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Mothers and fathers do not contribute equally to the
development of their offspring, but rather there are several
ways in which one parent or the other can differentially
influence their offspring: collectively, these are termed
parent-of-origin effects. One major source of variation in
the respective influence of each parent comes in the form
of differential parental care. In mammals for instance,
offspring develop within the in utero environment of the
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mother and for the majority of mammals it is also
the mother that provides most postnatal care (CluttonBrock, 1991). Therefore, the opportunity for males
in most mammalian species to influence their offspring’s
development is far smaller than it is for females.
However, in addition to differential parenting, there
are a number of other potential mechanisms that are
inherited via the germline through which mothers and
fathers can have a disproportionate influence on their
offspring.
A useful way of screening for the differential influence
of mothers and fathers on the development of their
offspring is to examine the phenotypes of hybrids
produced from the reciprocal mating of two separate
species, subspecies or strains of animals. There have been
several occurrences of such reciprocal hybrids being
produced both naturally and artificially in the wild and in
captivity, especially amongst the rodentia, equidae, and
felidae (Gray, 1972). Differences in growth are typically
observed in such hybrids, for instance offspring from
Shire horse mares and Shetland pony sires are larger than
those from Shetland pony mares and Shire horse sires
(Walton & Hammond, 1938). Likewise, in voles, crossing
of Peromyscus maniculatus females and Peromyscus
polionotus males, who are similar in size, produces
smaller offspring than the reciprocal cross (Vrana et al.,
2000). Behavioral changes have also been observed in
hybrids, such as the temperament differences commonly
reported between hinnies (donkey mother and horse
father) and mules (horse mother and donkey father) (Gray,
1972). In the laboratory, the reciprocal breeding of various
inbred and outbred rodent strains and species has been
extremely useful in screening for parent-of-origin effects
on behavioral and physiological phenotypes such as
emotional reactivity (Calatayud & Belzung, 2001; Carola,
Frazzetto, & Gross, 2006; Roy, Merali, Poulter, &
Anisman, 2007), maternal care (Calatayud, Coubard, &
Belzung, 2004; Carola et al., 2008; Shoji & Kato, 2009),
infanticide (Perrigo et al., 1993), aggression (Carlier,
Roubertoux, & Pastoret, 1991; Platt & Maxson, 1989), sex
(McGill & Manning, 1976), forced ethanol intake
(Gabriel & Cunningham, 2008), calcium taste preference
(Tordoff, Reed, & Shao, 2008), activity (Dohm, Richardson, & Garland, 1994; Massett & Berk, 2005; Price &
Loomis, 1973), cerebellar development (Cooper, Benno,
Hahn, & Hewitt, 1991), peripheral nerve conductivity
(Hegmann & White, 1973), central estrogen receptor a
distribution (Kramer, Carr, Schmidt, & Cushing, 2006),
and puberty onset (Zhou et al., 2007).
Though it is clear from these studies that parent-oforigin effects exist, it is extremely challenging to delineate
which mechanisms may be partially or fully responsible
for each of these phenotypes. In most studies of reciprocal
hybrids it has been assumed that the observed phenotypic
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differences must be due to differences in maternal
environment during gestation and/or lactation. Some
studies have attempted to control for such maternal
environmental effects by performing ovarian, blastocyst,
or embryo transfers. In some cases this has shown that the
observed parent-of-origin effects are indeed likely due to
differential maternal rearing environments. For instance,
males produced by mating fathers from the highly
aggressive NZB strain and mothers from the less
aggressive CBA strain are more aggressive than males
produced by the reciprocal mating (Carlier et al., 1991).
Significantly, this was only true when offspring were
reared by their biological mothers, as no difference
existed between reciprocal hybrids that were conceived in
and born to F1 females who had undergone ovarian grafts
of either NZB or CBA ovaries. However, other studies
have clearly demonstrated that there must be other parentof-origin mechanisms at play. For instance, reciprocal
hybrid mice produced from mating either C57BL/6 and
CBA/Ca strains or C57BL/6 and DBA strains were found
to avoid the urine of their genetic maternal strain in an
odor preference test even after they had all been embryo
transferred to CD1 dams (Isles, Baum, Ma, Keverne, &
Allen, 2001; Isles et al., 2002). These findings amongst
others have led to an increased appreciation that there
exist genetic and epigenetic mechanisms through which
males and females can contribute uniquely to their
offspring’s development. In this article we shall discuss
(1) sex chromosomes, (2) mitochondrial DNA, (3)
genomic imprinting and (4) environmentally induced
germline effects as particular examples of this inherited
differential influence of mothers and fathers.

