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Abstract
Individuals vary in their sociosexual behaviors and reactivity. How the organism interacts with the environment to produce this variation has been a focus in psychology since its inception as a scientiﬁc discipline. There is now no question that cumulative experiences
throughout life history interact with genetic predispositions to shape the individual’s behavior. Recent evidence suggests that events in
past generations may also inﬂuence how an individual responds to events in their own life history. Epigenetics is the study of how the
environment can aﬀect the genome of the individual during its development as well as the development of its descendants, all without
changing the DNA sequence. Several distinctions must be made if this research is to become a staple in behavioral neuroendocrinology.
The ﬁrst distinction concerns perspective, and the need to distinguish and appreciate, the diﬀerences between Molecular versus Molar
epigenetics. Each has its own lineage of investigation, yet both appear to be unaware of one another. Second, it is important to distinguish the diﬀerence between Context-Dependent versus Germline-Dependent epigenetic modiﬁcations. In essence the diﬀerence is one of
the mechanism of heritability or transmission within, as apposed to across, generations. This review illustrates these distinctions while
describing several rodent models that have shown particular promise for unraveling the contribution of genetics and the environment on
sociosexual behavior. The ﬁrst focuses on genetically-modiﬁed mice and makes the point that the early litter environment alters subsequent brain activity and behavior. This work emphasizes the need to understand behavioral development when doing research with such
animals. The second focuses on a new rat model in which the epigenome is permanently imprinted, an eﬀect that crosses generations to
impact the descendants without further exposure to the precipitating agent. This work raises the question of how events in generations
past can have consequences at both the mechanistic, behavioral, and ultimately evolutionary levels.
Ó 2008 Elsevier Inc. All rights reserved.
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‘‘Genetic changes are stable and rarely reversed, whereas
epigenetic changes are often reversed. A good example
of that is genomic imprinting, where the changes
imposed on DNA sequences may be lost during development, or if they persist, are erased and re-set during
gametogenesis. Environmental inﬂuences do not change
the genotype (leaving aside mutagens), and there is no
inheritance of acquired characteristics. Epigenetics is
quite diﬀerent, because normal development depends
on communication between cells. Thus, a hormone,
morphogen or growth factor may induce an epigenetic
change that may be heritable. This means that the environment of a cell may be all important in determining its
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properties or its fate in the developing organism. In this
sense, epigenetics encompasses Lamarckian inheritance.” [43, pp. 78–79]

1. Introduction
The early stages of life, beginning before birth and, in
mammals up to weaning, are the time of maximal neuronal
plasticity. Although the individual’s capacity to respond to
environmental change or insult with heritable phenotypic
variation at a later stage is possible, it is during this early
period that hormones and genotype predispose an individual’s responses to future experiences throughout the life
cycle as well as the susceptibility to developing disorders
(e.g., [8,9,32,38,48,59]). Obviously, suites of genes underlie
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ronment inﬂuences the relationship between genotype and
behavior during sensitive developmental periods. Before
reviewing this literature, it is important to ﬁrst point out
the dual origins of the study of epigenetic modiﬁcation or
what I term Molecular versus Molar epigenetics and, secondly, to distinguish between mitotic (non-germline) versus
meiotic (germline) epigenetic imprints, or what I term Context-Dependent versus Germline-Dependent epigenetic
modiﬁcations.
2. Molecular versus Molar epigenetics

Fig. 1. The external environment interacts with the internal environment
to inﬂuence fetal development with both immediate and life-long
consequences. Such environmentally-induced changes can occur at all
levels of biological organization, from the molecular to the organism’s
behavior, and tend to be ampliﬁed in their consequences as they ascend
through these levels. Ultimately, these inﬂuences may be epigenetic in
nature, inducing heritable alterations in gene expression without changing
the DNA. Changes can occur at the physiological and morphological
levels (Molar Epigenetics) as well as modiﬁcation of normal patterns of
gene expression (Molecular Epigenetics). These alterations can bring
about functional diﬀerences in brain and behavior that result in changes in
the phenotype. These then modify how individuals respond to conspeciﬁcs
and their environment, bringing about changes at higher levels of
biological organization. Whether these eventually can have an evolutionary impact is still open to question. What is known is that human society
has changed the ecosystem in a manner that has had demonstrable impact
on the health of humans and wildlife. Figure modiﬁed from Crews and
McLachlan [21].

the fundamental plasticity of an organism, particularly
during development or life history transitions. How do
these gene networks interact with the experiences that
cumulate during an individual’s life history?
An important interface between the environment (either
internal or external) and the genotype is that of epigenetic
modiﬁcations (Fig. 1). Exactly how these modiﬁcations
come about is still relatively unknown, but recent studies
at both the molecular and organismal levels indicate that
the origin of such eﬀects may occur in previous generations. That is, experiences of earlier generations can modify
regulatory factors aﬀecting gene expression such that the
DNA sequence itself is not changed but the individual’s
physiology and behavior are substantially inﬂuenced not
only as an eﬀector but also as an aﬀector system. And, as
depicted in Fig. 1, further dimensions also apply in the
form of both animal and human culture inheritance systems [57]. In a real sense, it may be said that Lamarck
was right; he was simply born in the wrong century
[57,83]. Thus, understanding how such modiﬁcations actually occur will increase our understanding of how the envi-

