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a b s t r a c t
Though there are multiple routes through which parents can inﬂuence their offspring, recent studies of
environmentally induced epigenetic variation have highlighted the role of non-genomic pathways. In addition to
the experience-dependent modiﬁcation of DNA methylation that can be achieved via mother–infant interactions,
there has been increasing interest in the epigenetic mechanisms through which paternal inﬂuences on offspring
development can be achieved. Epidemiological and laboratory studies suggest that paternal nutritional and
toxicological exposures as well as paternal age and phenotypic variation can lead to variations in offspring and, in
some cases, grand-offspring development. These ﬁndings suggest a potential epigenetic germline inheritance of
paternal effects. However, it may be important to consider the interplay between maternal and paternal
inﬂuences as well as the experimental dissociation between experience-dependent and germline transmission
when exploring the role of epigenetic variation within the germline as a mediator of these effects. In this review,
we will explore these issues, with a particular focus on the potential role of paternally induced maternal
investment, highlight the literature illustrating the transgenerational impact of paternal experiences, and discuss
the evidence supporting the role of epigenetic mechanisms in maintaining paternal effects both within and across
generations.
© 2010 Elsevier Inc. All rights reserved.
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The study of parental inﬂuences, in both epidemiological and
laboratory contexts, suggests that there are diverse pathways though
which parents can shape their offspring's development. In mammals, the
intense prenatal and postnatal investment of mothers in the care of their
offspring and the rarity of bi-parental care have directed much of the
research on parental effects to the role of mother–infant interactions in
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promoting survival and adaptive development. However, even among
species in which paternal investment in offspring care is limited, there is
evidence for paternal effects. Within the literature, “paternal effects” on
development can have a variety of meanings. In addition to describing
the inﬂuences of male care-giving in species where bi-parental or
exclusively paternal care is observed (e.g. marmosets, prairie voles,
Peromyscus californicus), this term can also refer to inheritance of genes
through the patriline which exhibit parent-of-origin expression patterns
(i.e. imprinted genes that are expressed exclusively from the father such
as Peg1 & Peg3), or the inﬂuence of genes expressed on the Y
chromosome that can exert effects on male brain and behavioral
development independent of the effects of Sry on hormonally regulated
sexual differentiation. More recently, there has been increased interest in
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exploring the observation that the life-history experiences of males (e.g.,
nutrition, toxin exposure) can inﬂuence the development of both their
male and female offspring. These observations, coupled with advances in
our understanding of the persistence of environmentally induced
epigenetic modiﬁcations, has lead to speculation regarding the germline
transmission of environmental experiences and a re-evaluation of the
concepts inherent in Lamarckian theories of the inheritance of acquired
traits. Though this inheritance system would not be predicted to occur
exclusively in the patriline, the information transmitted via sperm
during the process of fertilization is thought to be limited to genetic/
epigenetic material, whereas the maternal oocyte contributes both
genetic/epigenetic factors and a cellular environment which can regulate
the activity of those factors, thus making it difﬁcult to separate the
unique contribution of maternal epigenetic modiﬁcations. Thus, the
study of environmentally induced paternal germline epigenetic effects is
currently expanding and may provide an explanation for the transgenerational inﬂuence of father's experiences on offspring development.
However, we propose that there are important experimental design
issues that must be considered when exploring the mechanisms of
paternal effects. In particular, it is important to consider the distinction
between effects on a germ cell vs. the primordial germ line, the number
of generations an effect must persist to be considered a germline
transmission, and the possible interplay between maternal and paternal
effects that may moderate or mediate the occurrence of paternal effects.
In this review, we will highlight the studies in humans and animals that
indicate an inheritance of paternal experiences, discuss the theoretical
pathways through which these effects may be achieved, and discuss the
role of epigenetic mechanisms in mediating paternal inﬂuences.
Paternal nutrition: inﬂuences across generations
Large-scale epidemiological studies have established that the diet
and nutritional status of fathers and grandfathers can exert transgenerational effects on the phenotypes of sons and grandsons, with
particular inﬂuences on metabolic functioning. For instance, archival
data indicate that food availability during the pre-pubertal slow
growth phase (8–12 years of age) of grandfathers is associated with
the risk of diabetes and cardiovascular disease as well as mortality in
grandsons but not granddaughters (Kaati et al., 2002; Kaati et al.,
2007; Pembrey et al., 2006). In rodents, changing the quantity or
quality of a male's diet at various developmental time points has also
been found to induce phenotypic changes in male offspring. For
example, males exposed to prenatal dietary restriction (through
reductions in caloric intake of their mother during late gestation),
who are then fed ad libitum throughout the rest of their life, sire
offspring with reduced birth weights and impaired glucose tolerance
compared to fathers who were born to control dams (JimenezChillaron et al., 2009). Restricting the caloric intake of males prior to
mating can also lead to altered metabolic functioning of offspring.