SEX CHROMOSOMES
In mammals, autosomes and the X chromosomes are
inherited from both mothers and fathers but there is an
unequal inheritance of the nonpseudoautosomal region
of the Y chromosome (YNPAR) which is transmitted
exclusively from fathers to sons. This is in contrast to the
small pseudoautosomal region (PAR) of the Y chromosome which recombines during meiosis and exchanges
information with the X chromosome. Furthermore,
in females, a large proportion of one copy of the
X chromosome in each cell lineage is randomly
inactivated with respect to parental origin; although
across species the proportion of genes that escape this
inactivation varies (Brown & Greally, 2003). There are
several lines of evidence to suggest that genes carried
by the X chromosome and the YNPAR are involved in
regulating specific aspects of brain function and behavior
independently of changes in the organization and
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activation of sexual differentiation that is activated by the
Sry (testes determining factor) gene carried by the
Y chromosome. Firstly, sex differences in gene expression
are evident in the embryonic brain even before sexual
differentiation has started to occur (Burgoyne et al., 1995;
Dewing, Shi, Horvath, & Vilain, 2003). Secondly, humans
that possess an abnormal number of sex chromosomes
such as in Turner’s syndrome (XO) and Klinefelter’s
syndrome (XXY) are characterized in part by altered
behavioral phenotypes (Davies & Wilkinson, 2006).
Finally, since the 1980s particular lines of mice and rats
have been selectively bred such that they only differ with
respect to the strain-of-origin of the YNPAR. These mice
are produced by mating males of strain A with females of
strain B and then mating male offspring of these hybrids
with strain B females for several generations. Using these
congenic strains, variations in inter-male aggression,
hippocampal morphology, corticosterone release and
serotonin functioning have been demonstrated to be
associated with the strain-of-origin of the YNPAR, though
the degree to which this occurs is dependent upon other
factors such as the genetic background of the autosomes
and PAR as well as the maternal environment (Guillot,
Carlier, Maxson, & Roubertoux, 1995; Guillot, Sluyter,
Laghmouch, Roubertoux, & Crusio, 1996; Miczek,
Maxson, Fish, & Faccidomo, 2001; Tordjman et al.,
1995).
A more recent approach to studying sex chromosome
effects has been the production of mice known as the
‘‘four core genotypes’’ (Arnold, 2009; Arnold & Chen,
2009). These mice were created by inducing a mutation in
the Sry gene followed by the reinsertion of a functional Sry
transgene driven by its own promoter onto an autosome,
thus enabling gonadal sex to be determined independently
of sex chromosome complement. Hence there exists four
possibilities: XX gonadal females (XXF), XY gonadal
females (XYF), XY gonadal males (XYM), and XX
gonadal males (XXM), and comparisons can be made
between groups to examine effects of sex hormones
(XXF vs. XXM and XYF vs. XYM) or the effects of
sex chromosomes independent of the organizational and
activational effects of gonadal hormones (XXF vs. XYF
and XXM vs. XYM) on behavioral development. Investigations of these mice (who are typically gonadectomized
prior to testing) have revealed that genes on the sex
chromosomes other than Sry are responsible for variation
in the response to thermal and chemical nociceptive
stimuli (Gioiosa et al., 2008), learning of addictive
habits (Quinn, Hitchcott, Umeda, Arnold, & Taylor,
2007), social interactions (McPhie-Lalmansingh, Tejada,
Weaver, & Rissman, 2008), aggression and parental
behavior (Gatewood et al., 2006). Interestingly, these
effects appear to be highly specific as no effects of sex
chromosome complement on other behaviors including
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olfactory and anxiety-like behavior have been found
(Arnold, 2009). Within the brain, sex chromosome
complement has also been shown to modulate the density
of vasopressin fibers in the lateral septum (Gatewood
et al., 2006) and the expression of tyrosine hydroxylase
positive neurons in the embryonic mesencephalon
(Carruth, Reisert, & Arnold, 2002). Interestingly, differences in the brain expression of several genes including
those encoding histone demethylases and ubiquitin
enzymes between XX and XY mice are also independent
of their gonadal sex, suggesting that altered brain
development through epigenetic processes may be related
to the inheritance of sex chromosomes (Xu, Deng,
Watkins, & Disteche, 2008; Xu, Taya, Kaibuchi, &
Arnold, 2005). Recently, it has been shown that mRNA
expression of the prodynorphin gene, which encodes the
dynorphin precursor molecule, is X-linked and shows a
higher expression in the striatum of XX versus XY
individuals (Chen, Grisham, & Arnold, 2009). This is
found regardless of sex or circulating gonadal hormones
suggesting that the X chromosome may indirectly
influence adult dopaminergic functioning. Evidence that
the Y chromosomes may also regulate adult dopaminergic
functioning has also been recently provided by the finding
that Sry is actually expressed in TH positive neurons of the
substantia nigra (Dewing et al., 2006).
Several other transgenic mice have also been created to
study sex chromosome effects, although each has their
own limitations. One example is the SF1 mutant mouse
that contains a deletion in the steroidogenic factor 1 gene
meaning that they do not develop gonads or adrenal
glands. These mice can only survive following neonatal
glucocorticoid treatment and adrenal tissue implantation
but allow the behavioral effects of sex chromosomes (XX
vs. XY) to be investigated in mice that lack any variation
in gonadal hormones (Budefeld, Grgurevic, Tobet, &
Majdic, 2008). These mice demonstrate gonadal-independent sex chromosome effects on the expression of
nitric oxide synthase in the preoptic area and calbindin in
the ventromedial hypothalamus, but no sex differences
were found in aggressive behavior (Grgurevic, Budefeld,
Rissman, Tobet, & Majdic, 2008). The YPOS mouse is
produced by backcrossing males of the poschiavinus
substrain onto a C57BL background (Eicher, Washburn,
Whitney, & Morrow, 1982). After repeatedly mating male
offspring with C57BL females it was found that there
was a significantly high proportion of females being
produced, which were eventually determined to be genetic
males that actually possessed ovarian tissue. This outcome appears to be related to a difference in levels of
expression of the Sry gene between the two substrains,
meaning that gonadal development is not completed in
some XY individuals such that they become female.
Comparing these XY gonadal females with XX gonadal
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females indicates the presence of the Y chromosome
significantly improved spatial abilities but did not
influence anxiety-like or mating behavior (Canastar,
Maxson, & Bishop, 2008; Stavnezer & Schrader, 2006).
In another mouse model, a small region of the
Y chromosome containing seven genes including Sry
(the Sxr locus) is duplicated and can be translocated onto
the X chromosome during meiosis in males. XX gonadal
males that possess this extra region were found to be
significantly better at retrieving pups and exhibited
reduced infanticide in a test of paternal behavior
compared to XY gonadal males, though they were still
poorer at retrieving than XX females (Reisert et al., 2002).
This suggests that genes on the Y chromosome may
inhibit parental care, which has been confirmed by the
finding that XYF mice were slower to retrieve pups than
XXF mice in a similar test of parental behavior (Gatewood
et al., 2006).
The contribution of genes expressed on the sex
chromosome to behavioral phenotypes can also be
investigated using mice with an adjusted number of sex
chromosomes. For instance, XO females show increased
anxiety-like behavior (Isles, Davies, Burrmann, Burgoyne, & Wilkinson, 2004) and deficits in visual attention
(Davies, Humby, Isles, Burgoyne, & Wilkinson, 2007)
compared to XX females and this effect appears to be
related to X-linked genes that escape inactivation in the
former and haplo-insufficiency of the PAR in the latter.
Interestingly, a putatively maternally expressed gene (see
genomic imprinting section later) on the X chromosome,
Xlr3b, has also been revealed from studies of XO mice.
Analysis of embryonic gene expression in the brain
identified this gene as being differentially up-regulated in
mice that received their X chromosome from the mother
only. Although the function of this gene is currently
unknown it is suggested that it may be partially
responsible for the behavioral differences in attentional
functioning observed in Turner’s syndrome females
dependent upon the parent-of-origin of the X chromosome (Skuse et al., 1997), as XO mice with a maternal
X were found to be less flexible during trials of reversal
learning than XO mice with an X chromosome of paternal
origin (Davies et al., 2005). XYY males that possess
two copies of the Y chromosome but only one copy of
the Sry gene demonstrate improved sexual behavior
compared to XY males, whereas XXY males are
significantly poorer at both sexual behavior and learning
in a simple tone-food conditioning task compared to XY
males (Lue et al., 2005; Park et al., 2008). Taken together,
these various mouse models provide overwhelming
evidence for the roles of individual genes on the X, YPAR,
and YNPAR in the development of sex differences in
behavior independent of the organizational effects of
gonadal hormones.
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MITOCHONDRIAL DNA
In addition to DNA contained within the nucleosome,
almost all eukaryotes possess DNA in mitochondria, a
vestige of these organelles’ proteobacteria ancestry.
Within most animals this mitochondrial DNA (mtDNA)
is double stranded, between 15 and 20 kb long, circular,
intron-less, and contains typically 37 genes that encode
ribosomal RNAs, transfer RNAs and subunits of the
oxidative phosphorlyation pathway which are required for
the regulation of energy metabolism. Across different cell
types there is great variation in mtDNA copy number, with
somatic cells typically containing up to 4,000 copies
whereas maternal oocytes may contain as many as
200,000 and sperm as few as 100 (White, Wolff, Pierson,
& Gemmell, 2008). This disparity in number between
mtDNA of maternal and paternal origin coupled with the
fact that during the formation of the inner cell mass in
embryogenesis there is a ‘‘mitochondrial bottleneck’’
where the total number of copies of mtDNA may be
reduced to only 100 or so led to the acceptance that
mtDNA is exclusively maternally inherited. This dramatic
reduction in mtDNA number during embryogenesis
followed by the rapid expansion during oogenesis dictates
that only a very small subset of maternal mtDNAs will be
passed on to future generations (White et al., 2008).
Moreover, in several species there appears to be specific
nuclear encoded proteins within maternal oocytes that
identify and remove ubiquitin-labeled mtDNA of paternal
origin from progressing beyond the early pronucleus stage
thus ensuring a matrilineal inheritance (Kaneda et al.,
1995; Shitara, Hayashi, Takahama, Kaneda, & Yonekawa,
1998; Sutovsky et al., 2000). However, more recently
there have been reports that occasionally some mtDNA
of paternal origin is transmitted to offspring which is
known as ‘‘paternal leakage’’ (Wolff & Gemmell, 2008).
Currently, this has only been described in a few species so
much is yet to be understood as to its overall significance
and frequency of occurrence among mammals.
There are several studies indicating that genomic
variation in these 37 mitochondrial genes play a
role in regulating brain function, including brain size
(Roubertoux et al., 2003), neuro-protection from ageing
of dopaminergic neurons in the substantia nigra (Bender
et al., 2006; Kraytsberg et al., 2006), synaptic transmission (Billups & Forsythe, 2002) and calcium signaling
in hippocampal neurons (Kubota et al., 2006). Moreover,
as mitochondria play a crucial role in regulating apoptotic
and metabolic pathways in neurons, where mitochondria
copy number is especially high, it is not surprising that
polymorphic variation in mtDNA has been associated
with the increased likelihood of developing various
psychiatric disorders (Shao et al., 2008) including
Alzheimer’s disease (Elson et al., 2006), schizophrenia
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(Martorell et al., 2006), bipolar disorder (Rollins et al.,
2009), autism (Weissman et al., 2008), and Parkinson’s
disease (Bender et al., 2006) as well as variations in
human personality traits (Kato et al., 2004) and cognitive
ability (Byrne et al., 2009; Thomas, Miller, & MascieTaylor, 1998).
The involvement of mtDNA in the regulation of
behavior has also been investigated in animal models.
One approach has been to produce reciprocal F1 mice
from two inbred strains and then to backcross the female
offspring to the paternal strain, and to repeat this
backcrossing for at least 30 generations. This breeding
strategy eventually creates mice that are identical to their
paternal progenitor strain with respect to nuclear genes but
contain the mtDNA of their maternal progenitor strain
(Roubertoux et al., 2003). One such study using NZB and
CBA mouse strains found that the cognitive and learning
performance of mice resembled that typically exhibited
by the strain-of-origin of their mtDNA, an effect that was
more pronounced as the mice aged (Roubertoux et al.,
2003). The effect appears to be highly specific, as no
differences were observed between mice that differed
only in the origin of their mtDNA with respect to anxietylike behavior, aggression or maternal care, and mixed
results were found with exploratory behavior. Using the
same breeding strategy, alterations in physical activity and
hearing abilities have also been ascribed to the maternal
origin of mtDNA (Johnson, Zheng, Bykhovskaya,
Spirina, & Fischel-Ghodsian, 2001; Nagao et al., 1998).
In a separate study using a similar breeding design,
C57BL male mice were bred with females from 12
different strains and 4 subspecies of mice who all
contained polymorphic variation in their mtDNA. With
successive backcrossing of female offspring with C57BL
males, eventually 16 separate mtDNA variants were
produced all of which were identical with respect to their
nuclear genome (Yu et al., 2009). A phenotypical analysis
of these conplastic strains found that mtDNA variation, in
particular of the ATP-ase subunit-8 gene, contributed
significantly to variation in anxiety-related behavior as
well as alterations in corticosterone release and monoamine activation following repeated social defeat stress
(Gimsa, Kanitz, Otten, & Ibrahim, 2009). These studies
are supportive of a maternal inheritance of behavior
related to mtDNA inheritance, although the possibility
that they may be due to other maternally inherited
cytoplasmic factors cannot be completely eliminated.
A second approach to study the role of mtDNA in
behavior has been to create transgenic mice with altered
mtDNA functioning. For instance, mice that possess a
neural-specific mutated copy of mtDNA polymerase gene
are unable to repair mtDNA mutations, meaning that
nonfunctional mtDNA accumulates with increasing age
(Kasahara et al., 2006). Although these mice do not
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display altered learning behavior, they do exhibit an
altered startle response, depressed locomotor activity,
disruption of circadian rhythmicity and hormonal cycling
and antidepressant-induced hyperactivity as well as
altered concentrations of brain monoamines (Kasahara,
Kubota, Miyauchi, Ishiwata, & Kato, 2008; Kasahara
et al., 2006). Interestingly, another transgenic mouse that
expresses a high proportion of nonfunctional mtDNA
exhibits deficits in spatial memory as well as deafness
(Nakada et al., 2006; Tanaka et al., 2008). One further
example is the xenomitochondrial mouse, in which
mtDNA from closely related Mus species is inserted into
embryonic stem cells of Mus musculus. The resulting
female chimeric mice are able to successfully transmit the
adopted foreign mtDNA to their offspring in a minority of
cases, enabling the production of lineages that carry
mtDNA from different species (McKenzie, Chiotis,
Pinkert, & Trounce, 2003). Although these mice have
yet to be behaviorally screened, it has already been shown
that they have altered metabolic functioning (McKenzie
et al., 2003; Pinkert & Trounce, 2007). Thus, it appears
from the available animal and human data that maternally
inherited variations in the sequence of mtDNA can lead to
altered brain development and behavior, and that there is
also good evidence that with increasing age disruptions to
the mtDNA accumulates and can account for changes in
neural functioning and behavior.

