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ABSTRACT

Paternal Effects on Offspring Development: Epigenetic Mechanisms and the Role of
Paternal-Maternal Interplay

Rahia Mashoodh
Paternal environmental experiences are significant predictors of developmental outcomes
in offspring and can occur even in the absence of paternal care. Although there has been a
recent focus on the role of environmentally induced changes in the male germline in
producing these effects, the potential mediating role of mothers has not been investigated.
A role for mothers in the transmission of paternal effects has been well acknowledged
in behavioral ecology, which predicts that females will dynamically adjust their
reproductive investment in response to the qualities of their mate. In the current thesis
offspring development was examined in response two contrasting paternal experiences.
Both chronic food restriction (FR) and social enrichment induce changes in mate
maternal investment. Significantly, measures of anxiety in social enriched and isolated
males are correlated with mate maternal behavior. In the case of paternal FR, both
increase in pre- and postnatal maternal investment were observed in mates, an effect that
appeared to be driven by female discrimination. Further, the detrimental effects of
paternal FR on offspring development were only observed when offspring were sired
through embryo transfer (i.e., females mated with CF but received embryo from FR
father), suggesting that females may adjust reproductive investment in response to lifehistories of their mate. The studies presented within this thesis describe how paternal

experience can influence mate maternal investment in laboratory and how these
paternally-induced maternal effects can be experimentally dissociated from experiencedependent germline changes to reveal the unique contributions of each parent upon
offspring development. The results are discussed within the context of epigenetic
inheritance, the transmission of disease and their implications for Lamarckian
inheritance.
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BACKGROUND1!
Introduction
The experiences that an individual has over their life span (i.e. nutritional,
hormonal, toxicological, social, stress) can induce significant variation in phenotype.
However, even when these experiences have occurred in previous generations, there may
be a significant influence on a broad range of outcome measures – including
growth/metabolism, immune function, neurodevelopment, and behavior. Thus, parental
experience can induce variation in offspring phenotype, and in some cases, this variation
can be observed in subsequent generations. When considering the mechanistic pathways
linking parental experience to offspring and grand-offspring outcomes, it is clear that
mothers and fathers have unique routes through which these influences can be achieved,
depending on the species-specific dynamics of reproduction and parental investment.
Though the concept of inheritance has been dominated by the transmission of genetic
variation, our understanding of the dynamics of genetic and epigenetic plasticity
combined with a more complex appreciation of the behavioral and molecular events that
influence reproduction has generated a broad range of hypotheses regarding the
mechanisms driving parental effects. In this dissertation, we will highlight evidence for
the influence of paternal experiences on offspring phenotypes and the potential nongenetic mechanisms that may underlie this transmission.

1

This introduction is adapted from a book chapter that is currently in press (Mashoodh & Champagne,
2014) and a published review (Curley & Mashoodh, 2012). The text is mostly verbatim with the exception
of some editing for content and the addition of updated references and text discussing research that was
published following the original acceptance and publication of these works.
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Epigenetic Regulation of Gene Expression
The regulation of gene expression through epigenetic modifications provides a
potential mechanism through which environmental conditions and experiences can
induce stable changes in cellular phenotypes. Broadly speaking, epigenetic modification
involves the addition or removal of compounds attached to histone proteins or DNA
nucleotides, which affects chromatin structure and subsequent transcription of
surrounding genes. More recent definitions have come to include small non-coding
RNAs, and though not necessarily a modification, their expression can alter gene
transcription by regulation at promoter regions and translation by directly binding to
messenger RNAs in the nucleus (Lai, 2002, Bartel, 2004, Filipowicz et al., 2008, Place et
al., 2008, Ghildiyal and Zamore, 2009). Stable changes in epigenetic modifications can
be induced by experience and persist throughout the lifespan and there is some evidence
for their persistence across generations. Therefore, studies of parental effects and
inheritance have focused on epigenetic marks as a potential mechanism for the
transgenerational transmission of experience. Epigenetic changes can be in the form of
DNA methylation, post-translational modifications of histone proteins and a variety of
small-RNA subtypes including miRNAs and piRNAs.
DNA Methylation
DNA methylation is typically a process of gene silencing - but can also induce
gene activation - mediated by conversion of cytosine residues in cytosine-guanine (CpG)
nucleotide

pairs

into

5-methylcytosine

by

de

novo

or

maintenance

DNA

methyltransferase enzymes (DNMTs). Methylation depends on the presence of methyl
donors provided by nutrients such as folic acid, methionine and choline. The effects on
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transcription can be further sustained by recruiting methyl-DNA binding proteins
(MBDs) such as MeCP2 to the methylated site (Fan and Hutnick, 2005). CpG
dinucleotides typically cluster within and around gene promoters. Therefore, CpG
promoter methylation reduces transcriptional activity by preventing and/or reducing the
access of transcription factors and RNA polymerases to the transcriptional start site
(Razin, 1998, Fan and Hutnick, 2005, Feng et al., 2010).
Histone Modifications
Post-translational modification of histone proteins is another mechanism through
which epigenetic control of gene expression can be achieved. DNA is compactly folded
into chromatin with the help of an octomer of histone proteins (H2A, H2B, H3, and H4,
each represented twice) in order to store and maintain the integrity of the DNA and to
regulate gene expression. When chromatin is tightly coiled (euchromatin), gene
expression is repressed. In contrast, when chromatin is in an open configuration
(heterochromatin), transcription factors and transcriptional machinery such as RNA
polymerase II have access to the DNA and can initiate gene transcription. Depending on
the amino acid site and the type of modification (acetylation, phosphorylation, mono-, bi, or tri-methylation), these post-translational marks can either repress or enhance gene
expression by changing the density of DNA packaging and the accessibility of
transcriptional machinery to the DNA. For example, histone 3 lysine-4 (H3K4), H3K36,
and H3K79 di- and tri-methylation are associated with active gene transcription, while
methylation of H3K9, H3K27, and H4K20 promote more tightly coiled heterochromatin
and are associated with gene silencing (Rea et al., 2000, Khorasanizadeh, 2004,
Wysocka, 2006, Shahbazian and Grunstein, 2007).

[3]

Small non-coding RNAs
Small non-coding RNAs (e.g. miRNAs, piRNAs and snoRNAs), though not
directly involved in chromatin structure, also have the capacity to regulate gene
expression (Bartel 2004 etc). For example, microRNAs (miRNAs) and 20-25 nucleotide
long RNAs tcan bind to complimentary sites on untranslated regions of target messenger
RNAs to block translation, prevent further transcription of the mRNA and/or promote
mRNA instability and degradation (Lai, 2002, Bartel, 2004, Filipowicz et al., 2008, Place
et al., 2008, Ghildiyal and Zamore, 2009). There is also accumulating evidence that small
RNAs can bind to complementary gene promoter regions to induce transcription. Further,
these small RNAs may interact with epigenetic machinery to guide gene-specific
methylation patterns (Aravin et al., 2007, Di Ruscio et al., 2013).
Parental Effects on Development
Environmental factors, e.g., drugs, diet, stress, experienced by parents of both
sexes can alter the development of future generations. The study of parental influences, in
both epidemiological and laboratory contexts, suggests that there are diverse pathways
though which the experience of parents can shape their offspring's development. In the
matriline, these effects are thought to primarily occur as a result of factors in utero and/or
postnatal maternal care, which go on to induce changes in offspring physiology and
behavior. These changes can be achieved through the experience-dependent epigenetic
modification of DNA and/or chromatin structure (e.g., DNA methylation, histone
acetylation), which program levels of gene expression in offspring that endure throughout
adulthood (Weaver et al., 2005, Champagne et al., 2006).