Males exposed to a single 24 hour period of food deprivation 2 weeks
before they were mated were found to have offspring with reduced
serum glucose and altered levels of corticosterone and IGF1 compared
to males who did not fast at this time point (Anderson et al., 2006).
The nutrient composition of food intake may also have consequences
for future generations. For instance, the chewing of betel nuts (which
contain nitrosamines) is very popular across Southeast Asia and
Polynesia, and individuals who do this are known to be at an increased
risk of developing metabolic syndrome (Lin et al., 2008). Interestingly,
it has been recently demonstrated that the duration and quantity of
betel nut intake by males is positively related to the risk of their own
offspring developing metabolic syndrome (Chen et al., 2006).
Signiﬁcantly, this ﬁnding has been conﬁrmed in a mouse study,
with offspring sired by males who were exposed to betel nuts in their
diet prior to mating being at an increased risk for developing
hyperglycemia (Boucher et al., 1994). Moreover, the inheritance of
this phenotype can be transmitted for at least three generations.
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Increased body length and reduced insulin sensitivity have also been
observed among mice born to dams fed a high-fat diet from preconception to the weaning period (Dunn and Bale, 2009) and
offspring and grand-offspring of rat dams fed a low protein diet
during gestation have elevated hypertension, despite both these
generations being fed control diets (Harrison and Langley-Evans,
2009). In both of these studies, the induced phenotypes were
transmissible to the next generation via either the male or female
line. Overall, these studies indicate that dietary effects, achieved
through both quantity and quality of food intake, can induce effects on
male phenotype that may be inherited by subsequent generations.
Exposure to drugs, toxins, and endocrine disruptors
Epidemiological studies have demonstrated that the exposure of
fathers to various drugs, toxins, and other chemicals, such as endocrine
disruptors, before mating is associated with altered behavioral
development in their children, even after accounting for other potential
confounding lifestyle variables. For instance, the early onset of paternal
smoking is related to greater body mass index of sons (Pembrey et al.,
2006), whereas paternal alcoholism is associated with reduced birth
weight in offspring (Little, 1987). Interestingly, children of alcoholic
fathers exhibit hyperactivity and reduced cognitive performance, but
only if the alcoholic father is also their biological father, demonstrating
the potential for these induced effects being preconceptual in nature
(Hegedus et al., 1984; Tarter et al., 1984). Laboratory studies of these
alcohol-induced effects have indicated that exposure of male mice and
rats to alcohol has numerous effects on their offspring, including
reduced litter size, reduced birth weight, developmental retardation,
increased mortality, and compromised immunity as well as behavioral
deﬁcits such as impaired discrimination on spatial tasks and altered
aggressive, risk taking, and anxiety-like behavior (Abel, 2004; Abel and
Tan, 1988; Abel and Bilitzke, 1990; Ledig et al., 1998; Meek et al., 2007;
Wozniak et al., 1991). These effects have been established both with
males who were exposed to alcohol until the time of mating and also
with those males who have had withdrawal periods of various lengths
prior to mating. Likewise, cocaine-exposed fathers sire offspring with
impairments on tests of visuospatial attention, spatial working memory,
and spontaneous alternation and have reduced cerebral volume (Abel et
al., 1989; He et al., 2006). Males exposed to various other drugs and
toxins such as opiates, cyclophosphamide, ethylene dibromide, and lead
have been found to sire offspring with developmental and behavioral
impairments, with these effects in several cases being transmissible via
the male line to second and third generations (Hales and Robaire, 2001).
The severity of these effects is related to the duration and dosage of
drug/toxin exposure as well as the developmental period when paternal
exposure occurred (though in most of these studies, males are exposed
post-weaning). Though there are species differences and sex-speciﬁc
consequences of these effects, overall, these studies provide strong
evidence that the exposure of males to drugs and other toxins can lead
to behavioral changes in offspring, likely via the paternal germline.
Endocrine disruptors, such as the anti-androgenic compound
vinclozolin, are another class of pharmacological agents that can induce
altered development in the offspring of exposed fathers. However, in
contrast to the previous examples, in order for this paternal transmission to occur, males must be exposed within a critical period late in their
own embryogenesis during gonadal sex determination (Anway and
Skinner, 2008). Hence, rat dams who are exposed to vinclozolin during
late gestation, have offspring who are at an increased risk of tumor
formation, kidney disease, immune abnormalities, and infertility,
phenotypes which are observable for at least four subsequent generations through the male line but are not transmissible through the female
line (Anway et al., 2005; Anway et al., 2008; Anway and Skinner, 2008).
Moreover, sex-speciﬁc changes in anxiety-like behavior are observed in
offspring that were separated from the originally exposed dam by as
many as four generations through both the male and female lines

308

J.P. Curley et al. / Hormones and Behavior 59 (2011) 306–314

(Skinner et al., 2008). In addition to these reproductive and behavioral
consequences, male offspring within vinclozolin exposed patrilines are
distinguished from control offspring on measures of mate preference,
with females showing a preference for males from non-exposed
lineages (Crews et al., 2007). Thus, the persistence of these paternal
effects can have a signiﬁcant impact on reproductive success.