GENOMIC IMPRINTING
For the vast majority of autosomal nuclear genes, both the
mother and father pass on functionally active copies to
their offspring. This is not the case for a subset of
mammalian genes (approximately 80–100 depending
upon species) whereby one parent actively silences their
own gene meaning that there is a parent-of-origin specific
monoallelic expression of the gene in the offspring
(Keverne, Fundele, Narasimha, Barton, & Surani, 1996).
Significantly, the expression of these imprinted genes is
not dependent upon the sex of the individual inheriting the
gene, but on the sex of the individual passing on the gene.
Thus a paternally expressed gene is silenced when passed
through a mother to both her sons and daughters (the copy
being inherited from the father is active) and will only
become active again in the grandchildren of her sons but
not of her daughters. This process, known as genomic
imprinting, is achieved mechanistically through the
establishment of epigenetic marks (typically involving
DNA methylation, chromatin modifications, and noncoding RNAs) of chromosomal control regions adjacent
to these genes (imprinting control centers) during
gametogenesis, which are then maintained through
somatic development (Reik, Dean, & Walter, 2001).
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This parent-of-origin specific gene expression was
discovered in the early 1980s when it was established that
mammalian embryos that consisted exclusively of either
two paternal haploid (androgenetic—AG) genomes or
two maternal haploid (parthenogenetic—PG) genomes
were not viable (Barton, Surani, & Norris, 1984; McGrath
& Solter, 1984). However, chimeric mice that contain both
wild-type cells and either PG or AG cells are viable and
show differential patterns of brain development (Allen
et al., 1995). Using a lacZ reporter gene, it was observed
that PG cells were preferentially located in the developing
neocortex, striatum, hippocampus, and olfactory receptor
neurons but from very early stages of embryonic
development (E9) they were absent from the basal
forebrain plate and continued to be absent from limbic
areas of the brain postnatally. Conversely, AG cells were
located preferentially in the mediobasal forebrain but
were almost completely missing from telencephalic
structures. Consequently, chimeras with PG cells have
enlarged brains whereas those with PG cells have small
brains relative to body size. This distribution of cells
suggests that imprinted genes that are expressed when
inherited from the mother are involved in cognitive
processes, whereas those that are expressed when
inherited from the father are involved in behaviors
regulated by the hypothalamus and limbic system.
Behaviorally, PG mice were observed to have elevated
levels of inter-male aggression compared to wild-type
mice and this increase was correlated with the percentage
of PG cells present in the chimeras (Allen et al., 1995).
Further evidence for a strong role of these genes in
brain and behavioral development comes from analysis of
their expression patterns. Approximately 90% of all
imprinted genes have been found to be expressed in the
brain, although the exact spatio-temporal patterning of
this expression has yet to be elucidated for most of these
genes (Davies, Lynn, Relkovic, & Wilkinson, 2008;
Wilkinson, Davies, & Isles, 2007). Nevertheless, for a
small subset of imprinted genes, a thorough behavioral
and neural analysis has been possible utilizing transgenic
mice with targeted mutations (see Tab. 1). From these
studies, there appears to be converging evidence that
paternally expressed genes do indeed contribute to the
development of the brain and in particular of the
hypothalamus and also to physiological processes and
behaviors that are coordinated by this brain region. This
was predicted by the early AG chimera work, but
interestingly paternally expressed genes appear to achieve
this despite encoding gene products with distinct cellular
functions. Furthermore, the transcriptional activation of
both maternally and paternally expressed genes is not
confined to the areas suggested from chimeric work and
indeed both types of imprinted gene appear to be
important in the regulation of cognitive behaviors (Davies
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et al., 2008). Continued investigation of the brain
expression and behavioral phenotypes associated with
other imprinted genes is required in order to shed light on
why genes involved in neural development have come to
utilize this unique form of gene regulation. This work will
also help in our understanding of several psychiatric
disorders that demonstrate either complete or partial
parent-of-origin inheritance such as Prader–Willi
and Angelmann syndromes, Silver–Russell syndrome,
schizophrenia, autism, and bipolar disorder (Davies et al.,
2008; Wilkinson et al., 2007).