For instance, the stress

experienced during pregnancy has significant consequences for the development of
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offspring stress-related neural systems via changes in the placental machinery during
gestation (Mueller and Bale, 2008). Moreover, variations in maternal care in rodents have
been demonstrated to alter the epigenetic status of hypothalamic estrogen receptors of
female offspring (Champagne et al., 2006). These receptors are critical in regulating
maternal behavior and coordinating the sensitivity of females to hormonal cues.
Experience of low levels of maternal care in infancy is associated with increased estrogen
receptor promoter methylation, decreased receptor expression, and subsequent decreases
in the adult maternal behavior of these offspring. Therefore, in mothers, there is a
behavioral mechanism through which phenotypes/experiences in one generation can be
passed on to the next generation by concurrently affecting maternal style. Interestingly,
the quality of environmental conditions experienced by these females at later periods in
development can alter the trajectory of this transgenerational inheritance. For example,
both prolonged social isolation from peers and prenatal stress can lead to reductions in
maternal care that are passed on to subsequent generations (Champagne and Meaney,
2006, Champagne et al., 2006, Champagne et al., 2007).
Evidence for Paternal Effects
In contrast to maternal effects, little is known about the biological pathways
through which the experiences of fathers influence offspring phenotype. In the literature,
there are several examples of the influence of paternal care in species where biparental or
exclusively paternal care is observed (e.g. marmosets, prairie voles, Peromyscus
californicus). Presumably, paternal care could induce changes in offspring development
via similar epigenetic mechanisms that are triggered in response to maternal care
(Dudley, 1974, Bester-Meredith and Marler, 2003, Frazier et al., 2006, Gleason and
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Marler, 2013). However, in mammals, only about 3-5% of species provide paternal care
and paternal effects can occur in the absence of paternal care (Kleiman, 1977). The
underlying mechanisms of these paternal effects are particularly perplexing in nonmonogamous mammalian species where the information transmitted during fertilization
is thought to be limited to paternal DNA sequences in sperm, and fathers rarely invest in
offspring development following conception. Despite the seemingly limited paternal
contributions to offspring development, there is emerging evidence that in humans,
paternal age, nutrition and drug use are predictors for the development of various
psychopathologies and health risks. It is also interesting to note that the effects observed
in human epidemiological studies are qualitatively similar to paternal effects observed in
laboratory rodents that do not engage in postnatal paternal care, suggesting that the
mechanisms permitting the heritability of environmentally-induced phenotypes may be
shared across species.
Nutritional Effects
Epidemiological studies have demonstrated that the nutritional status of fathers
and grand-fathers can exert transgenerational effects on metabolic functioning of sons
and grandsons. Archival data indicate that food availability during the pre-pubertal phase
(8–12 years of age) of grand-fathers is associated with increased risk of diabetes,
cardiovascular disease, and mortality in grand-sons (Pembrey et al., 2006). In laboratory
rodents, offspring and grand-offspring of rat dams fed a low protein diet during gestation
have elevated hypertension (Harrison and Langley-Evans, 2009). Increased body length
and reduced insulin sensitivity have also been observed in offspring (F1) and grandoffspring (F2) of dams fed a high-fat diet from pre-conception to the weaning period and
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transmission of these effects to F3 generation female offspring has been observed through
the patriline (Dunn and Bale, 2009, 2011).
Drugs and Toxins
One of the most compelling examples of a paternal transgenerational effect comes
from studies of prenatal exposure to the pesticide vinclozolin. In rats, F3 offspring
generated from a vinclozolin exposed male have impairments in reproduction, altered
anxiety-like behavior, and increased disease risk (i.e. tumor formation, kidney disease,
immune abnormalities) (Anway et al., 2005, Anway and Skinner, 2006, Crews et al.,
2012). In mice, prenatal exposure to the endocrine disrupting chemical bisphenol A
(BPA) induces neuroendocrine changes and altered social behavior that have been
observed to persist to the F4 generation of offspring (Wolstenholme et al., 2011). In
humans, high levels of consumption of nitrosamines (found in betel nuts) by fathers has
been found to increase metabolic syndrome in offspring (Chen et al., 2006a) and in mice,
paternal pre-conception consumption of betal nuts increases risk for developing
hyperglycemia in offspring and their descendants (Boucher et al., 1994).
Social Environments
The social context of development can have a significant impact on subsequent
generations and there is emerging evidence for the patrilineal transmission of these
environmental effects.

Male mice exposed to maternal separation during postnatal

development display social deficits and altered anxiety and depressive-like behaviors that
persist across generations (Franklin et al., 2010, Franklin et al., 2011). These behavioral
outcomes are associated with altered serotonergic function in the lineage of separated
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males. Chronic social stress in male mice experienced during adolescence through to
adulthood can induce social deficits and increased anxiety-like behavior in offspring and
grand-offspring through the patriline.