were demonstrated in two separate replicates of the study; once
when all males screened for open-ﬁeld behavior were mated, and
again when only males exhibiting extreme open-ﬁeld behavior (high
vs. low exploration) were mated (Alter et al., 2009). This approach
illustrates the transmission of naturally occurring individual differences in male behavior in the absence of any postnatal fatheroffspring interactions.

Developmental consequences of paternal age
Pathways linking paternal variation to offspring development
Though the detrimental effects of parental age on offspring
development have typically focused on the relationship between
increased maternal age and offspring's risk of psychopathology, there
is also signiﬁcant evidence for the inﬂuence of paternal age. Increasing
age of fathers has been found to be related to elevated rates of
schizophrenia (Malaspina et al., 2001), autism (Lundstrom et al., 2010;
Reichenberg et al., 2006), and early onset bipolar disorder (Frans et al.,
2008) in offspring as well as with reduced IQ (Malaspina et al., 2005)
and social functioning in adolescents (Weiser et al., 2008). Furthermore,
very young paternal age (typically under 25) is also associated with
negative outcomes such as decreased IQ (Auroux et al., 2009; Auroux et
al., 1989; Malaspina et al., 2005), higher rates of autism-spectrum
disorder (Lundstrom et al., 2010), and an increased risk of birth defects
(McIntosh et al., 1995), suggesting that there exists an inverted Ushaped relationship between paternal age and offspring health.
Signiﬁcantly, the effects of paternal age reported in these studies are
still found after controlling for potential confounding variables such as
maternal age, social class, parental education, birth order, and birth
weight.
The paternal age effects reported in epidemiological studies have
been further supported by laboratory studies in rodents. In one of the
ﬁrst studies of paternal age effects, rats born to very old fathers
(N22 months) performed poorly on a conditioned avoidance test
compared to rats born to younger males, though no changes in
anxiety-like behavior were found (Auroux, 1983). Similarly, mice born
to old fathers (N120 weeks) exhibited impairments on a passiveavoidance learning test as well as reduced longevity, lower reproductive
success, delayed sensorimotor development, and inhibited adult
spontaneous activity compared to mice born to younger fathers
(Garcia-Palomares et al., 2009a, b). Moreover, male mice born to
relatively old fathers (aged 10 months) were also less social in a socialinteraction test and less exploratory on a hole-board test compared to
males born to younger males (aged 2 months) (Smith et al., 2009).
Consistent with the human data, there is also evidence for an inverted Ushaped curve association between paternal age and offspring development in rodents. For example, the locomotor activity of sons and
daughters and the learning abilities of sons are signiﬁcantly reduced in
mice born to very young fathers (aged 6 weeks) compared to adult
fathers (aged 12–16 weeks) (Auroux et al., 1998).
Inheritance of paternal phenotypic variation
An alternative approach to studying non-genomic paternal
inheritance in animal models is to characterize the phenotype of
genetically identical males before mating and to then examine
whether differences in these traits are inherited by their offspring.
In a rodent study using this approach, virgin male mice of the inbred
Balb/cJ strain were screened for their anxiety-like and exploratory
behavior in the open-ﬁeld test prior to being mated with Balb/cJ
females (Alter et al., 2009). The males were removed from the
pregnant female's cage before parturition and thus did not have any
postnatal contact with their offspring. Analysis indicated that fathers
who were highly exploratory in the open-ﬁeld had daughters who
were also highly exploratory, though this transmission of behavioral
phenotype did not occur between fathers and sons. Moreover, father's
open-ﬁeld scores also predicted the hippocampal and brain weight of
male and female offspring as well as sons' growth rate. These ﬁndings

The emerging evidence supporting the occurrence of paternal effects
in the absence of male parental care raises intriguing questions
regarding the mechanisms driving these effects. Though there has
been particular focus on the potential role of germ cell or germline
epigenetic variation in mediating paternal effects, there are many
experimental design issues that must be overcome to establish the
nature of this generational transmission. Here we will discuss two issues
of particular theoretical and empirical relevance: (I) the interplay
between paternal and maternal effects in shaping offspring development and (II) the determination of experience-dependent vs. germline
effects.