ENVIRONMENTALLY INDUCED
GERMLINE EFFECTS
Evidence for the Nongenomic Transmission of
Environmentally Induced Phenotypes through
the Germline
Historically there has been little support for the Lamarckian notion that environmental influences experienced by a
parent during their own lifetime (prior to mating) have the
potential to influence the development of future offspring
via germline inherited factors. More recent work has
provided several strands of evidence suggesting that this
type of inheritance can and does indeed occur. There is
increasing human data demonstrating that the lifestyles of
fathers (e.g., smoking, alcohol intake) before birth is
directly related to several indices of behavioral development in children even after accounting for postnatal
factors (Savitz, Schwingl, & Keels, 1991; Tarter, Jacob, &
Bremer, 1989). There is even evidence that the experiences of grandparents may be important as the early
growth rates of grandfathers and grandmothers are
associated with the risk of grandsons and granddaughters
respectively developing metabolic disorders (Kaati,
Bygren, Pembrey, & Sjostrom, 2007; Pembrey et al.,
2006). This has also been predicted by evolutionary
biologists, who posit that it would be adaptive for
individuals to develop according to their likely future
environment from signals received from their parents
(Bonduriansky & Head, 2007; Uller, 2008). In mammals,
there are many examples of how variations in the
environment (e.g., diet, stress) experienced by one
generation can be passed down to future generations via
the matriline (Jablonka & Raz, 2009). There are many
possible routes of transmission through which such
observed effects occur. For instance, changes in the in
utero environment or postnatal care may induce long-term
changes in physiology and behavior, which are perpetuated each generation or the observed phenotypic
inheritance may also be encoded in the germline
(Champagne & Curley, 2009). However, for the males
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Behavioral Phenotypes of Mice Lacking a Functional Copy of Various Imprinted Genes

Gene

Gene Function

Paternally expressed
Peg3
Zinc finger protein
transcription factor;
apoptosis

Peg1/Mest
Magel2

Gnasxl
Sgce

Putative = hydrolase
enzyme
Belongs to MAGE/
necdin family of
proteins; cell-cycle
regulation and
apoptosis

Subunit of the
G-protein Ga
Trans-membrane
glycoprotein

mbii52

snoRNA

Ndn

MAGE/necdin protein
family, cell-cycle
regulation and
apoptosis

Ras-GRF1

Nucleotide exchange
factor

Maternally expressed
Nesp55
Neuro-endocrine
secretory protein 55
Ube3a
E6-AP ubiquitin ligase
involved in
regulating apoptosis
by promoting p53
degradation

Characteristics of Gene Knockout Mice

Refs.