This transmission is intriguing as the males

transmit the effects but only female offspring manifest the behavioral deficits (SaavedraRodriguez and Feig, 2013). Similarly in mice, chronic social defeat induces anxiety and
depressive-like behavior in exposed males and their offspring (Dietz et al., 2011).
Paternal Age
Paternal age is emerging as a significant predictor of offspring health and
development. Though not a paternal experience per se, older fathers will differ from
younger fathers in cumulated life experiences and parental age at the time of
reproduction. In humans, an increased incidence of birth defects and lower birth weight
in offspring is predicted by advanced paternal age (Shah and Knowledge Synthesis Group
on determinants of preterm/low birthweight, 2010). In addition, increasing paternal age
is associated with increases in externalizing behavior in childhood (i.e., hostile, unstable
emotional responses, impulsiveness) (Saha et al., 2009a), reduced IQ (Saha et al., 2009b),
and an increased risk of autism (Reichenberg et al., 2006), schizophrenia (Malaspina et
al., 2001), and bipolar disorder (Frans et al., 2008). In rats, increased paternal age has
been associated with decreased cognitive outcomes in offspring (Auroux, 1983), and
more recent studies in mice indicate that, compared to male offspring of 2-month-old
fathers, male offspring of 10-month-old fathers engage in less exploratory and social
behavior (Smith et al., 2009). In humans, paternal age effects appear to be transmitted to
subsequent generations. Increased grand-parental age of the maternal grandfather (over
55 years of age) is associated with an increased risk of schizophrenia (Frans et al., 2011),
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and increased age of the maternal and paternal grandfather (> 50 years of age) is
associated with increased risk of autism spectrum disorder in grand-offspring (Frans et
al., 2013).
Proposed Mechanisms of Paternal Effects
Epigenetic Inheritance via the Germline
The paternal transmission of environmentally induced phenotypes across
generations - in the absence of paternal interactions with offspring - had been previously
viewed as an interesting but challenging phenomenon because of our limited
understanding of the potential mechanisms that could mediate this transmission. One
hypothesis that has gained significant traction in recent years is that the experiences of
fathers could become “epigenetically” encoded within the germline and subsequently
inherited by future generations. This notion, initially posited by Jean-Baptiste Lamarck,
has historically been ridiculed and set aside, in favor of a less flexible DNA sequencebased explanation of inheritance. However, advances in our understanding of the
dynamics of genetic and epigenetic plasticity, combined with a more complex
appreciation of the behavioral and molecular events that influence reproduction have
identified a number of molecular pathways that could drive paternal effects
i.) DNA methylation
DNA methylation is attractive as a possible mechanism of inherited biological
transmission due to the mitotic heritability of DNA methylation patterns that are
maintained through DNA replication and cell division. The heritability of DNA
methylation patterns through meiosis and fertilization has been more controversial. It has
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been argued that while somatic tissues are likely to accrue epigenetic marks throughout
the lifespan, the gametes are unlikely to be changed and even if these changes were to
occur, genome-wide epigenetic reprogramming events in the early embryo would ensure
they are erased. Epigenetic reprogramming occurs in two waves. The first occurs
immediately after fertilization, where the paternal genome is actively demethylated
shortly after fertilization then remethylated just prior to implantation of the blastocyst.
The second wave occurs during embryogenesis following sex determination, where DNA
is methylated in primordial germ cells in a sex-specific manner (Allegrucci et al., 2005).
Though these events serve to erase parental DNA methylation marks acquired during the
lifespan and ensure cell lineage-specific and sex-specific placement of methylation
marks, it is evident that specific gene loci (e.g. retrotransposons and imprinted genes)
have the capacity to escape these waves of epigenetic reprogramming. For example,
variations in the methylation status of an intracisternal-A particle (IAP) element, a long
terminal repeat retrotransposon, can result in heritable phenotypic variability. When
inserted into an exon of the agouti gene (Avy), variation in the methylation status of this
IAP results in a range of phenotypic characteristics including coat color pigmentation and
a predisposition for obesity, and this phenotypic variation is inherited through the
gametes (Morgan et al., 1999). Similarly, when methylated, an IAP element inserted into
the 5’ region of the AxinFu allele results in aberrant gene transcripts and a kinked-tail
phenotype that can be inherited by offspring through both maternal and paternal lineages
(Rakyan et al., 2003). Interestingly, the epigenetic state of these repetitive elements can
be modified by diet, environmental toxins, or drug exposure, suggesting that epigenetic
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inheritance at these loci can be driven by environmental factors (Morgan et al., 1999,
Cropley et al., 2006, Dolinoy et al., 2007, Kaminen-Ahola et al., 2010).
Similar to the case of IAPs, imprinted genes are loci that can retain epigenetic
marks across generations, resulting in a parent-of-origin imprint that leads to epigenetic
silencing of one of the parental alleles (Ferguson-Smith, 2011). Approximately 100
imprinted genes have been identified in both rodents and humans. Like IAPs, gene
expression and the DNA methylation status of imprinted genes in germ and somatic
tissue can be modified by environmental factors. In humans, increased de-methylation of
two paternally imprinted genes, which are normally hypermethylated, H19 and IG-DMR,
occurs in the sperm of fathers with a history of chronic alcohol consumption (Ouko et al.,
2009). In mice, superovulation - a procedure commonly used for assisted reproduction reduces methylation of the paternally imprinted H19 gene, but increases methylation at
the maternally imprinted Snrpn gene in the sperm of F2 offspring (Stouder et al., 2009).
Though IAPs and imprinted genes represent an important set of targets for considering
within the context of paternal epigenetic inheritance, approximately 100 genes have been
identified that are neither repetitive elements nor imprinted genes and that yet retain gene
promoter methylation patterns following post-fertilization reprogramming (Borgel et al.,
2010). Though reprogramming events occurring at a genome-wide scale may prevent the
transmission of much of the parental variation in DNA methylation, it appears to be the
case that numerous genes may permit epigenetic inheritance. A key question is regarding
the degree of epigenetic plasticity of these target genes in response to paternal
experiences and the role of altered DNA methylation in outcomes observed in offspring.
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There are now several strands of evidence indicating that levels of DNA
methylation in sperm are altered in response to a number of qualitatively different
exposures (e.g., drugs, toxin, social experience) applied at range of developmental time
points, and the consequences of these epigenetic effects are observed in offspring.
Nutritional and toxicological manipulations in males have been demonstrated to induce
variation in DNA methylation in offspring. In rats, female offspring born to males fed a
high-fat diet in adulthood have impaired pancreatic function (e.g., reduced insulin
secretion and glucose tolerance, and β-cell dysfunction) and this phenotype is associated
with changes in the expression of genes associated with insulin regulation and glucose
metabolism as well as DNA methylation changes proximal to the transcriptional start site
of the interleukin 13 receptor alpha 2 (Il13rα2) gene in the pancreas (Ng et al., 2010). In
mice, offspring of males that were fed a low-protein diet during the post-weaning period
have altered DNA methylation within the putative enhancer for peroxisome proliferatoractivated receptor alpha (Pparα) gene in hepatic tissue (Carone et al., 2010). It is
presumed that these epigenetic changes in offspring derive from environmentally-induced
epigenetic alterations in sperm. Male mice subjected to chromium chloride two weeks
prior to mating exhibit hypomethylation of the 45S ribosomal RNA gene in their sperm,
and the F1 offspring of these males have elevated body weight and thyroxine levels
(Cheng et al., 2004).

Male mice exposed to steel plant air (comprised of various

pollutants) have hypermethylated DNA in sperm and this effect persists following
removal from the exposure (Yauk et al., 2008). Male rats that are exposed to alcohol
during in utero development show a significant deficit in proopiomelanocortin (Pomc)
function, a hypothalamic peptide that regulates energy homeostasis, stress responsivity,
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immune function, and brain reward systems, and these deficits are associated with
increased DNA methylation of a proximal region of the Pomc promoter in the brain.
Significantly, these changes in methylation are also observed in the sperm of alcoholexposed males (F1) and their sons (F2) and grandsons (F3) but not in controls or their
descendants (Govorko et al., 2012). In utero vinclozolin exposure induces DNA
methylation changes in sperm that persist to F3 generation males. Global screens of DNA
methylation of sperm reveal multiple differentially methylated sites in promoters at
imprinted and imprinted-like genes in the male germline that likely have the capacity to
induce global changes in gene expression (Anway et al., 2005, Skinner et al., 2008,
Stouder and Paoloni-Giacobino, 2010).
The effects of social experiences of males during development have also been
shown to induce changes in DNA methylation in both brain and germ tissues. Analyses
of brain tissue indicate that male mice that experience postnatal maternal separation have
elevated DNA methylation in some loci such as MeCP2 and cannabinoid receptor type 1
(Cb1) genes but decreased methylation in others, such as the corticotropin releasing
factor receptor 2 (Crfr2) gene. Moreover, these changes are also observed in the sperm of
maternally separated males, and the cortex and sperm of the offspring of these males
(Franklin et al., 2010). These paternal effects on MeCP2 may have consequences for the
epigenetic programming of multiple gene targets through the role of this methyl-binding
protein in gene silencing.

