 5-azadeoxycytidine 
prevents this fear-induced memory consolidation (Miller 
and Sweatt 2007). Whether or not steroid hormones alter 
the expression of these DNMT isoforms in the hippocam-
pus, thereby leading to sexually dimorphic neural pheno-
types in terms of fear responses, is unclear, but this is a 
testable hypothesis. 

Alterations in the expression of proteins that recognize 
and bind to methylated DNA, usually termed methyl-CpG 
binding proteins, such as methyl-CpG-binding protein 2 
(MECP21) can provide behavioral phenotypes in humans 
and rodents (Defossez and Stancheva 2011). Once bound to 
methylated DNA, these proteins recruit additional corepres-
sor proteins and histone deacetylase enzymes (HDACs1), 
and their combined actions ultimately lead to chromatin 
modifi cation and decreased gene transcription (Nan et al. 
1998). Humans with mutations in the gene MECP2, which is 
X linked, can develop Rett syndrome (Amir et al. 1999), a 
common cause of mental retardation (Hagberg 1985). At 
least in rodents, sexually dimorphic patterns in Mecp2 ex-
pression in the brain emerge as early as postnatal day 1, with 
females exhibiting higher expression of this transcript than 
males (Kurian et al. 2007). Juvenile male rodents that had 
been subjected during early neonatal life to small interfering 
RNA suppression of Mecp2 exhibit disturbed juvenile social 
play behavior, a behavioral phenotype that is more frequent 
in males than females (Olioff and Stewart 1978). Clearly, 
in this instance, a large-scale, genome-wide methylation 
change in the brain can be linked to behavioral abnormalities 
that are sexually dimorphic in their expression. 

Sex steroids may induce masculinization and feminiza-
tion in various regions of the rodent brain through the DNA 
methylation of the genes (Esr1 and Esr2) encoding the estrogen 

 by guest on January 9, 2015
http://ilarjournal.oxfordjournals.org/

D
ow

nloaded from
 

http://ilarjournal.oxfordjournals.org/


Volume 53, Number 3/4  2012 263

receptor � (ESR1) and � (ESR2). For example, the methyla-
tion status of the Esr1 gene in the rat brain can be altered by 
external stimulus, including maternal care (Champagne et al. 
2006). Female pups reared by dams that engage in high-level 
licking and grooming demonstrate reduced Esr1 promoter 
methylation and increased expression of the gene in the pre-
optic area compared with females whose mothers were less 
attentive (Champagne et al. 2006). 

Sexually dimorphic patterns of Esr1 expression occur in 
the medial preoptic area (mPOA1) of rats. The Esr1 pro-
moter is hypermethylated, and expression is reduced in 
males relative to females (DonCarlos and Handa 1994; 
Kurian et al. 2010; Yokosuka et al. 1997). Treatment of neonatal 
female pups with estradiol leads to a masculinized pattern of 
Esr1 promoter methylation (Kurian et al. 2010), further sup-
porting the idea that that hormones govern the sexually dimor-
phic differences in methylation status of the Esr1 promoter that, 
in turn, contribute to sex differences in behavior. 

Esr1 expression in other regions of the brain is crucial 
for sculpting regional masculinization (Kudwa et al. 2006). 
Female rat pups treated with the ESR1 agonist propyl-
pyrazole triol demonstrate increased cell death in the antero-
ventral periventricular nucleus but exhibit enhanced cell 
survival in the sexually dimorphic nucleus of the preoptic area, 
the net outcome of which is regional masculinization of the 
hypothalamus and a loss of female sex receptivity when the 
pups reach sexual maturity (Patchev et al. 2004). Further evi-
dence that full Esr1 expression is necessary for providing 
correct neural phenotypes is provided by the behavioral ab-
normalities that result from suppression or knockdown of 
Esr1 expression with antisense oligonucleotides against this 
gene (McCarthy et al. 1993). In addition, Esr1 knockout 
mice exhibit both impaired male (Ogawa et al. 1997) and 
female sexual behavior (Ogawa et al. 1996).