There have been several reviews recently as to the origins of the ﬁeld of epigenetics, all of which recognize the
multiple roots of the current tree of research (e.g.,
[11,48,52,53,107,56]). Unfortunately, almost all have been
written by molecular and developmental biologists who,
being genocentric, are not versed in the history of the psychological or behavioral sciences (for exceptions, see
[43,44,57]).
The debates in the natural sciences in the 16th–17th centuries pitted preformationism against epigenesis, with the
central question being how a fully integrated multicellular
organism develops from a single cell (the fertilized egg).
The former camp believed that adult features were present
fully formed in the egg and simply unfolded during
growth, while the latter held that traits emerge as a consequence of the progressive interaction of the constituent
parts of the zygote [36,37]. Spawned after the resolution
of this conﬂict were two distinct research endeavors, one
rooted in anatomy and geology, which ultimately became
the broad study of biology, and the other focused on the
study of sensation, perception and mind, which ultimately
became the study of psychology. Thus, while both share a
common origin, they evolved very diﬀerently both in perspective and substance. These I will label, respectively,
‘‘Molecular epigenetics” and ‘‘Molar epigenetics”. The former term is roughly equivalent to mitotic (non-germline)
and meiotic (germline) epigenetic imprints. The latter term
is from the historical literature in psychology, particularly
functionalism, and re-introduced here because it encompasses the ﬂavor of acting on emergent elements of behavior. Functionalism was a reaction of American
psychologists such as William James and James Angell to
the European Structuralist school of Hermann Helmholtz,
Edward Tichenor, and Wilhelm Wundt, who started the
ﬁrst laboratory of experimental psychology. Rather than
measuring sensory processes, the focus of functionalists
was the organism itself and the organization of behavior
in relation to its natural environment. As such it drew
heavily from Darwin’s theory of natural selection and its
adaptive consequences through evolution.
Molecular epigenetics originated from modern genetics
and molecular biology about 30 years ago [51–53] and initially focused on gene regulation and its developmental signiﬁcance. On the other hand, Molar epigenetics emerged
soon after the re-discovery of Mendel’s studies and focuses
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on the organism. It has two independent roots; in the ﬁeld
of evolutionary biology/population genetics the emphasis
has been on evolutionary and adaptive signiﬁcance,
whereas in psychology, the emphasis has been on behavioral development and the mechanisms underlying it. Thus,
the object of study in Molecular epigenetics is gene expression usually during embryogenesis, while in Molar epigenetics, it is on the individual’s interactions with its biotic
and physical environment usually after birth (what I term
Molar epigenetics is similar to the ‘‘probabilistic epigenesis” [46] or ‘‘endophenotypes” [40,41]).
2.1. Molecular epigenetics
For most of the 20th century, the question of how the
genotype produces diﬀerent phenotypes in response to different environments fell out of favor among European and
American biologists. Interestingly, it continued as a major
ﬁeld of study in Russia and was represented in small part in
this country in the work of Theodosius Dobzhansky and
his students, most notably Richard C. Lewontin [65].
Today, it has re-emerged as a vigorous area of research
among evolutionary biologists and behavioral ecologists.
This new work on the origins of polymorphisms and
polyphenisms is now commonly called ‘‘Phenotypic Plasticity” and is one of the driving forces in the relatively
new union of developmental biologists with evolutionary
biologists (Evo-Devo, which I will not discuss further in
this essay) and is making inroads into behavioral ecology
[13,37].
Prior to the 1940s, the gene as the unit of heritable material was a theoretical concept without a physical identity.
Conrad H. Waddington [109,110] proposed the term ‘‘epigenetics” from classical embryology, ascribing it to the
study of the processes by which the genotype gives rise to
the phenotype [36,37]. His concept of genetic assimilation
was central to what became the modern era of epigenetics
when Robin Holliday [51,54] used then modern genetic
methods to propose a molecular model for heritability of
gene activation (and inactivation) during development by
DNA methylation (and demethylation). Since then the
term epigenetics is commonly used in molecular and developmental genetics to connote the study of gene expression
that does not involve change in the DNA. There are several
mechanisms that can accomplish this end, such as DNA
methylation and modiﬁcation of histones by processes of
methylation, deacetylation, and phosphorylation (see articles [60,87]). There is debate within the molecular community as to the eﬃcacy of histone modiﬁcation for change
through time [82] but it is recognized that DNA methylation does qualify as a core process in epigenetics. Because
manipulation of methylation patterns is often lethal, or at
the least results in maladaptive traits or monsters, this
method of research illuminates normal development by creating abnormalities or anomalies. While DNA methylation
is clearly involved in genomic imprinting, the signal for the
imprint is not yet known.