Environmental targeting of MBDs and DNMTs in male

gametes may be a critical step in the process of paternal epigenetic inheritance. In
rodents, paternal exposure to alcohol or cocaine is associated with significant decreases
in the mRNA levels of DNMTs in the testes and sperm (Bielawski et al., 2002, He et al.,
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2006, Ouko et al., 2009).

This effect on DNMTs may account for the reduced

methylation of the imprinted H19 and IG-DMR genes observed in humans that engage in
heavy drinking (Ouko et al., 2009). Thus, epigenetic changes play an important role in
conferring ancestral epigenetic imprints across generations during development either
through directly influencing gene-specific methylation or through indirect/global
epigenomic actions during development.
The epigenetic effects of paternal age in offspring can be observed within target
genes and at a genome-wide level. In mice, offspring of older fathers have global DNA
hypermethylation and gene-specific DNA methylation changes in the brain at sites that
regulate the expression of Gnas-Nesp, GnasXL, Zac1 and Peg3 (Smith et al., 2013). In
rats, paternal age has been associated with hypermethylation of ribosomal DNA in sperm
and liver cells in aged males (21-28 months old) when compared to adult males (6
months old) (Oakes et al., 2003). In humans, DNA methylation changes have been
shown to accumulate with increasing paternal age in multiple tissues including the
gametes (Flanagan et al., 2006).

Parental age has been associated with genome-wide

changes in DNA methylation in cord blood samples of newborns – though the impact of
parental age on this outcome is stronger for analyses of maternal age than paternal age
(Adkins et al., 2011).
ii.) Post-translational Histone Modifications
Due to the dynamic nature of histone modifications and the dramatic reorganization of the chromatic structure at the time of fertilization, the role of these
epigenetic factors in paternal epigenetic inheritance has not been explored to the same
degree as DNA methylation.

Within sperm, DNA is primarily packaged within
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protamines rather than histones and at the time of fertilization, the protamines are
replaced with maternally-derived histones (Jenkins and Carrell, 2012). However, the 1015% of paternal histones that are retained may have a significant influence on the early
stages of development (Steger et al., 2011). In rodents, paternal cocaine exposure prior to
mating can reduce body weight, impair cognitive performance, and increase indices of
hyperactivity and depressive-like behavior of offspring (He et al., 2006, Dunn and Bale,
2009).

Reduced cocaine self-administration has been observed in the offspring of

cocaine-exposed male rats and within the prefrontal cortex there are elevated levels of
brain-derived neurotrophic factor (Bdnf) mRNA and protein amongst cocaine-sired
males.