In contrast, Esr2, which encodes the second estrogen re-
ceptor form, ESR2, has been postulated to mediate defemi-
nization of the brain (Kudwa et al. 2005). In the developing 
ovary, neonatal exposure to estrogenic chemicals induces 
hypermethylation and subsequent decreased expression of 
Esr2 (Zama and Uzumcu 2009), but it remains to be deter-
mined whether similar effects occur in the brain. However, 
female mice treated with the ESR2 agonist compound diar-
ylpropionitrile during the critical perinatal window do not 
demonstrate proper lordosis behavior when they reach sexual 
maturity (Kudwa et al. 2006). Diarylpropionitrile also blocks 
proper operation of the anteroventral periventricular gonad-
otropin surge generator (Bodo and Rissman 2006), resulting 
in persistent estrus (Patchev et al. 2004). By contrast, male 
mice that have targeted deletion of Esr2 are more prone to 
exhibit lordosis behavior than their wild-type male counter-
parts (Kudwa et al. 2005). Within the brain, Esr2 appears to 
be the dominant estrogen receptor form in the hippocampus 
(Shughrue et al. 1997) and may regulate anxiety-like and 
depression-associated behaviors (Krezel et al. 2001; Rocha 
et al. 2005). Whereas Esr1 is susceptible to DNA methyla-
tion during the neonatal period, steroid-induced methylation 
of Esr2 appears to occur after sexual differentiation of the brain 

(Kudwa et al. 2005) and is expressed in a sexually dimorphic 
manner. Estradiol treatment of females leads to even greater 
Esr2 methylation in the hippocampus than in control males 
and females (Kudwa et al. 2005). Another study has con-
fi rmed that Esr2 methylation status does not change at birth 
but shows later transient, site-specifi c, sex and estradiol 
treatment differences at weaning (postnatal day 20) and 
other site-specifi c DNA methylation differences emerging at 
adulthood (postnatal day 60) (Schwarz et al. 2010).

Some of the sexually dimorphic differences in the brain 
might be directly attributed to testosterone and to differential 
regional expression of Ar, the gene encoding its cognate re-
ceptor. In the cortical region of rats and mice, males express 
higher amounts of Ar mRNA than females, and the DNA 
methylation pattern of the Ar core promoter is increased in 
response to testosterone but decreased with estradiol expo-
sure (Kumar and Thakur 2004). Although the brain cortex is 
not classically considered to demonstrate sexually dimorphic 
differences in function, the differential expression of Ar in 
this region suggests that there might be subtle differences 
that remain to be elucidated. Moreover, there may be other 
regions of the brain that demonstrate comparable differences 
in epigenetic and expression status of Ar between the sexes. 
Ar expression can also be effected by its coactivators (e.g., 
jumonji domain-containing 1c, JMJD1C, which is expressed 
in the brain) (Wolf et al. 2007). Moreover, JMJD1C is a po-
tential demethylase (Wolf et al. 2007). Together, these data 
indicate that sex steroids infl uence the development of the 
brain by modulating the DNA methylation status of the con-
trol regions of key genes, including ones encoding their own 
receptors. Such changes presumably appear to yield effects, 
some of considerable magnitude, on both primary and sec-
ondary sex characteristics.

Histone and Corepressor Proteins

Methylation of DNA is not the sole means whereby the read-
out status of genes can be programmed in a heritable manner 
without altering the DNA sequence. Another example is 
through modifi cation of the histone proteins that bind DNA. 
Three of the best-characterized modifi cations to histone pro-
teins are acetylation, deacetylation, and methylation (re-
viewed in Mehler 2008). Histone acetylase transferases are, 
for example, able to introduce acetyl groups onto the side 
chains of lysine residues on histones and mechanistically al-
ter their net charge and shape in such a manner that tran-
scription factors are able to gain easier access to the control 
sequences. Conversely, HDACs remove acetyl groups, re-
store the basic charge of epsilon amino groups on lysine resi-
dues, and generally promote binding of histones to DNA 
(reviewed in Mehler 2008). Similarly, methylation of argi-
nine residues adds bulk and infl uences packing of histones 
into the nucleosome structure. Determination of the tran-
scription state of histones is largely determined by the his-
tone code, a combination of acetyl, methyl, and other marks 
on histone tail residues, and these alterations contribute to 
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chromatin status, such as transcriptionally active (euchroma-
tin) and inactive chromatin (heterochromatin) (reviewed in 
Mehler 2008). How these marks are maintained as the cells 
undergo mitosis is unclear, but additional factors presum-
ably play a role in stabilizing the complexes and maintaining 
the transcriptional regulation of genes over time. 