2.2. Molar epigenetics
Early comparative psychologists were also interested in
epigenetics, but from the perspective of the interaction of
the organism’s ‘heredity’ and the nature of species-typical
behaviors or ‘‘instincts”. Work principally by Konrad Lorenz and Niko Tinbergen emphasized that such behaviors
were products of natural selection, the result of gene(s) acting in the brain to generate behaviors that were unlearned
and innate. This interpretation of behavioral organization
was eﬀectively countered by the work of Karl S. Lashley
and his students [28] most notable for the purposes of this
review Frank A. Beach (regarded as one of the founders of
neuroendocrinology) and Theodore C. Schneirla [94,102].
Together they formulated an epigenetic approach to behavioral development that focused on the interaction of the
various levels of biological organization, from the genetic
to the environmental, that support the development and
display of these species-typical behaviors. Examples of this
integrative approach are now numerous, but two classic
eﬀorts were Daniel S. Lehrman’s elegant work on the elaborate interaction of parent and oﬀspring as ringdoves learn
to care for their young and Jay S. Rosenblatt’s exceptional
research on the physiological and behavioral events that
underlie the development of maternal behavior in cats
and later rats. Both were students of Schneirla, but others
also took this broad integrative approach (cf., [42–
44,46,50,101,71]). Thus, the comparative approach in psychology emphasized the dynamic, interactive nature of a
process thus occurs as two levels intersect, one from within
the organism and the other that occurs between the organism and its environment, which must be deﬁned broadly to
include the behavior and physiology of socially important
species members. In so doing these early comparative psychologists laid the foundation for psychobiology, a vibrant
ﬁeld that focuses on how experiences cumulate throughout
life to shape the way in which the individual interacts with
its social and physical environment (cf., [44,46,88]).
It is not the purpose of this essay to venture into the relatively unexplored frontier that lies in uniting the two sub
disciplines of Molar epigenetics, namely that of evolutionary and developmental biology and psychobiology and
behavioral neuroendocrinology. However, it is useful to
be reminded of Ernst Mayr’s constant refrain that behavior
is at the leading edge of evolution or Gottlieb’s adage that
‘‘changes in behavior create the new variants on which natural selection works” [45]; this important point, ﬁrst made
by Bateson [10] and Morgan [72] more than a century ago,
never made it into mainstream biology until recently,
although it has been occasionally commented on by endocrinologists [25,96,98]. It is necessary to emphasize here
though that the individual is the unit of selection and that
an approach that integrates both Molecular and Molar epigenetics will be necessary to reveal the mechanisms that
underlie behavioral evolution. That is, the continuity of
Molecular and Molar epigenetics will be revealed as the
constituent elements of traits are accrued as genes and their
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products and regulators interact both positively and negatively in a temporal, spatial, and conditional (internal as
well as the social and physical environments) context
[62,74]. As adaptive responses emerge they, in turn, set
the stage for future variation. Thus, evolution is a tandem
process involving ﬁrst development, with its built-in ﬂexible
responsiveness to both gene products and environment,
followed by selection, which dictates which variants are
spread and maintained [65,117]. In this sense the ‘‘genome
learns from its experience” [58].
3. Context-Dependent versus Germline-Dependent epigenetic
modiﬁcations
It is commonly thought that epigenetic modiﬁcations
that occur within an individual’s own lifetime have the ability to become inherited. But unless one considers, for
example, the cultural transmission of royalty an epigenetically modiﬁed state, this is not so. (That is, speaking of royalty in humans and not in honeybees [86]). At a molecular
level, CpG sites however are often associated with 50 promoter regions of genes and have a higher probability of
undergoing mutation than other regions of the genome.
Consequent changes in DNA methylation patterns at
CpG islands would be persistent and if imprinted in the
germline have the potential of becoming heritable. At issue
then is what is meant by heritability. In Context-Dependent epigenetic modiﬁcations we are dealing with transmission within a generation (within an individual’s own
lifetime, including the interaction of parent and young)
while in Germline-Dependent epigenetic modiﬁcations we
are dealing with transmission across generations.
3.1. Context-Dependent epigenetic modiﬁcation
The best examples of Context-Dependent epigenetic
modiﬁcations are those that either have an eﬀect early in
life, such as exposure to endocrine disrupting compounds
in utero or smoking during childhood and adolescence
(known collectively as the fetal basis of adult disease; see
article [39]). In the ﬁrst instance the onset of disease manifests later or the deleterious eﬀects decline with time. However, the extent to which the modiﬁcation is perpetuated is
by simple persistence of the environmental factors that
bring about the epigenetic modiﬁcation; that is, in each
generation individuals are exposed to the same conditions.
For example, if the diet [112,29] or environmental toxicant
such as lead continues to be present in the environment,
then the epigenetic modiﬁcation will be manifest each generation. This type of epigenetic modiﬁcation lends itself to
relatively straightforward therapeutic venues such as providing methyl donors to the diet [112] or removing the environmental toxicant (smoke or lead). Hence, the
environment can induce epialleles, but that this environmentally induced epigenetic state can be reversed by a different environmental factor. This mitotically based
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transgenerational eﬀect I term ‘Context-Dependent’ epigenetic change.
The best example of a Context-Dependent epigenetic
modiﬁcation on behavior is that of Meaney and colleagues
[69,114,115,70] (see article [16]). In a long series of elegant
studies this group has demonstrated that the nature and
amount of care a pup receives from the mother modulates
its reaction to stress later in life largely through eﬀects on
the glucocorticoid receptor (GR) in the hippocampus. This
maternal eﬀect can cross generations, but its heritability
depends upon the pup’s experience in the ﬁrst week of life.
Recently this group has documented that being reared by a
high quality mother results in the expression of the transcription factor A (NGFI-A), a nerve growth factor-inducible protein, that binds to the ﬁrst exon of the GR gene,
resulting in increased expression of GR. High quality
maternal care during this critical period demethylates
NGFI-A and the acetylation of histones. Just as cross-fostering can reverse these molecular and behavioral changes,
infusion of methionine, a histone deacetylase inhibitor, into
the hippocampus can also reverse these events [113]. It is
important to point out, however, that selective breeding
cannot stabilize these brain–behavior diﬀerences. That is,
the eﬀect of high and low quality mothering disappears
after ﬁve generations, indicating that it is not a GermlineDependent epigenetic modiﬁcation but a Context-Dependent epigenetic modiﬁcation. This of course does not
detract from the implications of the work for the human
condition. For example, in rhesus macaques, genotypic
variation for the serotonin transporter gene inﬂuences
how individuals respond to stress during early life [100]
and in humans it has been reported that rearing environment can overcome the inﬂuence of a polymorphism in
the gene encoding the neurotransmitter-metabolizing
enzyme monoamine oxidase A in the etiology of violent
behavior [14,15].
3.2. Germline-Dependent epigenetic modiﬁcation
Germline-Dependent epigenetic modiﬁcations are fundamentally diﬀerent than Context-Dependent epigenetic
modiﬁcation in that the epigenetic imprint has become
independent of the original causative agent. Here the epigenetic modiﬁcation is transferred to subsequent generations because the change in the epigenome has been
incorporated into the germline. Thus, the eﬀect is manifest
each generation without the need for re-exposure. In such
instances the DNA methylation of heritable epialleles are
passed through to subsequent generations rather than
being erased as occurs normally during gametogenesis
and shortly after fertilization. Germline-Dependent epigenetic modiﬁcations tend to be inﬂuenced by parental sex
(see contributions [26,60]). In addition such modiﬁcations
can be associated with one sex, an important aspect as
many behaviors and aﬀective disorders show sex diﬀerences. Examples of this type of epigenetic modiﬁcation
are still relatively rare.
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4. Epigenetics, behavior and the brain
If the context in which the individual is nurtured inﬂuences its behavior as an adult, it is likely that the activity
of the neural circuitry that underlies these behaviors must
also be aﬀected. This organizational principal should also
apply to epigenetic modiﬁcations whether within the individual’s own life history (Context-Dependent) or inherited
from previous generations (Germline-Dependent) (see articles [16,39]). What follows are two case studies, the ﬁrst
demonstrating how the genetic and litter environment
inﬂuence later adult behavior and the neural circuitry
underlying these behaviors. The second example is a new
animal model system in which the epigenome of the male
germline is permanently imprinted, an eﬀect that crosses
generations. This imprint results in altered patterns of
behavior in males and females and is reﬂected in patterns
of gene expression in critical brain areas known to be
involved in the regulation of sociosexual behaviors.