Reduced oxytocin neurons and receptor
binding; altered hypothalamic mRNA
expression of orexin, NPY, POMC and
MCH; deficits in maternal and sexual
behavior, olfaction, feeding, pup
suckling, energy metabolism, puberty
onset, circadian rhythms and
anxiety-like behavior.
Females show deficits in pup retrieval,
nest building and placentophagia.
Altered circadian activity, feeding, olfaction,
metabolism, and anxiety-like behavior;
infanticide, delayed puberty onset and
impaired male reproductive behavior;
reduced brain volume; decreased levels
of serotonin and 5-hydroxyindoleacetic
acid, and decreased dopamine and orexin
Pups have suckling deficits

Curley, Barton, Surani, and Keverne
(2004), Curley et al. (2005),
Champagne, Curley, Swaney, Hasen,
and Keverne (2009), Li et al. (1999),
Swaney, Curley, Champagne, and
Keverne (2007, 2008), Broad, Curley,
and Keverne (2009)

Deficits in motor activity, elevated
anxiety-like and depressive-like
behavior, higher levels of dopamine
metabolites and lower levels of
serotonin metabolites
Increased editing of the serotonin 5HT2C
receptor pre-RNA and disruptions to
5HT2C receptor-mediated behaviors
(impulsive responding, reactivity to
palatable foodstuffs and locomotor
activity)
Differential survival of forebrain GABA
neurons and hypothalamic oxytocin
and gonadotropin-releasing hormone
neurons; increased skin picking behavior
and increased spatial memory and pain
tolerance
Deficits in long-term potentiation, and
contextual fear memory (though
monoallelic expression of the gene
may be confined to the preweaning phase
only, as adults show biallelic expression)

Lefebvre, Viville, Barton, Ishino,
and Surani (1997)
Kozlov et al. (2007), Bischof, Stewart, and
Wevrick (2007), Mercer et al. (2009),
Mercer and Wevrick (2009)

Plagge et al. (2004)
Yokoi, Dang, Li, and Li (2006)

Doe et al. (2009)

Andrieu et al. (2006), Kuwajima,
Nishimura, and Yoshikawa (2006),
Muscatelli et al. (2000)

Arai, Li, Hartley, and Feig (2009), Drake,
Park, Shirali, Cleland, and Soloway
(2009), Fernandez-Medarde et al.
(2007), Giese et al. (2001)

Altered reactivity to a novel environment

Plagge et al. (2005)

Impairments in spatial and
context-dependent learning, long-term
potentiation, the neurodevelopment
of motor skills and fluid consumption
behavior as well as being prone
to seizures