I. Paternal via maternal: The role of male-induced maternal effects
It is well acknowledged in behavioral ecology and evolutionary
biology that individuals make decisions regarding how much parental
care to provide to current offspring dependent upon how costly this
may be to future ﬁtness (Clutton-Brock, 1991). In particular, females
are predicted to dynamically adjust their reproductive investment in
response to prevailing environmental factors, with consequences for
offspring development (Harris and Uller, 2009; Ratikainen and Kokko,
2009). The phenotypic quality of the male that a female mates with
could potentially be one source of environmental variation that is a
highly signiﬁcant predictor for how females should adjust their care
(see Fig. 1). This relationship between mate quality and maternal care
was ﬁrst outlined by the differential allocation hypothesis (DAH),
which stated that females who mate with high quality (typically
attractive) males should increase their investment in offspring if the
cost of reproducing is high (Burley, 1988; Sheldon, 2000). An
alternative or variant to DAH is the compensation hypothesis,
whereby females paired with unattractive or non-preferred males
would increase investment to counteract the disadvantages that their
offspring may inherit from their father (Gowaty et al., 2007; Gowaty,
2008). Reproductive compensation is especially likely in stressful
environments where low genetic quality males are at a large
disadvantage compared to high genetic quality males, and in mating
systems with low reproductive skew, where even low quality males
will be able to reproduce (Gowaty et al., 2007). These hypotheses
have been tested across a wide variety of taxa with support for both
hypotheses being reported (Harris and Uller, 2009; Ratikainen and
Kokko, 2009; Sheldon, 2000). For example, when mated with males
sporting red leg bands (i.e. artiﬁcially made more attractive), female
zebra ﬁnches laid heavier eggs, had offspring that spent more time
begging, and had faster growth rates than offspring of females who
were paired randomly with males sporting green leg bands (i.e.
artiﬁcially made unattractive) (Gilbert et al., 2006). In contrast,
another study reported increased egg volumes and elevated yolk
carotenoids and testosterone levels when female zebra ﬁnches were
paired with less attractive males (Bolund et al., 2009). Likewise, young
female mallards increased their egg volume when mated with highly
attractive males (Cunningham and Russell, 2000), but older females
increase their egg volume when mated with less attractive males
(Bluhm and Gowaty, 2004). The decision to withhold resources or
increase maternal investment may involve an interaction between
mate quality and the reproductive life-history of the female, the
availability of attractive males within a population, or the degree of
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Fig. 1. Illustration of the non-genomic pathways through which paternal effects on offspring development can be achieved. Experiences of males (drugs, nutrition, toxin, age),
particularly those experienced during early development, may lead to epigenetic alterations in the male germline (red circle) which are then transmitted to offspring with
consequences for phenotypic variation. Alternatively, or likely in combination with these direct paternal effects, the experiences of a male prior to mating may lead to changes in
mate quality or preference as assessed by the female at the time of mating. This assessment may then lead to differential prenatal and/or postnatal maternal investment in the
growth and development of offspring generated from this mating with consequences for offspring phenotypic variation. Maternal investment may also vary as a function of
paternally mediated variations in offspring phenotype during both the prenatal and/or postnatal periods. Differential maternal investment as a function of paternal experiences or
offspring traits may serve either to enhance the transmission of paternal exposures or compensate for deﬁcits in functioning that are induced by these environmental experiences.

reproductive skew (Harris and Uller, 2009). It has also been argued
that reproductive compensation is more likely to occur in situations
where females are not allowed to make a free choice with whom to
mate (Gowaty et al., 2007; Harris and Uller, 2009; Sheldon, 2000).
Though studies of male-induced maternal care have been explored
predominantly in birds, there are also several examples of variation in
maternal investment induced by male quality among rodents. In one
study, mate preference was assessed in female house mice with
subsequent mating of these females with preferred or non-preferred
males (Drickamer et al., 2000). When females were mated with a
preferred male, they gave birth to larger litters and offspring were found
to be socially dominant, better nest builders, exhibit more freezing
behavior in a predator-avoidance test, and had decreased mortality
rates compared to the offspring of females who mated with nonpreferred males (Drickamer et al., 2000; Drickamer et al., 2003).
Signiﬁcantly, these paternally driven maternal effects were found when
females were given a free choice to show a preference for or against
individual males.
It is evident that paternally driven maternal effects are an important
consideration when designing experiments that attempt to explore the
transmission of paternal effects. As is apparent in the case of exposure to
endocrine disruptors, female mate choice can be altered by male
environmental exposures, even those exposures occurring in a previous
generation, and this selectivity may also apply to variations in male
nutrition, toxin/drug exposure, and age, with consequences for prenatal
and postnatal maternal investment in offspring (see Fig. 1). Male

phenotype could also have direct effects on the physiology of females
(i.e. increasing hormone levels; Lupo di Prisco et al., 1978) during the
mating period with consequences for offspring development. However,
few studies of paternal effects have considered the potential confounding role of maternal investment. Interestingly, in the Alter et al. (2009)
study, maternal modulation of the paternal transmission of open-ﬁeld
behavior was examined in two ways. Firstly, the postnatal maternal
behavior of dams was recorded and when entered into the regression
model was found not to change the association between fathers' and
daughters' open-ﬁeld scores even though frequency of postnatal
nursing and licking/grooming were also themselves related to offspring
behavior. Secondly, the time that fathers spent cohabiting with females
during their gestational period was assessed. It was determined that
when the male remained with the dam during gestation for a lengthy
period, there was a decreased association between male open-ﬁeld
score and son's open-ﬁeld performance. This ﬁnding is suggestive that in
some cases, maternal effects may override paternal germline effects and
thus may be an important consideration in predicting the magnitude
and direction of paternal effects.