Same-Sex/
Mixed-Genotype

Mixed-Sex/
Same-Genotype
Heterozygote

Knockout Wildtype

MALE

X

X

X

EFFECT OF
GENOTYPE

FEMALE

X

X

X

EFFECT OF
GENOTYPE

EFFECT OF
SEX RATIO

4.1. Eﬀects of sex ratio and genotype ratio of the litter
inﬂuencing adult sexual behavior and the social behavior
neural network in genetically-modiﬁed mice

Fig. 2. In most instances genetically-modiﬁed mice arise from the mating
of individuals heterozygous for a null mutation. This results in litters that
are a mixture of diﬀerent numbers of male and female young of various
genotypes. Thus, the sex ratio and genotype ratio of the litter can be a
confound in interpreting the results of any phenotype measure, molecular
or behavioral. However, by sexing and genotyping pups at birth and then
re-constituting litters of equal numbers of speciﬁc young, it is possible to
deconstruct the behavioral neural phenotype of the adult. The red-outline
blocks represents groups that can be used to establish the eﬀect of sex (e.g.,
Mixed-Sex/Same-Genotype groups) versus the eﬀect of genotype (e.g.,
Same-Sex/Mixed-Genotype groups). Finally, by creating Mixed-Sex/
Mixed-Genotype groups it is possible to study the precise interaction of
sex and genotype in the development of the phenotype of interest. (For
interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

The molecular modiﬁcation of mice has been a major
breakthrough in our understanding of the genetic basis of
both simple and complex traits [12]. This includes behavior,
in particular aggressive, sexual, and anxiety-related behaviors. While we have advanced from the simplistic ‘genes as
adjectives’ interpretation for behavioral analyses, we have
yet to explore the contribution of the dynamics within
the natal nest. Not only is the sex ratio of the litter an issue
[108,89,18], but the ratio of the various genotypes is equally
important variable, particularly in model systems that are
the result of the mating of heterozygotes (HTZ) to yield litters of varying numbers of wildtype (WT), HTZ, and
knockout (KO) young of both sexes (Fig. 2).
Researchers using knockout (KO) mice do not control
for the early social environment of their experimental animals. This is a mistake for this early social environment has
a powerful eﬀect on shaping the adult behavioral phenotype and brain. This now obvious point was ﬁrst illustrated
by the phenomenon of imprinting in birds. For example, if
precocial birds such as ducks and geese are presented with
an object (including a human) soon after hatching, they not
only will ﬁxate on that object and follow it, but they will
attempt to mate with the object when sexually mature. This
sexual imprinting also extends to primates as demonstrated
by Harlow’s monkeys raised by ‘‘terricloth mothers”
respond sexually only to terricloth dummies as adults
[27]. Thus, both the social as well as endocrine experiences
of the individual early in life can have a major inﬂuence on
their adult behavior (cf., [6,20,49]).
Two laboratories have conducted extensive experimentation with genetically-modiﬁed mice with somewhat diﬀerent results. For example, in their work on mice a null
mutation of the estrogen receptor a (ERa), commonly

known as ERKO mice, Sonoko Ogawa and Donald Pfaﬀ
routinely report that #ERKO mount stimulus females as
much as males lacking the mutation or wildtype (WT),
whereas in their initial work Emilie Rissman and colleagues
claimed that #ERKO ‘‘fail to display sexual behavior”
[116,95], although their data indicate that about one-half
of intact #ERKO mounted receptive females compared
to 100% of #WT. The distinction appears to lie in the different measurements used, the nature of the stimulus animal used (sex, hormonal condition, and genotype),
testing paradigms, housing of animals after weaning, and,
importantly, the genetic background of the knockouts; it
is possible also that there are diﬀerences in how the females
with their litters are maintained. The emphasis in the work
of Ogawa/Pfaﬀ is on mounting, while in the work of Rissman et al. it is intromission and ejaculatory behaviors, in
essence a distinction between appetitive and consummatory
behaviors [84,85]. In this context it is important to keep in
mind that #ERKO can breed [66,33], indicating that they
are capable of ejaculation. Similarly, there is a diﬀerence
in reports of the level of aggression displayed by #ERKO;
Ogawa et al. [77,78] report that #ERKO are less aggressive
than #WT, whereas Skordalakes and Rissman [95] report
the two genotypes are equally aggressive. The point of this
discussion regarding the stark diﬀerence in behavior
between laboratories is that the experience of the genetically-modiﬁed mouse is paramount in shaping its adult
behavior.
In collaboration with Sonoko Ogawa I have been examining how the sex and genotype ratios of a litter might contribute to the development of behavior in knockout mice.
We accomplish this by mating mice heterozygous (HTZ)
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for a null mutation of the ERa gene. The pups are sexed
and genotyped within two days of birth [22]. Litters are
then reconstituted to form same-sex litters of equal numbers of knockout (ERKO) and wildtype (WT) individuals
such as (1) same-sex, same-genotype litters (e.g., $WT/
$WT), (2) same-sex, mixed-genotype (e.g., $WT/$ERKO),
(3) mixed-sex, same-genotype ($WT/#WT), or (4) mixedsex, mixed-genotype (#ERKO/$WT) litters (Fig. 2). In this
manner the eﬀect of genotype is evident without the potential confound of the presence of the opposite sex in the lit-
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ter and the eﬀect of siblings of the opposite sex is evident
without the potential confound of littermates with a diﬀerent genotype.
As adults individuals are tested in a standard residentintruder paradigm. Our previous work [22] indicated that
the behavioral diﬀerences between the genotypes are more
sharply deﬁned than reported previously in the literature
where animals were raised in litters without concern for
their composition (Table 1). For example, in our studies
$WT display only aggressive behavior while $WT litter-