Heck, Zhao, Roy, LeDoux, and Reiter
(2008), Jiang et al. (1998), Miura
et al. (2002)
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of the majority of mammalian species, who do not provide
any further investment to offspring following mating,
their only opportunity to pass on information regarding
the environment may be through germ cells (Bonduriansky & Head, 2007). Therefore while it is methodologically very challenging to determine if an environmentally
induced trans-generational inheritance of phenotype
down the matriline is actually encoded within the
germline, the demonstration of such a phenotypic transmission down the patriline is more conclusive of an
inherited germline effect. For this reason, in this section
we shall primarily concentrate on data demonstrating
paternal nongenomic inheritance of phenotype and
describe potential epigenetic mechanisms through which
this may operate.
The first approach to studying paternal germline effects
has been to manipulate directly some aspect of the male’s
environment such that phenotypic variation is induced,
and to then observe if these effects or other novel effects
are transmitted to his offspring. Some of the best evidence
for such paternal transmission comes from work that has
directly mirrored the findings from the human literature
that paternal alcohol and drug exposure can plastically
shape offspring development. For instance, rat and mouse
offspring sired by alcohol-exposed males show reduced
litter size, reduced birth weight, developmental retardation, increased mortality, compromised immunity and a
host of behavioral abnormalities including impaired
discrimination on spatial tasks and altered aggressive,
risk-taking and anxiety-like behavior (Abel, 2004; Ledig
et al., 1998; Meek, Myren, Sturm, & Burau, 2007;
Wozniak, Cicero, Kettinger, & Meyer, 1991). Further
evidence for paternal transmission comes from findings
that cocaine-exposed fathers sire offspring that perform
poorly on tests of visuo-spatial attention, spatial working
memory and spontaneous alternation and have a reduced
cerebral volume (Abel, Moore, Waselewsky, Zajac, &
Russell, 1989; He, Lidow, & Lidow, 2006). Similar effects
on offspring development and behavior have been
reported for fathers exposed to various other drugs and
toxins including opiates, cyclophosphamide, ethylene
dibromide, lead and other miscellaneous chemicals with
some of these effects being transmitted to second and third
generations (Hales & Robaire, 2001). It should be noted
though that the strength of these effects are dependent
upon the duration and dosage of exposure as well as
species and offspring sex. Moreover, these effects are
sensitive to the time at which the paternal exposure
commenced and was completed although the majority of
studies exposed postweaning animals.
A class of pharmacological agents that have been
shown to induce phenotypic changes in offspring through
the patriline are endocrine disruptors and in particular
the anti-androgenic compound vinclozolin. Significantly,
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these effects are sensitive to the time of exposure, with
exposure having to occur in males during a small window
in late embryogenesis. Males who are born to vinclozolin
exposed late-gestation dams have been shown to have
an increased risk of tumor formation, kidney disease,
immune abnormalities and infertility, all of which
were transmitted through the male germline across four
subsequent generations (Anway, Cupp, Uzumcu, &
Skinner, 2005; Anway & Skinner, 2008). Interestingly,
it has also been reported that for up to three generations
postexposure the gene expression of nearly 400 genes
were altered in the hippocampus and amygdala of male
offspring whereas in female offspring the expression of
nearly 1,500 genes was changed (Skinner, Anway,
Savenkova, Gore, & Crews, 2008). These genes were
predominantly those involved in the regulation of axon
guidance and long-term potentiation and could thus alter
brain development. Significantly, the behavior of these
mice was also altered with females and males showing
elevated and decreased anxiety-like behavior respectively. These phenotypic alterations have been observed
for as many as four generations, indicating that these
effects must have been incorporated into the germline
(Anway, Rekow, & Skinner, 2008). As F0 pregnant dams
were exposed to the vinclozolin, not only were their F1
male offspring exposed but so were the developing germ
cells of their F2 grand-offspring within their offspring.
Therefore, as F3 individuals also inherited phenotypic
changes and were not directly exposed to the endocrine
disruptor it can be said that the effect is truly a transgenerational epigenetic inheritance (i.e., one that has been
incorporated into the germline).
Few studies have addressed whether altering a male’s
physical or social environment can lead to differential
developmental outcomes in his offspring. One early study
that did find such an effect reported that males who were
housed in small cages for 8 weeks before mating (and
consequently experienced a decreased oxygen and
increased carbon dioxide composition relative to those
males in standard cages) had female offspring who
consistently had elevated blood hemoglobin levels
(Kahn, 1970). In rats, male offspring born to pregnant
dams who are exposed to chronic levels of dexamethasone
suffer various metabolic and stress-related insults, and
significantly when they are mated with control dams their
offspring also demonstrate reduced birth weight, glucose
intolerance and altered hepatic enzyme activity (Drake,
Walker, & Seckl, 2005). Although this study artificially
manipulated the levels of glucocorticoids in pregnant F0
dams, similar increases in these steroids are observed
during studies of prenatal stress. Differences in male diet
in the period before mating have also been associated with
altered offspring outcome. For instance, males that
undergo a 24 hr complete fast 2 weeks before mating
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have offspring with reduced serum glucose and altered
levels of corticosterone and IGF1 (Anderson et al., 2006).
Males who eat a diet consisting of betel nuts (which
contain nitrosamines) prior to mating also have offspring
that develop diabetes and metabolic syndrome; a
phenotype which can be passed for at least three
generations down the patriline (Boucher, Ewen, &
Stowers, 1994). Similarly, F1 sons of female mice that
are 50% calorically restricted during late gestation but fed
ad libitum throughout their own life develop metabolic
syndrome and indeed their own F2 offspring also exhibit
impaired glucose tolerance (Jimenez-Chillaron et al.,
2009). Mechanistically, this may be achieved through
altered epigenetic regulation of genes regulating metabolic pathways (notably F2 males have reduced expression in epididymal fat tissues of the paternally expressed
Pref1 gene which is an inhibitor of adipogenesis, though
there was no change to the DNA methylation of its
promoter). However, there may also be an additive effect
of the increased adiposity during adulthood of F1 males
affecting spermatogenesis. Interestingly, in another study,
when the fertilized eggs of adult females born to calorically restricted dams were embryo transferred to control
dams, the inheritance of metabolic syndrome was still
observed suggesting that this transmission may occur via
alterations in the germline of both parents (Thamotharan
et al., 2007). Therefore, while not altering behavioral
phenotypes per se these metabolic studies are illustrative
that alterations to the physical environment are able to
exert trans-generational effects via the paternal lineage.
A second approach to demonstrating paternal effects
is to examine the behavioral development of offspring
sired by isogenic males who exhibit natural individual
variations in some aspects of their phenotype. One
example of this is animal studies that have tested the
effect of paternal age on altered offspring development.
Rat offspring born to males aged over 22 months are
significantly poorer at acquiring a conditioned avoidance
response compared to offspring sired by younger males
although no differences in anxiety-like behavior are
observed (Auroux, 1983). In mice, male and female
offspring born to sires who are over 120 weeks of
age are found to have reduced longevity, diminished
reproductive success, retarded sensorimotor development, inhibited adult spontaneous activity and impaired
passive-avoidance learning compared to mice born to
younger sires (Garcia-Palomares, Navarro, et al., 2009;
Garcia-Palomares, Pertusa, et al., 2009). Interestingly, the
spontaneous activity of both sexes and the learning
capacity of males have also been found to be higher
in offspring born to adult mouse sires (12–16 weeks)
compared to postpubertal sires (6 weeks) (Auroux,
Nawar, Naguib, Baud, & Lapaquellerie, 1998). This is
suggestive of an inverted U-shaped relationship between
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paternal age and offspring quality, a phenomenon that has
been corroborated by studies investigating the relationship between paternal age and outcomes such as
intelligence and neural tube defects in human populations
(Auroux et al., 2009; Auroux et al., 1989; Malaspina et al.,
2005; McIntosh, Olshan, & Baird, 1995).
Another experimental method is to prescreen genetically identical male mice for differences in phenotype
and then to see if these differences are inherited by their
offspring. The underlying assumption to this approach is
that the phenotypic variation is likely caused by variations
in the epigenetic regulation of gene expression between
sires that is then transmitted to offspring via the germline.
In one such study, Balb/c male mice were screened prior to
mating for their emotional reactivity in an open-field test
and it was subsequently found that their female offspring
had behavioral differences in the same test as well as
altered hippocampal volumes that significantly correlated
with the behavioral differences of their fathers (Alter
et al., 2009). This association between the behavior of
daughters and fathers still holds true even after accounting
for multiple potential mediators including maternal care,
litter characteristics and the length of time the father was
present with the mother during mating. This is a very
important set of controls because an often overlooked
component to all paternal effect studies is that they may
actually be indirectly mediated via the mother. For
instance, if females perceive differences in the phenotypic
quality of males (which may be induced by exposure to
drugs, vary with age or just naturally occur), then they may
differentially invest resources (either prenatally or postnatally including changes in maternal care) into their
offspring dependent upon their own reproductive life
history. Evolutionary biologists refer to this theoretical
maternal adjustment in relation to male quality as
the differential allocation or compensation hypotheses
(Burley, 1988; Gowaty et al., 2007). There are several
experimental tests of these hypotheses including in house
mice where, for instance, individuals show differences in
fitness and behavior if they are the offspring of females
who mated with sires that they preferred or did not prefer
in a mate choice test (Drickamer, Gowaty, & Holmes,
2000). What will be required for future studies to
conclusively demonstrate that paternal effects on behavior
are not indirectly mediated via the mother will be to
conduct in vitro fertilization and embryo transfer using
sperm from males in each of the above studies.