Related to the concept of paternal effects via maternal investment
is the consequence of direct paternal genetic/epigenetic effects on
offspring quality leading to variations in the level of prenatal and
postnatal care the offspring will receive. Offspring are not passive
recipients of maternal care but can actively inﬂuence their own
development. Following implantation, embryonic and maternal
physiology become intricately coordinated and the continued growth
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and development of the embryo/fetus is dependent on the release of
growth factors and hormones from the fetoplacental unit which then
alter maternal respiration, food intake, glucose metabolism, and
prime the maternal brain for the demands of postnatal maternal care
(e.g. lactation and nurturing behaviors) (Brunton and Russell, 2008).
In rodents, it has been demonstrated that during the postnatal period,
offspring traits such as locomotor activity, suckling ability, and
ultrasound production enable pups to regulate the levels of maternal
care they receive from the dam, leading to altered developmental
trajectories (Curley et al., 2010; Wohr et al., 2009). Interestingly, there
is evidence that fathers are able to uniquely adjust the characteristics
of their offspring leading to altered prenatal and postnatal development. Paternally expressed genes (i.e. paternal gene copy is
expressed, maternal gene copy is epigenetically silenced) are highly
expressed in the placenta and are critical to normal growth of the
fetus (Constancia et al., 2004). In addition, paternally expressed genes
such as Peg3 and Gnasxl also regulate postnatal mother–infant
interactions and promote the suckling behavior of pups (Curley et
al., 2004; Plagge et al., 2004) and there is growing evidence for the
susceptibility of these imprinted genes to modiﬁcation in expression
in response to paternal environmental exposures (Dolinoy and Jirtle,
2008). Thus, the inheritance by offspring paternal genetic/epigenetic
variation can have both direct effects on offspring and/or indirect
effects on offspring via maternal investment, subsequently leading to
complex interactions between mothers and offspring with consequences for development.
II. Experience-dependent vs. germline paternal transmission
Another critical issue for the study of paternal effects is regarding
how many generations the transmission of a phenotype should be
observed before it may be considered to be transmitted via the
germline as opposed to being the result of developmental plasticity.
For instance, in the case of pregnant dams who are exposed to some
perturbation (e.g. high-fat diet, endocrine disruptors, ethanol), there
are three generations being exposed to the same environmental
experience. Within the pregnant F0 female, not only are her fetal F1
offspring developing but so too are the F2 generation primordial germ
cells (PGCs) within the F1 fetuses. Thus, to demonstrate that any
induced change in phenotype can be transmitted through the
germline, the phenotype must also be exhibited by the ﬁrst nonexposed generation which would be the F3 generation. Skinner
(2008) has proposed that if such a phenotypic inheritance can be
observed to the F3 generation then this effect can be termed a
transgenerational inheritance, whereas if phenotypic changes are
only observed in the exposed generations then this should be
considered a multigenerational phenotype (Skinner, 2008). For
example, F1 male offspring of F0 rat dams who are exposed
gestationally to chronic levels of dexamethasone exhibit deﬁcits in
metabolic and stress phenotypes as adults, and their own F2 offspring
also show reduced birth weight, glucose intolerance, and altered
hepatic enzyme activity even when they are mated with control
unexposed females (Drake et al., 2005). Signiﬁcantly, however, no
differences were seen in the F3 generation suggesting a multigenerational phenotype but not a transgenerational inheritance. Likewise,
male F1 offspring of F0 rat dams who are fed a low protein diet during
gestation have F2 offspring with raised blood pressure and reduced
nephron numbers, but this phenotype is not observed in the F3
generation (Harrison and Langley-Evans, 2009). In the case of F0
males exposed to environmental experiences postnatally (i.e. outside
of the window of primordial germ cell development), then the ﬁrst
non-exposed generation would be the F2, though relatively few
studies using this methodological approach have thus far examined
whether such induced phenotypes are transmitted to the next
generation. While such a demonstration of the transgenerational
inheritance of phenotypes certainly strengthens the likelihood that

these effects are epigenetic, it should also be noted that the absence of
an observed transmission to a subsequent generation does not
necessarily preclude an initial (F1) germline epigenetic effect
(Drake and Liu, 2010). For instance, it is possible that induced
phenotypes may wane over successive generations due to either the
absence of the initial environmental stimulus or the removal of
acquired epigenetic marks (as described in the next section).