There are a number of examples of sex steroids directly 
and indirectly altering histone proteins and accompanying 
chromatin remodeling in neurons of various brain regions 
(reviewed in McCarthy et al. 2009; Qureshi and Mehler 
2010). One such example is in the bed nucleus of the stria 
terminalis (BNST1). The BNST is part of the limbic fore-
brain, where several structural differences distinguish males 
and females, the most obvious being in the principal nucleus 
(BNSTp) (Forger et al. 2004; Guillamon et al. 1988; Hines 
et al. 1985, 1992). Males from all species examined (mice, 
rats, guinea pigs, and humans) possess a larger BNSTp than 
females (Forger et al. 2004; Guillamon et al. 1988; Hines 
et al. 1985, 1992). In rodents at least, this size difference is 
due to increased apoptosis in the female in the immediate 
postnatal period, which has been attributed to differences in 
testosterone exposure during parturition (Chung et al. 2000; 
Gotsiridze et al. 2007). It has been postulated that the ulti-
mate cell number in the BNSTp is related to the extent of 
histone protein acetylation occurring after the postnatal tes-
tosterone exposure (Murray et al. 2009). 

To test this hypothesis, the HDAC inhibitor valproic acid 
was administered to neonatal mice during this critical win-
dow of time. This treatment increased histone protein 3 acet-
ylation in the brain (Murray et al. 2009), and, by 3 weeks of 
age, males treated with valproic acid and females cotreated 
with both valproic acid and testosterone (i.e., androgenized 
females) had volume and cell numbers in the BNSTp com-
parable with that of control females. These studies thus dem-
onstrate that inhibition of HDAC activity prevented the normal 
increase in cell numbers and tissue volume that occurs in 
males, which is believed to be necessary to support mascu-
line sexual behaviors regulated by this region. Additionally, 
androgenized females treated with valproic acid also demon-
strated a reduction in cell numbers in this region of the brain; 
thereby further buttressing the notion that testosterone is es-
sential in inducing epigenetic changes that masculinize the 
morphology of the BNSTp. 

Examination of the genes whose expression pattern were 
altered by valproic acid exposure revealed that they were 
largely involved in controlling either the cell cycle or apop-
tosis and included the proapoptotic factor Bax (Glaser et al. 
2003; Menegola et al. 2006). Hence, testosterone is believed 
to increase HDAC activity, leading to binding of histone pro-
teins to DNA-encoding proapototic transcripts and suppres-
sion of such genes in males. However, in normal females, the 
absence of or very low levels of testosterone result in low 
levels of HDAC in the BNSTp, with the net effect that the 
histone proteins remain in an acetylated state and separated 
from the DNA encoding these proapoptotic transcripts, al-
lowing for upregulation of the proapoptotic genes in females 
and subsequent cell death in this region. Furthermore, a re-

cent report with mice lacking Esr1, Esr2, or Cyp19A1 dem-
onstrated that the masculinization of BNSTp is dependent 
upon aromatization of testosterone to estrogen and binding 
of this hormone to ESR1 (Tsukahara et al. 2011).

Histone deacetylation during brain development has re-
cently been linked to the permanent masculinization of pri-
mary sexual behavioral traits in rats, such as mounting, 
intromission, and ejaculation (Matsuda et al. 2011). During 
the critical period of sexual differentiation, histones associ-
ated with two key masculinization regulatory genes, Esr1 and 
Cyp19A1 (P450 aromatase), in the mPOA, which regulates 
male sexual behavior, underwent acetylation, a change that was 
accompanied by correspondingly increased sexual activity of 
the male rats. This change appeared to be the result of more 
HDAC 2 and 4 selectively binding to the promoters of the 
two genes in males than in females. Additionally, newborn 
male rats treated with either the HDAC inhibitor trichostatin 
A or antisense oligonucleotides directed against Hdac2 and 
4 mRNA, had reduced amounts of ESR1 and CYP19A1 in 
the mPOA and suppressed key male sexual behaviors in 
adulthood (Matsuda et al. 2011).