Interestingly, pre-conceptual cocaine exposure was associated with elevated

histone acetylation within the Bdnf promoter in the testes and sperm of exposed males
and in the prefrontal cortex of their offspring (Vassoler et al., 2013), suggesting the
possibility of inherited histone modifications.
iii.) Small non-coding RNAs
Epigenetic regulation of gene expression and the translation of RNA transcripts
can also be achieved through small RNAs. For example, miRNAs can cause posttranscriptional gene silencing by base pairing with target messenger RNAs (mRNAs) to
regulate gene expression (Sato et al., 2011). At fertilization, both sperm and oocyte
transmit various cytoplasmic RNAs (e.g. mRNAs, endo-siRNAs, miRNAs and piRNAs)
that play key roles in initializing development. Although sperm RNA content is much
lower, many of these RNAs induce oocyte activation and signaling in the early zygote
(Hayashi et al., 2003, Kawano et al., 2012, Peng et al., 2012, Jodar et al., 2013), and there
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is increasing evidence that these RNAs could be involved in transgenerational epigenetic
inheritance (Rodgers et al., 2013).
miRNAs
One of the primary examples of RNA-mediated inheritance comes from work of
paramutation – a phenomenon in which the interaction between two homologous alleles
of a single locus results in heritable variation. This phenomenon is well-described in
plants (Erhard and Hollick, 2011) and only more recently in the mouse. One example of
paramutation involves the Kit gene that encodes a tyrosine kinase receptor and is
involved in the synthesis of melanin. Mice that are heterozygous for a mutation of the Kit
gene have reduced Kit mRNA expression and distinctive white pigmentation in feet and
tail. This phenotype is also observed in the wild-type descendants of heterozygous
crosses - a resulting paramutated phenotype (Rassoulzadegan et al., 2006). These wildtype offspring have altered levels of Kit mRNAs as well as other abnormal RNA
transcripts in the testes and sperm, and injection of Kit mRNA from heterozygotes or
miRNAs against Kit mRNAs into fertilized eggs can reproduce the paramutation
phenotype (Rassoulzadegan et al., 2006). Similarly, injection of the cardiac-specific
miRNA, miR-1, into fertilized eggs induces anatomical and physiological signs of
cardiac hypertrophy in the resulting offspring (Wagner et al., 2008), whereas injection of
miR-124, a miRNA critical for brain development, results in offspring with increased
growth rates (Grandjean et al., 2009). Both manipulations modify the expression of
genes known to be targeted by these respective miRNAs during development and in
adulthood.
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Paternal transmission of environmentally-induced phenotypes via altered miRNA
content is emerging as a plausible molecular pathway linking paternal experiences and
offspring development. Paternal exposure to irradiation leads to up-regulation of
miRNAs from the miR-29 family in the exposed male and up-regulation of miR-468 in
thymus in the offspring of exposed males (Filkowski et al., 2010). Paternal exposure to
stress during in utero development has been found to reduce sexual differentiation
between males and females and in mice, male offspring of stressed males have significant
reductions in miR-322, miR-574, and miR-873; an effect that shifts the levels of these
miRNAs to be more similar to those of control females (Morgan and Bale, 2011, Rodgers
et al., 2013). Paternal stress applied during adolescence or adulthood has also been shown
to elevate levels of specific miRNAs in the sperm (i.e. miR-29c, miR-30a, miR-30c, miR32, miR-193-5p, miR-204, miR-375, miR-532-3p, miR-698) (Rodgers et al., 2013).
Amongst the offspring of males that were fed a low-protein diet during the post-weaning
period, there are changes in hepatic expression of several miRNAs involved in cell
proliferation and growth (Carone et al., 2010). Exposure of males to the polycyclic
aromatic hydrocarbon benzo[a]pyrene has been found to alter the expression of several
miRNAs in offspring, leading to both up- and down-regulation of miRNAs in the
developing embryo (Brevik et al., 2012). Paternal smoking induces changes to the
miRNA content in sperm and the specific miRNAs targeted by this environmental
exposure likely play a role in embryonic development (Marczylo et al., 2012). miRNA
levels in male germ cells appear to be environmentally sensitive and developmentally
relevant and thus can serve as mechanisms through which the experiences of fathers can
alter offspring phenotypes.
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piRNAs
Another class of small non-coding RNAs that might prove to be important in
paternal transgenerational inheritance are piwi-interacting RNAs (piRNAs). Unlike
miRNAs, which are highly expressed in somatic tissues, piRNAs are thought to be
expressed primarily in germ cells and germline tissues though there is emerging evidence
pointing to important actions in other tissues (Rajasethupathy et al., 2012). The primary
role of piRNAs appears to be in the silencing of transposons in the male germline, which
is accomplished through piRNA interactions with PIWI proteins (e.g. MILI, MIWI and
MIWI2), which maintain methylation at long interspersed element-1 (LINE-1) and IAP
elements (Aravin et al., 2007, Carmell et al., 2007). Further, a recent study showed that
piRNA-PIWI protein complexes recruit DNMTs to methylate the differentially
methylated region of the RAS-protein-specific guanine nucleotide-releasing factor 1
(Rasgrf1) gene during epigenetic re-programming in primordial germ cells (Watanabe et
al., 2011). Therefore, an additional role for piRNAs may be to establish parental imprints
at some imprinted loci. Studies in c. elegans indicate that piRNAs might be required to
maintain a memory of environmentally-induced changes in gene expression across
generations (Ashe et al., 2012). Therefore, it is possible that piRNAs may represent a
molecular signal through which epigenetic information is conferred across generations particularly at repeat elements and imprinted genes.
Maternal-Paternal Interplay
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 and
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Vincent, 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. 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).
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 (Sheldon, 2000, Harris
and Uller, 2009, Ratikainen and Kokko, 2009).
Significantly, in many of these cases, the females’ decision to invest appears to be
based on observed phenotype or perceived quality that is not attributable to genetic
differences between potential mates. For example, when mated with males with red leg
bands (i.e. artificially made more attractive), female zebra finches laid heavier eggs, and
had offspring with larger growth rates than offspring of females who were paired
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randomly with males wearing green leg bands (i.e. artificially made unattractive) (Gilbert
et al., 2006). Further, female offspring born to males who were artificially made more
attractive laid larger eggs in bigger clutches than those of unattractive fathers, indicating
that these changes in maternal investment had multigenerational consequences (Gilbert et
al., 2012). 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, female mallards increase their egg
volume when mated with 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
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 (Sheldon, 2000, Gowaty et al., 2007, Harris and Uller,
2009). Changes in maternal investment are not always based on preference. For example,
males who have had prior exposure to stress increase their aggression towards female
mates during the mating period behavior resulting in lower levels of maternal care and
impaired growth and heightened stress-related behaviors of adult offspring (Cordero et
al., 2012).
Though studies of male-induced maternal care have been explored predominantly
in non-mammalian species, there is some suggestion that variation in maternal investment
could be induced induced by male quality among rodents. For example, female house
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mice mated with a preferred male, gave birth to larger litters and these offspring were
found to be socially dominant, to be better nest builders and to exhibit more freezing
behavior in a predator-avoidance test, and they had decreased mortality rates compared to
the offspring of females who mated with non-preferred males (Drickamer et al., 2000,
Drickamer et al., 2003). Significantly, these effects were found when females were given
a free choice to show a preference for or against individual males. Thus, mate preference
may be a significant predictor of maternally driven paternal effects since both in utero
food restriction, diet composition and vinclozolin exposure has been shown to shift
female preferences towards males from non-exposed lineages (Meikle, 1995, Crews et
al., 2007). Moreover, in laboratory mice, maternal modulation of the paternal
transmission of open-field behavior has been examined in two ways. First, the quality of
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. Second, 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
(Alter et al., 2009). 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
Taken together, there is compelling evidence that paternally-induced maternal
effects may play a role in the transmission of paternal effects, raising the possibility that
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epigenetic marks that may appear to be “inherited” in these studies may, to some degree,
just be marks that are recapitulated through indirect post-fertilization maternal effects
occurring during the pre- and/or post-natal period of development. For example, a recent
study showed that the stress-related phenotype of offspring sired by males who
experienced chronic social defeat were not completely transmitted if offspring were sired
through in vitro fertilization (IVF) (Dietz et al., 2011). One possible explanation is that
the process of IVF is able to delete or disrupt epigenetic marks that would otherwise have
been transmitted (Stouder et al., 2009). An alternative explanation is that mothers play
some role in the transmission of paternal effects, once again raising the possibility that
interactions between mothers and fathers during mating may also contribute to offspring
development.

Methodological Issues in the Study of Paternal Effects
There has been much discussion regarding the role of germline transmission of
epigenetic marks in behavioral variation and, within the studies highlighted earlier, there
has been particular focus on the potential role of germ cell or germline epigenetic
variation in mediating transgenerational effects. There is ample evidence that
environmental experiences induce epigenetic modifications in germ cells and these are
correlated with the transmission of phenotypic variation across generations. Though this
inheritance system is not 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. In constrast, the maternal oocyte contributes both
genetic/epigenetic factors and a cellular/cytoplasmic environment, which can regulate the
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activity of those factors, thus making it difficult to separate the unique contribution of
maternal epigenetic modifications in the oocyte. Therefore, most studies on this topic
have focused on transmission through the patriline, since germline factors are easier to
isolate and measure. There are, however, several experimental issues that remain and
must be overcome to establish that the germline alone is mediating any observed paternal
effects.
A critical issue, for the study of paternal effects is regarding the timing of
exposures and its implication for how many generations 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, in order to

demonstrate that any induced change in phenotype can be transmitted through the
germline, the phenotype must also be observed in the first non-exposed generation, which
would be the F3 generation, which many groups have done successfully (Anway et al.,
2005, Skinner et al., 2008, Franklin et al., 2010, Dunn and Bale, 2011, Franklin et al.,
2011). Another strategy has been to expose individuals as adults to limit exposure to a
single generation of PGCs. While such a transgenerational transmission of phenotype
certainly strengthens the likelihood that these effects are epigenetic, they still do not
conclusively provide evidence that the germline alone is responsible for transmitting
these effects.
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Of particular theoretical importance is the interplay between maternal and
paternal effects, which is likely to occur in varying degrees in response to specific
environmental exposures. Studies of in utero vinclozalin exposure have also shown that
sexually receptive females have a preference for non-exposed males even when these
males are three generations removed from the initial exposure (Crews et al., 2007).
Therefore, the interplay of maternal investment in response to males may even occur in
the presence of germline epigenetic changes, making it difficult to separate from paternal
germline contributions. Further, much of the work involving the perceived quality of
males and changes in maternal investment by female mates has been in non-mammalian
species. A thorough investigation of this phenomenon in isogenic laboratory rodents –
commonly used in studies of paternal germline inheritance – is currently lacking, and so
it is unclear if females play a role in the paternal transmission of high fat diet, stress, and
drug exposure as has been previously reported.