Role of epigenetic mechanisms in the transmission of paternal
effects
In the absence of male parental care or paternally induced maternal
effects, how are the experiences of males able to shape the development
of subsequent generations? One possibility is that de novo mutations in
the DNA sequence of male sperm may be induced by exposures or
increased with age, and that these genetic effects account for the
behavioral changes observed in offspring. In the ﬁeld of developmental
toxicology, there is evidence for an association between male exposure
to various drugs/toxins and an increased occurrence of mutations,
including numerical and structural chromosomal abnormalities, point
mutations, copy number variant (CNV) changes, and duplications/
deletions of microsatellites (Delbes et al., 2010; Hales and Robaire,
2001). Though these mutational events certainly account for some of the
induced phenotypic variation observed in offspring, a key question that
arises from these studies is whether mutations are the only germline
mechanism responsible for this inheritance, or whether other mechanisms may play a role. A commonly acknowledged average baseline
mutational rate frequency in humans of 2.3 × 10−8 per nucleotide per
generation appears to be too low to account for all transgenerational
phenotypic inheritance (Arnheim and Calabrese, 2009; Nachman and
Crowell, 2000), although it should be noted that certain mutational
events (e.g. CNVs) can occur at a much higher frequency than baseline
and that certain sections of the DNA (hotspots) may be particularly
susceptible to de novo mutations (Egan et al., 2007). Interestingly, with
speciﬁc regard to paternal age, the increase in sporadic cases of genetic
disorders is exponential with increasing age of the father despite there
being ambiguous evidence for an exponential increase in the mutational
rate of sperm with increasing paternal age, suggesting that other
mechanisms may be signiﬁcant (Arnheim and Calabrese, 2009; Risch et
al., 1987; Walter et al., 1998). Moreover, a genetic mutation hypothesis
cannot explain the inheritance of male phenotypes to offspring in
genetically identical animals in the absence of exposures (Alter et al.,
2009). Therefore, the possibility that non-genomic factors might
inﬂuence the male germline has been raised, with epigenetic modiﬁcations (e.g. DNA methylation, histone modiﬁcations and non-coding
RNAs) that the mature sperm presents to the oocyte at fertilization,
being strong candidates for being the mediators of these effects (Probst
et al., 2009). To establish the role of epigenetic factors in paternal
transgenerational effects, it must be demonstrated that the environmental experience induces epigenetic modiﬁcation in the germ cells,
and that these effects are transmitted across generations.
In order for environmentally induced or stochastic changes in these
epigenetic modiﬁcations to be faithfully transmitted to offspring they
have to escape two major phases of DNA epigenetic reprogramming
when the epigenome (i.e. genome-wide methylation patterns) are
subjected to extensive demethylation and remethylation. The ﬁrst wave
occurs in the zygote, where the paternal genome is actively demethylated shortly after fertilization and then remethylated just prior to
implantation of the blastocyst (Shi and Wu, 2009). The second wave
occurs during embryogenesis with DNA demethylation occurring in the
PGCs as they migrate down the genital ridge to the early bipotential
gonad. Following sex determination, DNA remethylation occurs in germ
cells in a sex-speciﬁc fashion (Allegrucci et al., 2005). Signiﬁcantly, some
classes of genes within the germline have the unique capacity to retain
their altered methylation states across multiple generations despite
these waves of epigenetic reprogramming during development. In
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particular, retrotransposable elements and imprinted genes appear to
be both sensitive to environmental exposures and capable of retaining
epigenetic marks (Lane et al., 2003).
Retrotransposons comprise approximately 45% of the human
genome and are mostly remnants of ancestral infections that became
ﬁxed in the genome. Over time, most of these sequences have become
silenced by extensive DNA methylation. For example, Intracisteral-A
particle (IAP) elements (a long terminal repeat retrotransposon) that
became incorporated into the genome are resistant to post-fertilization
demethylation and have the capacity to regulate the transcription of
multiple neighboring genes. Further, in mice, variation in IAP methylation status (that may arise stochastically or with diet/toxin exposure)
has been shown to result in heritable phenotypic variation. For example,
an IAP element inserted into the 5′ region of the AxinFu allele (a gene
responsible of 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 highly correlated across tissues (germ and somatic) and with
the degree of tail kink. Both the phenotype and methylation status can
be inherited by offspring through 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 and the propensity to develop obesity (Morgan et
al., 1999). Like in the AxinFu mouse, the epigenetic state of Avy can be
modiﬁed by environmental factors such as diet (methyl supplementation) and environmental toxicants (bisphenol A) and is inherited by
offspring via the maternal line (Cropley et al., 2006; Dolinoy et al., 2007;
Morgan et al., 1999). Interestingly, the epigenetic state of Avy and the
accompanying phenotype can also be paternally transmitted, but this is
dependent upon the genetic strain of the wild-type mother with whom
the male is mated (Rakyan et al., 2003). Females of the C57BL/6 J strain
did not facilitate paternal transmission of the Avy phenotype whereas
females of the 129P4 strain did, suggesting that genetic differences in
maternal cytoplasmic factors may be able to inﬂuence the transmission
of paternal epigenetic modiﬁcations.