Table 1
Litter composition aﬀects in adult sociosexual behavior in genetically-modiﬁed mice
Sex

Behavior

Litter compositon

Frequency

Study

Female

Aggression

Mixed-sex/mixedgenotype
Same-sex/mixed-genotype
Mixed-sex/mixedgenotype
Same-sex/mixed-genotype

$KO aggression higher than in $WT

[76]

Only $KO are aggressive
Both $KO and $WT mount

[22]
[76,116]

Mounting

Male

Aggression

Mounting

Mixed-sex/mixedgenotype
Same-sex/mixed-genotype
Mixed-sex/mixedgenotype
Same-sex/mixed-genotype

Only $WT mount

[22]

Only #WT are aggressive in some studies and in some #KO are as aggressive as
#WT
Only #WT are aggressive
#KO mount as much as #WT; however, in some studies #KO do not mount

[77,78,95]
[22]
[77,95]

#KO mount less than #WT

[22]

In mice wildtype (WT) or knockout (KO) for the estrogen receptor a gene, males and females exhibit diﬀerent behavioral repertoires depending upon the
sex and genotype ratio of the litter. Natural litters consist of a mixture of females and males of each of three possible genotypes (mixed-sex/mixedgenotype). If litters are reconstituted at birth such that they consist only of females or males, but equal numbers of WT and KO pups (same-sex/mixedgenotype), it becomes evident that the absence of the opposite sex in the litter inﬂuences these behaviors later when the young become adults.
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Fig. 3. Frequency of aggressive and mounting behavior in genetically-modiﬁed mice raised in single sex groups with equal numbers of wildtype (WT) or
knockout (KO) female or male mice; top panel: $WT/$KO; bottom panel: #WT/#KO. Tests with female mice involved ovariectomized female intruders
(top row) and tests with male mice involved olfactory-bulbectomized male intruders (bottom row). Values are group mean and standard errors. Statistical
aralysis was computed on log-transformed data. (*p < 0,05, **p < 0.01). Reprinted with Permission from Crews et al. [22].

Author's personal copy

350

D. Crews / Frontiers in Neuroendocrinology 29 (2008) 344–357

mate’s display only mounting behavior (Fig. 3). In the case
of #ERKO, both aggression and mounting behavior are
greatly reduced. A replication and extension of this study
revealed that $WT from both the $WT/$ERKO and
$WT/#WT groups showed lower contact times compared
to females raised in $WT/$WT litters [78]. These data suggest that litter composition inﬂuences the development of
sociosexual behaviors in ERKO mice of both sexes. Thus,
in behavioral phenotyping studies of genetically manipulated animals it is important to understand and control
for the potential role of the rearing environment in the
development of the behavior of interest [97,34].
We have extended this work by examining the pattern of
metabolic activity in the brains of animals raised in these
controlled litter groups [23]. We use cytochrome oxidase
(CO) histochemistry as a measure of metabolic activity
because we are interested in the long-term eﬀects of significant life-history events. This is a rate-limiting enzyme in
oxidative phosphorylation, the major pathway in brain

metabolism and, consequently, the abundance and activity
of CO activity in a brain area is a measure of the metabolic
capacity of that brain region. In other words, the CO abundance not only reﬂects the metabolic history of an area, it
also determines the amount of ATP available in a neuron,
thereby constraining the amount of activity a neuron can
sustain [93]. Thus, CO histochemistry reveals long-term
changes in brain activity while 2-DG autoradiography or
immediate-early gene detection provide information on
evoked or immediate activity. Indeed, the CO method
can detect how metabolic activity has changed even several
years after the event! For example, we ﬁnd that in both
mammals and reptile’s metabolic activity in limbic areas
reﬂects the capacity to display sociosexual behaviors and,
in turn, that diﬀerences in metabolic activity in these areas
reﬂect individual diﬀerences in the propensity to display
social behaviors [90–92].
It is of interest that WT females raised in same-sex,
same-genotype groups spend signiﬁcantly more time in