Nuclear receptor corepressor proteins, such as NCOR1 
(Horlein et al. 1995; Lavinsky et al. 1998; Yoon and Wong 
2006), which suppresses the expression of androgen and es-
trogen receptors, might also play a role in masculinization of 
the brain (Lavinsky et al. 1998; Yoon and Wong 2006). 
NCOR1 binds to HDAC, thereby modulating histone deacet-
ylation, and it also binds to methyl-binding proteins, includ-
ing ZBTB33 (formerly called KAISO) (Yoon et al. 2003) 
and MECP2 (Cukier et al. 2008; Kokura et al. 2001). In the 
developing amygdala, estradiol partially leads to a sexually 
dimorphic pattern of expression for NCOR1 (Jessen et al. 
2010). In the developing rat amygdala, small interfering 
RNA targeted against Ncor1 blunts sex differences in juve-
nile social play behavior in males, as measured by the re-
duced time the treated males engaged in wrestling and 
boxing, biting, pinning, or pouncing compared with control 
males (Jessen et al. 2010). Additionally, suppression of 
Ncor1 expression within this brain region increased anxiety-
like behavior in juvenile males and females (Jessen et al. 
2010). These fi ndings might thus have relevance to male–
male competition and overall mental health.

Short Noncoding RNA

The human genome consists of many noncoding RNAs 
(Mehler and Mattick 2006) that have a multiplicity of roles, 
including ones involved in regulating DNA methylation, 
chromatin organization, transcription, posttranscriptional 
RNA processing, and translation (Amaral et al. 2008; 
Mattick et al. 2009). Researchers are at the nascence of un-
derstanding the roles of noncoding RNA in sexually dimorphic 
regulation of the brain. However, there have been some pre-
liminary assessments in mice examining specifi c microRNA, 
the largest group of noncoding RNA, in various regions 
of the brain, including the hippocampus, frontal cortex, and 
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cerebellum, of males and females (Koturbash et al. 2011). 
There were clear differences in the expression of particular 
microRNAs in males versus females. For example, mi-
croRNA329, which is required for activity-dependent den-
dritic outgrowth of hippocampus neurons (Khudayberdiev 
et al. 2009), was selectively upregulated in the hippocampus 
of males. The role of microRNA in governing dendritic mor-
phogenesis during development, synaptic transmission, 
long-term memory retrieval (Bredy et al. 2011), and other 
aspects of neural plasticity and memory might also explain 
sex differences in behavior and cognition.

Conclusions

We propose that sexually selected traits might be useful for 
examining the evolution of sex steroid–induced epigenetic 
mechanisms in the brain and other organs because these 
traits are dependent on pre- and postnatal sex steroid hor-
mone exposure and, unlike naturally selected traits, their ex-
pression can be highly dynamic within and across individuals. 
The mechanisms underlying the dynamic expression of sex-
ually selected traits are not well understood, but the fact that 
these traits are transiently expressed and highly responsive 
to environmental conditions suggests that these behaviors 
have epigenetic foundations. In support of this hypothesis, 
there is mounting evidence that sex steroid hormones induce 
a wide range of epigenetic effects in the brain (Imamura et al. 
2001; Jones and Takai 2001; Lyko et al. 2010; McCarthy et al. 
2009) and infl uence the expression of sexually selected 
traits (Adkins-Regan 2005; Geary 2010). Although elevated 
hormones, including testosterone and estradiol, govern the 
expression of such traits, excess of any of these hormones 
may also compromise the overall health of a given animal 
(Folstad and Karter 1992). Health status of an animal can 
vary across breeding seasons, and thus suppression of sexually 
selected traits during one season might increase the likelihood 
of survival and, correspondingly, the opportunity to compete in 
the next season (e.g., Mougent et al. 2005, 2006). In essence, 
there are potentially increased risks for breeding males ex-
hibiting the high testosterone concentrations needed to ex-
press various sexually selected traits, including those 
considered anatomical, such as brightened plumage in birds 
and antlers in ruminant species, as well as behaviors, such as 
male–male aggression or increased spatial navigation ability 
that might increase the risk for predation. For these reasons, 
serum testosterone concentrations in such males declines 
after the breeding season, and these traits are thus confi ned 
only prior to and at the time the animals seek out mates, 
suggesting again that sexually selected traits are tightly 
regulated by environmental cues, including daylight and 
other factors, operating through the endocrine system, 