The other class of genes that retain a “memory” of their ancestral
epigenetic marks are imprinted genes. These genes are expressed in a
parent-of-origin manner which is achieved through either the maternal
or paternal allele being silenced via epigenetic modiﬁcations (typically
DNA methylation) that have avoided being reprogrammed following
fertilization (Keverne and Curley, 2008). There are approximately 100 of
these genes in both rodents and humans, though a recent study suggests
that many more alleles may show parent-of-origin speciﬁc DNA
methylation proﬁles (Schalkwyk et al., 2010). Interestingly, it has
been established that gene expression and methylation status of
imprinted genes in sperm can be modiﬁed by paternal alcohol exposure
(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 had been transgenerationally inherited (Stouder et al., 2009).
Other environmental exposures have also been found to result in
altered gene expression, DNA methylation, and the activity of enzymes
involved in regulating epigenetic modiﬁcations in both the soma and
germline. For instance, the exposure of gestating rat dams to the
endocrine disruptor, vinclozolin, during PGC development is associated
with altered levels of sperm DNA methylation and subsequent genomewide transcriptome changes in multiple tissues (e.g. testis, brain,
prostate) of offspring for four generations. These effects presumably
arise as a result of differential methylation at imprinted and imprintedlike genes in the male germline (Anway et al., 2005; Stouder and
Paoloni-Giacobino, 2010). Indeed, the gene expression of nearly 400
genes (in male offspring) and 1500 genes (in female offspring) was
altered in the hippocampus and amygdala up to three generations postvinclozolin exposure, demonstrating that many genes can retain an
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imprint or memory of the initial environmental exposure (Skinner et al.,
2008). Signiﬁcantly, affected genes were predominantly those involved
in the regulation of axon guidance and long-term potentiation and could
thus alter brain development and behavior. DNA methylation changes
can also accumulate with increasing paternal age in multiple tissues
including the gametes (Flanagan et al., 2006; Fraga et al., 2005; Oakes et
al., 2003). Further, exposure to drugs such as alcohol and cocaine induce
changes in gene expression that are correlated with the degree of DNA
methylation and chromatin remodeling at multiple gene sequences in
both the brain and periphery (Bielawski et al., 2002; Ouko et al., 2009;
Pandey et al., 2008). Chronic cocaine and alcohol exposure are also
associated with signiﬁcant decreases in the mRNA levels of enzymes
responsible for DNA methylation (DNMTs) in the testes and sperm of
adult male rodents (Bielawski et al., 2002; He et al., 2006; Ouko et al.,
2009). Finally, exposure of male mice to toxins can induce changes in the
epigenome of germ cells. Males subjected to chromium chloride
2 weeks before mating exhibit hypomethylation of the 45 S ribosomal
RNA gene in their sperm, and these males sire offspring with elevated
body weight and thyroxine levels (Cheng et al., 2004), whereas male
mice exposed to steel plant air (comprised of various pollutants) have
hypermethylated DNA in sperm compared to control animals even
following removal from the exposure (Yauk et al., 2008).
In addition to the epigenetic marks of DNA, the germ cells transmit
various cytoplasmic RNAs (which include mRNAs, siRNAs, piRNAs, and
miRNAs) that are essential for post-fertilization development. There is
now accumulating evidence that the RNAs (particularly non-coding
RNAs) of germ cells may carry functional epigenetic information that
can be inherited transgenerationally through the germline. One example
of this RNA-mediated inheritance comes from studies of paramutation
in which the interaction between two alleles of a single locus results in
heritable variation. This phenomenon is well described in the plant
literature but was only recently reported to occur in the mouse. One
example of paramutation involves the Kit gene that encodes a tyrosine
kinase receptor involved in the synthesis of melanin (Rassoulzadegan et
al., 2006). Individuals heterozygous for a mutation in the Kit gene have
reduced Kit mRNA expression and distinctive white pigmentations on
their feet and tails. Interestingly, when either male or female
heterozygotes are crossed with wild-type individuals, some of the
wild-type offspring (Kit*) have reduced Kit mRNA levels and inherit the
paramutation phenotype (white pigmentations) (Rassoulzadegan et al.,
2006). These individuals are then able to pass on their altered phenotype
to their own offspring. The presence of low levels of Kit mRNAs and
various abnormal RNA molecules in the testes and mature sperm led to
the hypothesis that the inheritance was likely to be mediated by RNAs.
Indeed, injection of Kit mRNA prepared from heterozygotes and
microRNAs (miRNAs) against Kit mRNAs into zygotes reproduced the
white pigmentations (Rassoulzadegan et al., 2006).
Further support for RNA-mediated mechanisms in driving germline
transgenerational inheritance has come from the demonstration of
phenotypic inheritance following the injection of various miRNAs into
the fertilized eggs of mice. For instance, injection of the cardiac tissuespeciﬁc miRNA, miR-1 into fertilized eggs (that are then transplanted
into recipient females) results in offspring with anatomical and
physiological indicators of cardiac hypertrophy (Wagner et al., 2008).