Thus, in order to establish the role of epigenetic factors in paternal transgerational
effects studies must meet two criteria:
1. Environmentally induced or stochastic changes in these epigenetic
modifications have to escape two major phases of DNA epigenetic
reprogramming during development when the epigenome are
subjected to extensive demethylation and remethylation.
2. Contributions of the germline need to be dissociated from any
possible changes in reproductive strategy and/or maternal investment
(both pre- and postnatal) by female mates.
Experimentally separating these issues require the use of techniques such as
intracytoplasmic sperm injection (ICSI), embryo transfer or IVF to remove any
[24]

confounding effects of the mother. Though IVF has been used successfully to show
transmission of an epigenetic phenotypes (Dietz et al., 2011, Dias and Ressler, 2014) it
may not always provide conclusive evidence that all phenotypic transmission is occurring
through the germline. This suggests that mothers could be playing unique and/or
intersecting roles to perpetuate traits or compensate for deficits they may inherit from the
father, which has interesting implications for adaptive parental effects in and of itself.
Dissertation Research Questions & Aims
The overarching goal of this thesis is to establish models of paternal effects with a
focus on elucidating the mechanisms that may be driving these effects. Using mouse
models, this thesis will explore how two very different types of experience 1) social
environment across the lifespan, and 2) chronic food restriction can impact the
developmental outcomes of offspring.

Chapter 1: Paternal Social Enrichment Effects on Maternal Behavior and Offspring
Growth .
In this chapter, we explored the effect of a lifetime of socially enriched or
impoverished housing conditions on male and female Balb/c mice and the routes through
which they may transmit these social experiences to future generations of offspring.
Specifically, we were interested in the relationship between social enrichment and
isolation-induced phenotypic changes and mate maternal behavior in mediating offspring
growth and anxiety-like behavior.

Chapter 2: Effects of Chronic Food Restriction on Male Behavior and Germ Cells.
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We wanted to explore paternal epigenetic inheritance in a contrasting model –
chronic food restriction (FR). In this chapter, we explored the behavioral outcomes of
chronic FR and how it may impact small RNAs in the testes and DNA methylation in
sperm compared to control fed (CF) males.

Chapter 3: Effects of Male Food Restriction on Female Reproductive Behaviors.
Given that male social environment induces changes in mate postnatal behaviors
we wanted to measure changes in maternal investment that could occur in response to
paternal FR and their possible neural underpinnings. In additional to postnatal maternal
care, we measured gestational weight gain as a proxy for prenatal investment. Further, to
gauge the extent to which changes in maternal investment may arise as a consequence of
female assessment of males we tested females’ ability to discriminate and show
preferences between CF and FR males.

Chapter 4: Maternal and Germline Pathways in the Transmission of Paternal Food
Restriction.
In this chapter, we examined how effects of paternal FR on the germline and
paternally-induced maternal effects could be experimentally dissociated to reveal the
unique contributions of each parent in the transmission of paternal FR on offspring
outcomes. Using embryo transfer, we generated offspring that were either sired by FR or
CF fathers but were reared by surrogate females mated with CF males. We compared
these offspring to offspring sired through natural matings to determine how paternal FR
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could influence growth, cognition, social behavior and stress-related phenotypes under
these two conditions.
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CHAPTER 12:
Paternal Social Enrichment Effects on Maternal Behavior and Offspring Growth.
Introduction
Evidence in support of paternal effects, even in the absence of paternal care,
raises important questions regarding the mechanisms driving these effects. One
possibility is that the experiences of fathers become epigenetically encoded or imprinted
into the germline (e.g. via DNA methylation, chromatin modifications or RNA changes
in sperm), are maintained following fertilization and directly inherited by future
generations. This phenomenon has been reported to occur following in utero endocrine
disruptor exposure (Anway et al., 2005), postnatal stress (Franklin et al., 2010), alcohol
exposure (Ouko et al., 2009) and dietary changes (Carone et al., 2010). Many of the
reported changes occur at genes within molecular pathways that direct and maintain
large-scale changes to the epigenome across tissues; with broad implications for
development. These molecular changes may play an important role in conferring
ancestral epigenetic imprints across generations, though it has been argued that such strict
inheritance of acquired epigenetic marks is rare and is limited to a small subset of genes
(Curley et al., 2011).
An alternative explanation is that ‘paternal effects’ could be indirectly mediated
or facilitated by the mother. For example, perception of differences in the phenotypic
quality of males (which may be induced by exposure to stress, drugs or toxins) by female
mates may lead to altered investment of maternal resources (during the pre- and/or
postnatal period) toward offspring. Evolutionary biologists refer to this type of maternal
2

This chapter is adapted from data already published (Mashoodh et al. 2012), the text is mostly verbatim
but not all data from the paper has been included and some additional data has been added to provide a
broader context/justification for the subsequent studies presented in this thesis.
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adjustment in response to male mate quality as differential allocation (Burley, 1988). The
DAH states that females mated with high quality males should increase their investment
in offspring; a phenomenon that has been shown to occur in several non-mammalian
species (Burley, 1988, Cunningham and Russell, 2000, Sheldon, 2000, Gilbert et al.,
2006). Thus, differential allocation may be an important phenomenon to consider when
determining the pathways linking paternal experience/condition to offspring phenotype.
Though mechanistic studies exploring the origins of paternal effects are currently
focused on the role of germline epigenetic variation (Curley et al., 2011), with limited
focus on the mediating role of maternal influences, we suggest that the complex
interactions between maternal and paternal effects make it difficult to separate the unique
contributions of each parent. Integrating the theoretical and empirical perspectives
provided by evolutionary biologists, here we investigate the influence of paternal
experiences on maternal neurobiology and behavioral investment in offspring and the
implications of these paternal effects for offspring fitness in inbred laboratory mice.
In the current study, we manipulated the social environment experienced by males
during postnatal and post-weaning development (social isolation vs. social enrichment) to
shift male behavioral and neurobiological phenotypes to extremes. We then measured the
extent to which paternal experience and/or behavioral variation influenced the subsequent
maternal behavior of females toward offspring (in the absence of the male) during the
postpartum period. Based on the predictions of DAH, we hypothesized that females
would invest less in the care of offspring sired by socially isolated vs. socially enriched
males, thus providing evidence for a maternal pathway through which paternal effects are
achieved.
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Methods
Animals, Husbandry & Breeding
Adult male and female Balb/c mice (F0; approximately 3 months of age)
purchased from Charles River were used to generate offspring. Mice were housed in the
Department of Psychology at Columbia University, with lights on at 2200 and off at 1000
and provided with ad libitum access to food and water. All procedures were conducted in
accordance with Columbia University IACUC standards. For standard rearing (STD),
each male was mated with 3 females and males were removed from the cage after approx.
2 weeks. Females were singly housed starting on gestational day 16. Mice were allowed
to give birth and left undisturbed (except for weekly cage cleaning) until weaning (PN28)
at which time male pups were housed 4/cage in a standard laboratory cage. The isolated
condition (ISO) differed in that a single female was mated with a single male (to prevent
the effects of prenatal social stimulation). At weaning, pups were housed alone in a
standard laboratory cage for the remainder of the experiment. For enriched rearing
(ENR), during the mating period, a male was placed into an enriched environment with 3
females. The enriched environment consisted of four standard laboratory cages connected
by Plexiglas tubes and contained toys and a running wheel. Three litters (all of which had
given birth within the same 12h period) were re-housed to a single enriched environment
to create communal rearing conditions. At weaning, ENR pups were placed 12/cage into
same-sex groups into an enriched environment. These manipulations ensured that ENR
pups received a lifetime of enrichment. See Figure 1.1 for summary of groups. A
maximum of 2 male adult F1 pups were selected for behavioral testing from each litter.
Males (n=24/group) selected for behavior testing were first tested at PN75 in the open-
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Figure 1.1: Social environment manipulation.
Male mice either received a lifetime of isolation (ISO; single mother rearing followed by single housing) or
a lifetime of enrichment (ENR; communal-rearing followed by social and physical enrichment in complex
environment).