Epigenetic mechanisms that lead to stable, irreversible 
marks for some genes and plasticity for others, might thus 
regulate the initial programming of sexually selected traits 
and account for their dynamic expression across breeding 
seasons. One problem is that most of the studies that have 

examined epigenetic regulation of neurobehavioral responses 
have tested these phenotypes in mouse and rat models, in 
which sexually selected traits are not as well defi ned or as 
exaggerated as in some other species that might provide 
superior models. Thus, one important issue is the determi-
nation of the degree and specifi city of sexually dimorphic 
differences in the epigenomes of model species possessing 
clearly defi ned sexually selected aspects of phenotype. Al-
though prior epigenetic studies with mice and rats can pro-
vide a useful framework to address this important issue, its 
resolution will not be easily achieved until the genomes of 
the emerging model species are sequenced and annotated, 
especially in the gene control regions where sexually dimor-
phic differences in DNA methylation status are presumed to 
have evolved. An attendant question is the extent to which 
modifi cations of the genome accompany the fl uxes in pheno-
type associated with the onset and termination of the breed-
ing period. 

Finally, genera such as Microtus and Peromyscus, in 
which closely related species display very different court-
ship patterns and parental behaviors in rearing young, offer 
the opportunity to examine the brain changes accompanying 
these contrasting forms of behaviors, which are vital to the 
reproductive success and survival of the respective species. 
For example, are the highly evolved, sexually selected, spa-
tial navigation abilities of the male deer mouse, P. maniculatus, 
which allow them to breed successfully in the wild, and the 
characteristic territorial aggression and male parenting be-
haviors of the monogamous male California mouse, P. cali-
fornicus, accompanied by sexually dimorphic, gene-specifi c, 
epigenetic modifi cations in relevant regions of the brain? In 
the case of male P. californicus, it might be predicted that, at 
the time of parenting, areas of the brain that regulate parent-
ing behavior, especially the mPOA might be especially af-
fected (Champagne et al. 2006; Weaver 2007). In support of 
this notion, California mouse males are known to exhibit in-
creased oxytocin immunoreactivity in the mPOA and hypo-
thalamus at the time they are assisting in rearing their young 
(Lambert et al. 2011). It will be essential to determine not 
only whether EDCs disturb such activities of the male mice 
but also whether such chemicals intervene in any correlative 
patterning of brain gene expression.

Another fi nal issue is whether or not adult exposure to 
EDCs interferes with the expression of genes governing 
sexually selected traits that have been programmed epige-
netically during early development (e.g., in utero) but still 
require an adult-enhancing surge in sex steroid hormones for 
full manifestation in the adult animal? It is known, for ex-
ample, that Esr2 methylation status is sex dependent and af-
fected by later adult hormonal exposure (Schwarz et al. 
2010), whereas castration of adult male rats leads to in-
creased DNA methylation of the vasopressin (Avp) gene 
within the BNST but decreased methylation of the Esr1 gene 
in the same brain region (Auger et al. 2011). Along these 
same lines, DNA methylation of Esr1 in the brain cortex 
is regulated by estradiol during early development and at 
adulthood in females but not males (Wilson et al. 2011). 
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Collectively, these data suggest that sexually selected traits 
might be vulnerable to adult as well as early developmental 
exposure to EDCs. We suggest that sexually selected traits 
can offer fi nely tuned sensors for judging whether or not 
environmental chemicals are having insidious, previously 
unsuspected effects on the health and long-term ability of a 
species to reproduce, provided that appropriate animal mod-
els are chosen for investigation.
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