Similarly, injection of miR-124 (critical for brain development) resulted
in offspring that showed signiﬁcant increases in growth rate throughout
development (Grandjean et al., 2009). Signiﬁcantly, both of these
manipulations resulted in developmental and adult changes in gene
expression of multiple genes known to be targeted by the respective
miRNAs and in some cases even altered the chromatin structure at those
genes (Grandjean et al., 2009). Further, like the Kit paramutation,
miRNAs were expressed at detectable levels in sperm and although
these studies did not measure RNA levels in eggs, the phenotypes were
transmitted through both the paternal and maternal lineages for up to 3
generations. Taken together, these studies suggest that RNAs expressed
in the germ cells (of both males and females) may carry functional
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epigenetic information that induce persistent transgenerational effects.
Relevant to this review, environmental variables such as aging and
smoking result in changes in RNA expression in germ cells (Hamatani et
al., 2004; Linschooten et al., 2009) although it is still unknown if
experience-dependent changes in RNA contribute to germline inheritance in a similar fashion.
The interplay between maternal and paternal inﬂuences should also
be considered within the context of these “gametic epigenetic effects”
(Youngson and Whitelaw, 2008). Maintaining paternal epigenetic
modiﬁcations may ultimately depend on the presence of factors within
the oocyte that can remove or re-establish epigenetic marks, as suggested
with the maternal strain speciﬁc paternal inheritance of the Avy phenotype
(Rakyan et al., 2003). Using interspecies intracytoplasmic sperm injection
(ICSI), it has been demonstrated that changes in methylation patterns are
both oocyte and sperm dependent. For example, the level of demethylation that is observed in the male pronucelus following fertilization is
inversely associated with the degree of condensed chromatin packaging.
Studies of the post-fertilization development of interspeciﬁc hybrids
generated via ICSI suggest that mouse oocytes (compared to sheep and
bovine) have a greater capacity to demethylate the male pronuclei
(Beaujean et al., 2004). Though individual differences in within species
oocyte reprogramming mechanisms have not yet been explored, there is
evidence suggestive of these effects.
Finally, it is important to note that though there is increasing
evidence for the role of epigenetic factors in explaining the effects of
paternal experience on offspring phenotype, it remains difﬁcult to
disentangle the effects of genetic variation and mutations from
epigenetic modiﬁcations in perpetuating paternal effects. Mutational
events or DNA damage has the potential to induce heritable epigenetic
marks (Jablonka and Raz, 2009). Further, depending on where these
mutations occur, it is possible to inﬂuence the epigenetic structure of
speciﬁc genes or of the entire genome (particularly if genes coding for
epigenetic machinery are affected) (Jablonka and Raz, 2009; Mohn and
Schubeler, 2009). Conversely, there is the potential for epigenetic marks
(i.e. loose chromatin structure) to increase the probability of mutation,
transposition, and/or the recombination of DNA sequences (Jablonka
and Lamb, 1995; Jablonka and Raz, 2009). This bidirectional relationship
between epigenetics and genetics remains an important caveat in the
interpretation of the mechanisms leading to paternal effects and a critical
factor to consider in understanding the origins of phenotypic variation.
Conclusions and future directions
The study of paternal effects is expanding in novel directions through
the incorporation of an epigenetic perspective on the transmission of
parental traits and experiences. Though much of the evidence is, at this
stage, speculative, there is emerging support for the inducement of
paternal germline epigenetic changes in response to environmental
exposures that have consequences for subsequent generations of
offspring. This relationship between parental experience and offspring
development is a rapidly expanding ﬁeld of study that challenges our
notions of the mechanisms of inheritance and has revived interest in
Lamarckian views on the role in evolution of the inheritance of acquired
traits. Ultimately, the non-genomic mechanisms described in this
review may provide a route through which developmental plasticity
in one generation can be transmitted across multiple generations.
However, with increasing interest in paternal germline inheritance,
there must also be increased scrutiny regarding the experimental design
of studies which explore this phenomenon. The interplay between
maternal and paternal effects is an important consideration, and likely to
occur in varying degrees in response to speciﬁc environmental
exposures, and may require the use of techniques such as ICSI and
embryo transfer to dissociate. Likewise, the dissociation between an
experience-dependent vs. a germline epigenetic effect in response to the
environment may require the extension of analysis to F3 and F4
generations. One ﬁnal consideration, which relates to both the

conceptual and mechanistic pathways that have been discussed, is the
compensatory processes that can augment the transmission of paternal
effects. Thus, though there may be potential for a paternal effect to be
perpetuated transgenerationally, this may only occur under conditions
when maternal factors (ecological, behavioral, physiological, and/or
molecular) enable this transmission to occur. Exploring these complex
relationships between paternal, maternal, and offspring phenotypes and
the effect of the environment on this dynamic, represents a challenging
yet fascinating approach within the study of behavioral epigenetics.
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