field and then a week later tested in the light-dark box. Two weeks after testing, a subset
of mice (n=6/group) used for anxiety testing were sacrificed and brains extracted for gene
expression analysis. A subset of males (n=12/group) were used for mating. On PN90, all
mice assigned to the mating condition were removed from their housing conditions and a
single male was placed in a mating group with 2 STD females for 2 weeks. On
approximately gestational day 16, females were singly housed. On the day of birth (PN0),
litters were weighed and counted. These litters were observed from PN1–6 to determine
postnatal levels of maternal care and all pups were weighed and counted at PN6 and at
weaning (PN28). A subset of weaned animals was tested in an open-field apparatus to
measure anxiety-like behavior. See Figure 1.2 for experimental timeline.
Statistical analyses
Because of the hierarchical nature of our data (i.e. an individual male was mated with two
females, which produced litters with multiple pups) we used a multilevel modeling
approach. Random intercepts for male ID (and where appropriate, female ID) were
estimated to correct for repeated sampling (Gelman and Hill, 2007). In the ‘fixed’
portion of the model (the level one effects), we tested for differences in offspring weight
by paternal experimental condition. To test whether the males’ anxiety-like behaviors
[31]

mediated the paternal effect on maternal behavior, we conducted a meditation analysis
using maternal behaviors averaged by male ID (MacKinnon, 2008). All analyses were
conducted with Stata v12.0 (College Station, TX).

Figure 1.2: Paternal social enrichment effects study timeline.
Isolated (ISO) and enrichment (ENR) -reared males were mated with control females for two weeks.
Maternal behaviors were observed for six days postnatal (PN1-6). Offspring were weaned on PN28 and
underwent open-field testing on PN60.

Results
Lifetime social enrichment decreases male anxiety-like behavior. In order to shift the
phenotype of isogenic males, we reared Balb/c mice within two distinct physical and
social environments.

In the ENR condition, mice were communally reared during

postnatal development and subsequently housed post-weaning in a complex enriched
environment. In the ISO condition, mice were reared by a single dam and subsequently
socially isolated. In adulthood, males that had experienced a lifetime of social and
environmental enrichment showed reduced anxiety-like behavior compared to ISO males
(Figure 1.3). ENR males exhibited a reduced latency to enter the anxiogenic center area
of an open-field apparatus (t(44)=4.303, p<0.001; Figure 1.3B), made more entries into
the center (t(44)=-4.787, p<0.001), and spent more time in the center (t(44)=-3.111,
p<0.01) during a 10-min testing session. ENR males also produced fewer fecal boli
during open-field testing (t(44)=4.896, p<0.001; Figure 1.3C). During testing in a light[32]

dark activity box, ENR males exhibited a reduced latency to exit the dark chamber
(t(44)=3.655, p<0.01; Figure 1.3D) and spent less overall time in the dark chamber
(t(44)=4.509, p<0.001; Figure 1.3E). ENR but not ISO males were found to have
reduced anxiety-like behavior in comparison to a group of standard laboratory colony
reared Balb/c mice (i.e. raised by a single mother and then group housed in a standard
laboratory cage) in all measures of anxiety except for the number of fecal boli produced
in the open-field (data not shown), suggesting that the phenotypic differences observed
were accounted for by the reductions in anxiety-like behavior induced through
enrichment, rather than increases in anxiety-like behavior induced through social
isolation.
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Figure 1.3: Anxiety-like behavior of ISO- vs. ENR-reared males.
(A) Representative traces of open-field activity indicating hypoactivity/reduced exploration by ISO
compared with ENR males. (B) ENR males show a reduced latency to explore the center area of a novel
open field. (C) ENR males produce fewer fecal boli than ISO males. (D) ENR males show a reduced
latency to explore the light chamber of a light/dark box and (E) spend less time in the dark area during
testing compared with ISO males. ***p< 0.001.

Social enrichment induces increases in hippocampal gene expression. Comparison of
mRNA levels in the hippocampus of ENR vs. ISO males at 90 days of age indicated that
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ENR males had elevated hippocampal corticotropin releasing hormone (Crh; t(10)=2.599, p<0.05) and Bdnf (t(10)=-2.444, p<0.05) mRNA (Table 1.1). ENR effects were
specific to these gene targets and no group differences were observed in hippocampal
glucocorticoid receptor (GR), methyl-CpG binding protein 2 (MeCP2), DNA
methyltransferase 1 (DNMT1), or N-methyl D-aspartate receptor subtype 2B (NR2B)
mRNA levels; genes that have been previously been shown to be affected by experiential
factors (Curley et al., 2011).

Table 1.1: Effects of social enrichment on hippocampal gene expression.

Gene

ISO

ENR

Bdnf
Crh
Nr3c1
Mecp2
Nr2b

1.01 ± 0.06
1.01 ± 0.05
1.01 ± 0.06
1.01 ± 0.06
1.07 ± 0.16

1.24 ± 0.07*
1.28 ± 0.10*
0.94 ± 0.10
1.03 ± 0.15
1.14 ± 0.19

Relative fold expression of Bdnf, Crh, glucocorticoid receptor (Nr3c1), Mecp2, and N-methyl D-aspartate
receptor subtype 2B (NR2B); *p < 0.05.