Potential Mechanisms for the Nongenomic
Transmission of Environmentally Induced
Phenotypes through the Germline
The epigenetic state of the genome undergoes extensive
reprogramming (active and passive demethylation as well
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as reorganization of histone modifications) between
generations, both in the gametes of each parent and in
the early developing embryo (Reik et al., 2001). These
events then enable cell lineage-specific and sex-specific
placement of methylation marks, and also allow the
erasure of methylation marks that have accumulated
during the lifespan of the parents (see Fig. 1). Together,
epigenetic programming and reprogramming events
during this developmental period ensure the totipotency
of the developing zygote, and favor the notion that
embryonic development begins with an epigenetically
‘‘clean slate’’. However, the incomplete reprogramming
of epigenetic modifications may potentiate the transgenerational inheritance of phenotypes. As discussed
earlier, exposure of F0 gestating rats to the endocrine
disrupter vinclozolin during late gestation (ED 12–15)
increases the incidence of various pathologies in F1
offspring, and these pathologies are transmitted through
the paternal, but not maternal, lineage for up to four
subsequent generations of offspring (Anway et al., 2005;
Anway, Leathers, & Skinner, 2006; Crews et al., 2007;
Skinner et al., 2008). Significantly, this transmission
is associated with altered DNA methylation of several
coding and noncoding gene sequences including
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imprinted genes in the sperm cells of the F2 and F3
generations (Anway et al., 2005; Stouder & PaoloniGiacobino, in press). It is interesting to note that the timing
of de novo methylation during gametogenesis of F1 germ
cells, following the genome-wide erasure of methylation
marks, is sex-specific. In the rodent, demethylation of
these primordial germ cells occurs around ED12 in both
sexes. In the male, remethylation follows shortly thereafter on ED16 and continues until the day of birth. In
females, this process is delayed until oogenesis occurs
during the postnatal period (La Salle et al., 2004). Thus, it
is likely that the timing of environmental experiences will
determine the likelihood of males or females transmitting
epigenetic changes to their offspring.
A second possibility is that environmental exposures
occurring even beyond the period of primordial germ cell
development could lead to heritable changes in the
epigenome of germ cells. For this to occur, environmental
exposures must induce changes in both somatic and
germline tissues and these acquired marks must then avoid
the erasure and reprogramming events that occur during
embryogenesis. With regard to the first issue, there is
ample evidence to suggest that epigenetic changes can
occur in both tissues in tandem. For instance, stochastic

FIGURE 1 Epigenetic modifications undergo reprogramming during two critical phases of the life
cycle. The first is during gametogenesis during which the primordial germ cells (PGCs; which develop
into the mature gametes) are derived from somatic tissue of the developing zygote. PGCs undergo
genome-wide DNA demethylation in the embryo between ED11.5 and ED12.5. Remethylation of the
male primordial germ line begins around ED16 and is complete by the day of birth. In females, the
process of remethylation is both delayed and protracted, with DNA remethylation taking place only
after birth and continuing throughout oocyte development. The second wave of reprogramming occurs
at fertilization during which the paternal genome is actively demethylated. During early cell divisions
the genome of the embryo (except for imprinted genes) undergoes passive DNA demethylation
until blastulation. Following blastulation, de novo DNA methylation occurs shortly before the
differentiation of placental and somatic tissue derivatives. (Figure modified from Morgan, Santos,
Green, Dean, & Reik, 2005).