Fig. 4. The genotype of siblings in the litter inﬂuences metabolic activity in the limbic landscape of adult mice wildtype (WT) or knockout (KO) for the
estrogen receptor a gene. Limbic landscapes of $WT or $KO mice raised with sisters of the same or diﬀerent genotype are depicted; genotype on left of
diagonal of the caption (e.g., $WT/$WT) is that of the experimental individual while the right of the diagonal indicates the genotype of the sisters it was
raised with. Illustrated is the mean cytochrome oxidase (CO) abundance in speciﬁc brain nuclei. The limbic landscape map on the bottom left row is the
genotype diﬀerence between the $WT and $KO mice, while the map on the bottom right reﬂects the eﬀect of sisters of the opposite genotype on $WT vs.
$KO. On the right column, the upper map indicates the eﬀect of KO sisters on a WT female and below that is the eﬀect of WT sisters on a KO female. The
nuclei are presented in a clockwise fashion reﬂecting a rostral-caudal dimension: main bed nucleus of the stria terminalis (BNSTma); anteroventral
periventricular nucleus (AVPe); medial preoptic area (MPOA); anterior hypothalamus, anterior (AHA); medial amygdaloid nucleus, posterodorsal
(MeAPD); medial amygdaloid nucleus, posteroventral (MeAPV); ventromedial hypothalamic nucleus, ventrolateral (VMHVL).
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social contact in a Resident-Intruder test compared to
ERKO females raised in same-sex, same-genotype groups
(Fig. 3). Further, it appears that female WT siblings are
able to compensate for this deﬁcit, just as ERKO siblings
cause a deﬁcit in WT females. The neural network that subserves sociosexual behavior varies in diﬀerent ways. First,
as predicted, there is a signiﬁcant genotype diﬀerence in
the neural network of WT and ERKO females (Fig. 4).
Further, the compensation/deﬁcit in the behavioral scores
(Fig. 3) are reﬂected in the metabolic activity of the neural
circuit. The relative eﬀects of sex independent of genotype,
and of genotype independent of sex, are also striking
(Fig. 5). Taken together these ﬁndings indicate that in studies with genetically-modiﬁed mice the litter composition
during the preweaning period must be considered as it
can eﬀect the development of behavior and the neural network responsible for the regulation of emotional behaviors.
Finally, we have also examined the eﬀect of litter composition on anxiety-related behaviors as measured by Open
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Field tests. It is perhaps signiﬁcant that such behaviors are
not aﬀected. For example, litter composition has no substantial eﬀect on open ﬁeld activity (total distance, center
distance, and center time); regardless of genotype, males
consistently have higher scores than do females (D. Crews
and S. Ogawa, unpublished data). Comparing three litter
types tested (all-male/mixed-genotype, all-female/mixedgenotype, and mixed-sex/same-genotype litters), male and
female mice diﬀer signiﬁcantly, but within each sex there
is no diﬀerence between genotypes. This suggests that sex
diﬀerences in open ﬁeld behavior are organized early in life,
perhaps prenatally, rather than environmentally
determined.
The signiﬁcance of the ﬁndings of litter type is evident
when it is considered that the secondary sex ratio in rodents
(gerbils, hamsters, mice, and rats) can be inﬂuenced by the
birth mother’s own intrauterine position [18,89,106]. That
is, a female that develops between two females in utero produces litters with a female-biased sex ratio whereas a

Fig. 5. The sex and genotype of siblings in the litter inﬂuences metabolic activity in the limbic landscape of adult mice wildtype (WT) or knockout (KO)
for the estrogen receptor a gene. Limbic landscapes of #WT or #KO (or $WT or $KO) raised with brothers or sisters of the same or diﬀerent genotype are
depicted; sex/genotype on left of diagonal is the experimental individual while sex/genotype on right of diagonal is the type of sibling it was raised with.
Illustrated is the mean cytochrome oxidase (CO) abundance in speciﬁc brain nuclei. The limbic landscape maps on the bottom row are the diﬀerence
between the #WT/#WT and $WT/$WT and between #KO/#KO and $KO/$KO maps, respectively, indicating the eﬀect of the sibling’s sex independent
of genotype. The left column are maps indicating the diﬀerence between the eﬀect of #WT/#WT and #KO/#KO and between $WT/$WT and $KO/$KO,
respectively, indicating the eﬀect of the siblings genotype independent of sex. See Fig. 4 for further details.
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female that developed between two males in utero produces
litters with a male-biased sex ratio.
4.2. Transgenerational epigenetic imprint on the nuclear
genome and its eﬀect on brain and behavior
The two critical elements to demonstrating a GermlineDependent or transgenerational epigenetic imprint are ﬁrst,
a single exposure that is never again repeated and second,
the number of generations since that exposure (Fig. 6).
Although there are studies of the ‘‘transgenerational”
eﬀects of endocrine disruptors on the behavior of animals
treated as fetuses or as neonates, the tested individuals have
body burden of the chemical. That is, the ﬁrst generation is
the exposed individual and even if continued to a second
generation, these individuals have had their germline
exposed. Hence, any eﬀects must be considered as occurring within the individual’s own lifetime. Demonstration
of a transgenerational epigenetic imprint, i.e., a meiotic
(germline) versus a mitotic (non-germline) epigenetic

imprint, requires at the minimum two generations if the
male is exposed or three generations if the female is
exposed. It is only then that these body burdens are absent
and can be taken as evidence that the mechanism by which
the imprint can continue is via the germline.
To date there is but a single example of a GermlineDependent epigenetic modiﬁcation on behavior [24].
Working with Michael Skinner we took advantage of a
new model system in which an endocrine disrupting chemical (EDC) reprograms methylation patterns that are then
incorporated into the germline and, hence, transmitted to
future generations [2,4,3,17]. The remarkable feature of
this model system is that exposure of gestating female rats
to the pesticide methoxychlor or the fungicide vinclozolin
during the period of embryonic sex determination induces
an epigenetic transgenerational phenotype through reprogramming the germline in a sex-speciﬁc manner. Speciﬁcally, in each generation males whose ancestor had been
treated underwent progressive spermatogonial apoptosis,
decreased sperm count and motility and, as the animals

Gestating Mother (F0)