Developmental Psychobiology

changes (e.g., those that accrue with increasing parental
age) in DNA methylation occur in all tissues including the
gametes and are likely due to copy errors of epigenetic
marks made during cell division (Flanagan et al., 2006;
Fraga et al., 2005; Oakes, Smiraglia, Plass, Trasler, &
Robaire, 2003). Furthermore, it has been shown that
chronic exposures to environmental variables such as
alcohol, induce gene expression and chromatin remodeling and changes in CpG methylation at various genes in
both the brain and periphery (Carlson & Quinn, 2007;
Ouko et al., 2009; Pandey, Ugale, Zhang, Tang, &
Prakash, 2008). Moreover, this exposure has also been
shown to alter the expression of the proteins and enzymes
that regulate the epigenetic machinery of the cells in the
germline. For example, alcohol intake has been shown to
decrease the mRNA levels of DNA-methyltransferases
(DNMTs, the enzymes responsible for DNA methylation)
in the sperm cells of adult male rats leading to
hypomethylation and increased gene expression (Bielawski, Zaher, Svinarich, & Abel, 2002; Ouko et al., 2009)
whereas adult male mice exposed to chronic cocaine
showed reduced DNMT1 and increased DNMT3 mRNA
expression in cells of the seminiferous tubules of the testes
(He et al., 2006).
Even acknowledging therefore that environmental
experiences subsequent to primordial germ cell development could alter the epigenetic status of genes, it remains
to be tested in most instances whether these altered
epigenetic marks are inherited or are erased following
fertilization in the subsequent generation. A key question
of this research, therefore, is identifying genes that are
more likely to transmit their altered epigenomes to their
offspring by either avoiding having their epigenetic marks
from being erased postfertilization or by enabling these
marks to be reestablished. Two particular groups of genes
that have emerged as strong candidates for these
mediators are imprinted genes and retrotransposons. As
discussed earlier in this review, imprinted genes typically
are silenced in a parent-of-origin manner through DNA
methylation. Interestingly, it has been established that the
expression and methylation status of these genes in sperm
can be altered through environmental influences such as
exposure to alcohol in humans (Ouko et al., 2009). Similar
changes have also been observed in the sperm of mice who
were conceived through artificial reproductive technologies and significantly the altered methylation patterns of
particular imprinted genes (Snrpn and H19) were
observed in the sperm of F2 males demonstrating that
these changes had avoided reprogramming and
been trans-generationally inherited (Stouder, Deutsch, &
Paoloni-Giacobino, 2009). Retrotransposable elements
are another group of genes that may be able to retain the
epigenetic marks of their parent, from fertilization
through embryonic development to adulthood (Lane
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et al., 2003). Transposable and retrotransposable elements
comprise approximately 45% of the human genome and
are remnants of ancestral infections that became incorporated into the DNA of the germline. Most transposons and
retrotransposons have accumulated a sufficient number of
mutations to render them functionless. They do, however,
possess functionally competent promoters, which tend to
be silenced by extensive methylation during embryogenesis. Since it is known that specific types of transposons, for instance intracisternal-A particles (IAPs,
a long-terminal repeat retrotransposon) are resistant to
postfertilization demethylation, and that differential
methylation of these regions can result in the transcriptional regulation of neighboring genes, it has been
proposed that stochastic patterns of epigenetic variation
arising within these regions may contribute to heritable
phenotypic variability (Whitelaw & Martin, 2001).
By measuring the stochastic variation in IAP methylation status, that arises even in isogenic littermates, it is
possible to correlate levels of methylation and its resulting
gene product with some observable phenotype. For
instance, an IAP element inserted into the 50 region of
the AxinFu allele (a gene responsible for embryonic axis
formation), when methylated will result in the expression
of aberrant gene transcripts and a kinked-tail phenotype
(Rakyan et al., 2003). Interestingly, methylation status of
the IAP is correlated with the degree of tail kink, and both
phenotype and methylation status can be inherited by
offspring through both maternal and paternal lineages.
Similarly, the insertion of an IAP element into an exon of
the agouti gene (Avy) results in a number of phenotypic
effects including a range of coat color pigmentations. Like
in the AxinFu mouse, the epigenetic state of Avy can be
modified by environmental factors such as diet and is
inherited by offspring (Cropley, Suter, Beckman, &
Martin, 2006; Morgan, Sutherland, Martin, & Whitelaw,
1999). Interestingly, in one study, the epigenetic phenotype was found to be inherited via both 129 and C57B6
mothers regardless of the strain of the father, but only
inherited from fathers (either 129 or C57B6) when the
mother was of the 129 but not the C57B6 strain.
There therefore appears to be strain-specific (and therefore genetic background contributions to) the ability of
egg cells to erase and/or reestablish IAP methylation
marks (Rakyan et al., 2003).
Besides DNA, both sperm cells and oocytes must
transmit various cytoplasmic RNAs (e.g., mRNAs,
siRNAs, piRNAs, and microRNAs) and proteins that are
essential for initiating development following fertilization
(Amanai, Brahmajosyula, & Perry, 2006; Lalancette,
Miller, Li, & Krawetz, 2008). Although sperm RNA
content is much lower than in the oocyte, sperm cells do
transmit much of their RNA to the oocyte at fertilization
(Ostermeier, Miller, Huntriss, Diamond, & Krawetz,
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2004). While many of the RNAs contained in sperm are
degraded during the early phases of embryogenesis, some
RNAs are retained and even play critical roles in oocyte
activation and signaling in the early zygote (Hayashi,
Yang, Christenson, Yanagimachi, & Hecht, 2003).
Interestingly, there is evidence that RNAs carried by
mouse sperm and eggs may epigenetically alter the
phenotype of offspring (Rassoulzadegan et al., 2006;
Wagner et al., 2008). In one study, a reporter cassette was
used to disrupt the Kit gene, which codes for a receptor
tyrosine kinase critical for a number of developmental
processes (Rassoulzadegan et al., 2006). While homozygosity at this locus is lethal, mice that are heterozygotes
have distinctive white pigmentations on their feet and tail
tips. Surprisingly, crosses of the heterozygotes resulted in
an unexpectedly large number of offspring with the white
pigmentations than would be predicted by Mendelian
inheritance. When genotyped, many of the offspring from
these crosses appeared to be genotypically wild type
despite their mutant phenotype, and this ‘‘paramutation’’
could be transmitted through both male and female
lineages. Further, it was shown that these offspring, like
their heterozygote parents, showed decreased levels of Kit
mRNAs and an accumulation of various abnormal RNA
molecules in the testes and mature sperm. This has lead to
the hypothesis that RNAs may be transmitting the
phenotype across generations. Subsequent experiments
showed that injection into fertilized eggs of Kit mRNA
prepared from heterozygotes or microRNAs that induce
the degradation of Kit produced similar phenotypes.
In another study, a microRNA important for brain
development (miR-124) was injected directly into onecell embryos and implanted into pseudopregnant recipient
females. The resulting offspring showed a marked
increase in growth rate, which was detectable from the
blastocyst stage onwards (Grandjean et al., 2009). Further,
injection of a heart-specific microRNA (miR-1) resulted
in offspring with cardiac hypertrophy (Wagner et al.,
2008). In both cases, offspring born to these females
showed developmental and adult up-regulation of a
number of genes known to be targeted by the respective
RNAs and in some cases were associated with chromatin
modification of those genes. Further, these phenotypes
were transmitted via the sperm through the same
mechanisms as the Kit mutant phenotype (Grandjean
et al., 2009; Wagner et al., 2008). It is important to note
that these phenotypes arise through paternal and maternal
lineages, suggesting that the same mechanisms of RNAmediated inheritance occur through the female gametes. It
remains to be seen if similar mechanisms are important in
the transmission of environmentally induced phenotypic
changes. However, given that RNA expression in gametes
can vary as a function of both age (Hamatani et al., 2004)
and lifestyle variables such as smoking (Linschooten

Developmental Psychobiology

et al., 2009), there is the intriguing possibility that RNA
changes that occur in egg and sperm cells following
particular experiences may be transmitted to future
generations and alter development.

CONCLUSION
Unequivocally, mothers and fathers do not contribute
equally to the development of their offspring. Moreover,
this differential influence is also not simply limited to
variations in the amount of parental investment provided
by one sex or another, although in mammals this certainly
does lead to the predominant influence on offspring of
mothers compared to fathers. Instead, there are several
mechanisms through which mothers and fathers are able
to pass on through their germline unique influences on
their offspring. In the case of genetic sequence differences
in mitochondrial DNA which are almost exclusively
inherited via the matriline, the overall contribution to
brain development is likely to be small but nevertheless
significant. Indeed, there is increasing evidence that
mtDNA variation may play an important role in the
development of cognitive capacity and several mental
disorders. Another source of genetic differences inherited
differentially from parents arises from genes residing on
the sex chromosomes. In particular, our understanding
that genes on the X chromosome and YPAR and YNPAR
(inherited down patrilines) regions of the Y chromosome
can contribute to behavioral sexual differentiation independently of the organizing effects of sex hormones has
advanced greatly. In addition to these inherited genetic
factors, there are also inherited differences in the
epigenetic regulation of genes. This has been explored
most with imprinted genes, whereby certain genes are
silenced when inherited from one parent versus another.
Both maternally and paternally expressed genes have
been shown to play a very significant role in brain
development and behaviors, particularly those that are
regulated by the hypothalamus. Finally, there is an
increasing acceptance and appreciation that the differential epigenetic regulation of other genomic regions such
as retrotransposons may also be inherited through the
germline. These altered epigenomic patterns may arise
through stochastic variation, age-related degradation or
may even be induced by the environmental experiences of
parents. However, much about this inheritance has yet to
be determined. For instance, it is still unknown as to how
many and which type of genomic regions are able to avoid
the erasure of their epigenetic status when inherited,
what time points during an individual’s lifetime their
germline may be susceptible to epigenetic change (e.g.,
primordial germ cell development vs. gametogenesis)
or indeed if there are other mechanisms (e.g., RNA-
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mediated) that may be able to transmit these environmentally induced phenotypes through gametes. In conclusion, these studies show that the transmissible
influence of mothers and fathers to their offspring’s
development is not related simply to the inheritance of
autosomal genetic differences, but that there are many
other routes through which each parent can effect this
process. Moreover, these factors are inherited from
generation to generation, such that offspring development
is not simply a product of the experiences of their parents
but also potentially of their grandparents and even earlier
generations.
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