Endocrine Disrupting
Chemical (EDC)

(F1)

(F2)

(F3)

Mate Preference Test

Fig. 6. Determination of a transgenerational epigenetic imprint on mate preference behavior in the rat. The left panel shows that three generations
separate the gestational exposure to vinclozolin, a common-use fungicide with endocrine-disrupting (EDC) properties. The right panel illustrates the
testing apparatus for mate preference. Two groups of animals were tested. The control group was the F3 generation of a lineage (control-lineage) of
animals in which the dams were exposed to vehicle (DMSO) three generations previously. The experimental group was the F3 generation of a lineage
(EDC-lineage) of animals in which the dams were exposed to vinclozolin three generations previously. This EDC exposure epigenetically alters males to
express early onset of various diseases states and this modiﬁcation is transmitted via the germline. Third generation females from the EDC-lineage and the
Control-lineage were tested with males from both lineages in simultaneous mate preference tests; males from the EDC-lineage (indicated by red-ﬁlled male
symbols) and the Control-lineage (not shown) were similarly tested with females of both stimulus types. The trials are conducted under dim red light
during the nocturnal (active) phase of the rats’ light cycle. The experimental animal (here a female from the Control-lineage) was placed in the center of the
chamber; a stimulus male from each lineage type was at each end of the apparatus. The female could move freely in their chamber but separated from the
stimulus males by a wire mesh. This enabled the animals to communicate by olfactory, pheromonal, or behavioral cues, but physical interaction was
limited to touching across the wire mesh. Left portion of ﬁgure from Anway and Skinner [3]. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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aged, adult onset disease is accelerated, including cancer,
prostate disease, kidney disease, and immune cell defects.
We sought to determine if this altered epigenome also
inﬂuences mate/partner preference behavior (Fig. 6) [24].
For these studies we used the F3 descendents of females
that had been treated between E8 and E15 with dimethylsulfoxide buﬀer alone (Control-lineage) or with vinclozolin
(= EDC-lineage) [2]. After habituation to the testing arena,
each individual was tested individually (as the experimental
subject) or in pairs (as the stimulus animal) in a roundrobin design. To conﬁrm that females were receptive, each
female was placed with a sexually experienced male prior to
the test; all females exhibited robust lordosis (arched back
and lifted head posture) in response to mounting by the
male.
Partner preference tests consisted of placing an individual (male or female) in the center of a large, three-chamber
glass-testing arena. At either end was a small Plexiglas cage
containing the stimulus rats separated by a wire-mesh barrier to allow exchange of olfactory, visual, and tactile cues.
The area directly in front of the stimulus cage was marked
by tape. All males were tested with both types of females as
stimulus animals and all females were tested with both
types of males as stimulus animals.
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Behaviors directed to the stimulus animal included time
spent in contact with the wire mesh separating the experimental and stimulus animal (Wire Mesh) during which
the animals often touched noses through the wire mesh
(Facial Investigation) and contacted the Plexiglas surface
surrounding the front of the stimulus cage (Plexiglas); the
cumulative total time in these behaviors directed toward
each stimulus animal was also calculated (Total). Other
activity measures included time spent: grooming (Grooming), aimless walking and sniﬃng (Walking), standing on
hind paws and sniﬃng with nose pointed upwards (Standing/Sniﬃng), still with minimal head movement (Still), contacting the walls of the test cage (Glass), and time in the
center compartment (Center).
The results were clear-cut and sex-speciﬁc (Fig. 7). The
females discriminate and prefer males who do not have a
history of exposure, while males do not exhibit such a preference. In social encounters in rodents and other animals,
time is spent engaged in mutual facial investigation. This
appears to be a critical aspect of the assessment process
and may underlie our ﬁnding that males investigate females
equally, while females show greater amount of time investigating males from the Control-lineage. It is known that
pheromones from the vomeronasal organ [61] and urine

Fig. 7. Third-generation female rats whose progenitors were exposed to vinclozolin, a common-use fungicide with endocrine-disrupting (EDC) properties,
and hence epigenetically altered, prefer males from the unexposed Control-lineage. Males do not show this preference. See Fig. 6 for further details. Both
females and males from Control- and EDC-lineages were tested with pairs of Control- and EDC-lineage stimulus partners. Presented are the mean (+1
standard error) diﬀerences in the time spent in each behavior. Left panel: Behaviors exhibited by females from Control- and EDC-lineages towards males
from Control-lineage (positive, right side) and EDC-lineage (negative, left side). Right panel: Behaviors exhibited by males from Control- and EDClineages towards females from Control-lineage (positive, right side) and EDC-lineage (negative, left side). The various behavioral measures and test are
described in Crews et al. (2007). Reprinted by permission from Crews et al. [24].
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are involved in mate recognition in rodents [68]. Methylation analysis revealed that the Major Urinary Protein 4
(MUP4) is one of the candidate imprinted-like genes
induced in the vinclozolin generation males [17]. This
MUP group of gene products binds and releases male-speciﬁc pheromones in rodents [5,19]. Finally, to rule out odor
discrimination capacity as a potential explanation for their
failure to show a preference in the mate preference test, we
established that both males and females explored odors of
the opposite sex much more than familiar (self) odors or
novel odors of the same sex, and all animals explored novel
odors of the same sex more than self odors.
Are these behaviors reﬂected in diﬀerences in the pattern
of gene expression in diﬀerent brain areas? In pilot studies
we have begun to analyze the extent to which this transgenerational epigenetic imprint might inﬂuence patterns of
gene expression in speciﬁc brain areas. Speciﬁcally, we have
been using gene microarrays to analyze whole brain, amygdala and hippocampus transcriptomes in F3 generation
Vinclozolin-lineage and Control-lineage males. Of the
altered genes, only a limited number show similar changes
in the whole brain, amygdala, and hippocampus (M. Skinner and D. Crews, unpublished data). Those genes common to all three include Senp5 (SUMO/sentrin speciﬁc
protease 5); Nﬁx (Nuclear factor I/X), Akap5 (A kinase
(PRKA) anchor protein 5), NTrkb (Neurotrophic tyrosine
kinase, receptor) and COMT (catechol-o-methyltransferase); the latter three genes have been implicated in the etiology of schizophrenia [118,75] and other aﬀective
disorders including autism and depression [81,103,104].
As expected, Camk2a (calcium/calmodulin-dependent protein kinase II alpha subunit) was present, and regulated, in
the amygdala and hippocampus; this gene has been implicated in both learning and memory [111] and stressinduced anxiety behavior [73].
A hallmark of epigenetically modiﬁable nuclear genes is
their CpG-rich islands, a property shared, albeit little studied, by mitochondrial genes [1,99]. While epigenetic modiﬁcation of traits encoded by nuclear genes has been
established, it is only recently that evidence for a similar
process for traits encoded by cytoplasmic genes. This is
important as adaptive selection acts on traits and, as a consequence, on the frequency of genes (nuclear as well as
cytoplasmic) that underlie these traits. Although it is commonly thought that the evolution of mitochondrial genes is
due to neutral mutations [35,7], recent studies reveal that
polymorphisms in mitochondrial genes play a signiﬁcant
role in adaptive evolution. For example, mitochondrial
genes are important in determining male sperm quality,
particularly motility [35,31] and there is some evidence that
mitochondrial mutations result in decreases in human
sperm motility [55]. In this regard, male rats of all ﬁve generations stemming from females treated during pregnancy
with either methoxychlor or vinclozolin have increased
spermatogenic cell apoptosis and decreased sperm number
and motility [2]. The mitochondrial genome is also vitally
involved in aging and, in particular, mutations in mito-

chondrial DNA are correlated with early onset of agerelated phenotypes, including reduced fertility [105,64].
Selection may also act on the epistatic interactions
between mitochondrial and nuclear genes, in other words,
on co-evolved gene complexes. For example, oxidative
metabolism and especially oxidative phosphorylation
depend upon the coordinated and integrated action of
the mitochondrial and nuclear genomes [79]. Using populations of the seed beetle ﬁxed for their cytoplasmic and
nuclear lineages, Dowling et al. [30] established that the
eﬀects of temperature, which dictates the rate of development in this species, and hence on ﬁtness, are diﬀerent in
speciﬁc mito-nuclear genetic combinations. Studies similar
to those with the seed beetle have been performed with
Drosophila and demonstrate that the relative contributions
of the mitochondrial and nuclear genomes in metabolic
energy production can be manipulated; measurements of
mito-nuclear ﬁtness suggest both sex and environment speciﬁc eﬀects due to mitochondrial polymorphisms [67,32].
Thus, it is particularly interesting to examine the genes
coding for CO in transgenerationally imprinted male rates.
It was surprising to ﬁnd that none of the constituent genes
of this mitochondrial-nuclear gene product appear to be
altered in the brain, amygdala, or hippocampus of epigenetically imprinted male rats (M. Skinner and D. Crews,
unpublished data). However, nuclear respiratory factor 2
(NRF-2), which modulates transcriptional levels of CO
genes in mammalian cells [80] exhibits an increased expression in whole brain, suggesting that while the mito-nuclear
complex is not altered, the gene regulating this functional
system is over-expressed, perhaps accounting for the
behavioral diﬀerences observed between mice of the two
lineages. This ﬁnding that the genes coding for the individual CO subunits are unaﬀected, while NRF-2, the key gene
regulating CO activity in the brain, is modiﬁed, is consistent with the interpretation that the relative ﬁtness of speciﬁc mito-nuclear genotype combinations is dependent
upon the modiﬁed DNA environment in which they persist.
Thus, chemical agents such as EDCs could act via epigenetically modifying mitochondrial DNA as well as nuclear
DNA and, as a consequence, inﬂuence the epistatic interactions between cytoplasmic and nuclear genes.
5. Conclusion
The future for epigenetic studies in neuroendocrinology
is going to depend upon communication, principally
between those schooled in what might be called collectively
psychobiology (comparative and physiological psychology,
behavioral neuroendocrinology, and behavioral biology)
and molecular and developmental biology. Typically, scientiﬁc progress is in ﬁts and starts, advancing only when
practitioners in one discipline become aware of, and appreciate, other ﬁelds working on common problems [63]. This
is the case when Waddington ﬁrst proposed his theories of
the role of gene action in phenotype development. It was
not until geneticists and developmental biologists began
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to address common questions from their disparate perspectives that the ﬁeld of molecular epigenetics blossomed to
what it is today.
Ironically, the ﬁrst suggestion that the process of DNA
methylation might play a role in gene expression focused
on the process of long-term memory [47]. This primacy
for neuroscience was relinquished almost immediately to
the union of genetics and developmental biology. Behavioral neuroendocrinologists are in a pivotal position to link
Molecular with Molar epigenetics. The strong tradition of
studies in behavioral development, our extensive knowledge of the role hormones play in the organization and
activation of brain–behavior mechanisms, the predisposition in neuroscience research to use molecular methods
to understand cellular function and development, and the
identiﬁed goal of understanding social and emotional
behaviors by integrating mechanistic with evolutionary
analyses should facilitate the incorporation of epigenetics
into neuroendocrinological research. While it is not essential that neuroendocrinologists actually employ molecular
epigenetic tools if they wish to work on more molar questions, it is critical that they at least understand the basic
distinctions within the ﬁeld so that appropriate questions
can be posed and the results obtained interpreted with
validity.
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