Paternal social experience influences maternal postnatal investment in offspring.
Using a multilevel modeling approach to account for the hierarchical nature of the data,
we assessed the frequency of postnatal maternal care of standard reared Balb/c females
mated with either ENR or ISO males. Importantly, males were removed after 2 weeks of
mating and were not present during the postpartum period. Females mated with ENR
males (ENR-females) engaged in significantly higher levels of pup nursing across the
first week postpartum (t(22)=2.75, p=0.01; Figure 1.4A), and marginally higher levels of
pup licking (t(22)=1.82, p=0.08; Figure 1.4C). These differences in maternal care were
more pronounced during the early postpartum period. Compared to ISO-females, ENRfemales nursed pups more frequently on the first two postpartum days (PPD1: t(22)=2.61,
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p<0.02; PPD2: t(22)=3.93, p<0.001; Figure 1.4B) and licked more on the first day
postpartum (t(22)=2.63, p<0.02; Figure 1.4D). For all other days, nursing and licking
behaviors were not significantly different between groups, except on postpartum day 5,
when both behaviors were significantly higher in ENR-females than in ISO-females
(nursing: t(22)=2.26, p<0.04; licking coefficient=1.65, t(22)=2.08, p<0.05). Consistent
with the social housing effects on male behavior, standard reared females mated with
standard reared Balb/c mice were not found to differ in frequency of postpartum behavior
when compared to ISO-females, suggesting that paternally-associated increases in
maternal behavior were associated with the ENR treatment.
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Figure 1.4: Maternal behavior of females mated with ISO- or ENR-reared males.
A) ENR-♀ exhibit elevated levels of nursing across the first postpartum week compared with ISO females.
(B) Increased nursing levels of ENR-females were most pronounced during the first 2 postpartum days. (C)
ENR-female exhibit marginally elevated levels of pup licking across the first postpartum week compared
with ISO-females. (D) Increased pup licking by ENR-females are most pronounced on postpartum day 1.
**p < 0.01; *p < 0.05; #p < 0.10.
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Figure 1.5: Correlations of paternal anxiety-like behavior and mate maternal behavior.
The (A) latency to enter the center of a novel open field, (B) number of boli defecations in a novel open
field, and (C) time spent in the dark chamber of a light/dark box arena was negatively correlated with
nursing on PPD1.

Environmentally-induced changes in paternal anxiety-like behavior are associated
with maternal behavior toward offspring. We examined whether anxiety-like behavior
of males would predict subsequent frequency of postpartum nursing and licking by
females. Though only marginal correlations were found for average maternal behavior
across the postpartum period (i.e. latency to enter the center of the open-field and nursing
behavior: t(22)=1.81, p=0.08)), male behavior did significantly predict maternal care on
PPD1. A male’s latency to enter the center of the open field was negatively related to
PPD1 maternal nursing and pup licking (t(22)=1.95, p=0.06; t(22)=2.38, p<0.03,
respectively; Figure 1.5A). Boli production during open field testing was negatively
related to nursing and frequency of pup licking (t(22)=2.02, p=0.06; t(22)=1.71, p=0.10,
respectively; Figure 1.5B). The duration spent in the dark portion of the light-dark box
was not associated with maternal licking behavior, but was negatively related to PPD1
maternal nursing, such that females who mated with long-duration males nursed their
pups significantly less than females who mated with short-duration males (t(22)=2.26,
p<0.01, Figure 1.5C).

Interestingly, though these analyses indicate that maternal
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behavior toward pups and paternal anxiety-like behavior were correlated, using a
mediation analysis we found limited evidence that paternal anxiety-like behavior
mediated the paternal effect on maternal behavior (all mediated effects < 51%, all p’s >
0.19) suggesting that another phenotypic variable in combination with paternal anxietylike behavior may have induced the observed differences in maternal care.
Table 1.2: Paternal social environment effects on litter characteristics.

Measure

ISO

ENR

PN0 Litter Size
PN0 Litter Weight (g)
PN6 Litter Size
PN6 Litter Weight (g)
Percent Male Pups
Pup Weight on PN28 (g)

5.29 ± 0.34
7.81 ± 0.45
5.36 ± 0.34
20.89 ± 1.19
42.45 ± 5.06
10.97 ± 0.24

5.23 ± 0.43
7.77 ± 0.53
5.00 ± 0.41
20.61 ± 1.32
36.03 ± 4.98
11.94 ± 0.25**

Litters and pups from isolated (ISO) or enriched (ENR) fathers, **p < 0.01.

Paternal enrichment induces variation in offspring outcomes. Litter weights at PN0
(postnatal day 0) and PN6 as well as individual pup weaning weights at PN28 were
compared amongst ISO- and ENR-sired litters. Paternal condition did not affect sex
ratio, PN0 litter size, nor did it affect survival to weaning (Table 1.2). Controlling for
litter size, paternal condition did not affect litter weight at PN0 or PN6, but it did predict
offspring weight at weaning (PN28). Offspring of ENR males weighed an average of
0.98g more than offspring of ISO males (t(21) = 2.84, p < 0.01). This growth effect was
observed in both male and female offspring and was significant after controlling for
maternal care we observed during the first postnatal week. Offspring of standard reared
Balb/c mice were not found to differ in weight when compared to offspring of ISO-males
[ISO: 10.90g (±0.23g), STD: 10.80g (± 0.26g)], suggesting that paternally-associated
increases in weight were associated with the ENR treatment. There were no significant
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effects of paternal social experience on time spent in the center area (F(2,101)=1.160,
p=0.318), distance travelled (F(2,101)=0.261, p=0.771) or boli produced in an open-field
(F(2,101)=1.039, p=0.358; Table 1.3).

Table 1.3: Paternal enrichment effects on offspring open-field activity.

Paternal
Condition
ISO
ENR

Sex

Boli

Time spent in
center (s)

Distance
travelled (cm)

Male
Female
Male
Female

14.62 ± 0.82
12.25 ± 0.84
14.75 ± 0.91
12.50 ± 0.89

0.22 ± 0.15
0.49 ± 0.35
0.81 ± 0.56
1.23 ± 0.90

6.81 ± 0.70
6.79 ± 0.81
5.87 ± 0.74
6.72 ± 1.26

Offspring from isolated (ISO) or enriched (ENR) fathers.

Discussion
Environmental experiences have enduring effects on neurobiology and behavior
and there is increasing evidence for the impact of paternal experiences on developmental
outcomes in offspring. In the current study, we show that social experiences lead to
divergent phenotypes in males and these phenotypes have implications for the level of
postnatal reproductive investment of their female mates towards offspring with
consequences for offspring fitness.

These data provide evidence for differential

allocation of maternal resources dependent on the social experience of male mates; a
finding that has significant implications for our understanding of the mechanistic
pathways through which paternal effects are achieved.
Social experience across the lifespan has been shown to modulate stress
responsivity and anxiety-like behavior across species (Chapillon et al., 1999, Wolfer et
al., 2004, Curley et al., 2009). In Balb/c mice, heightened anxiety-like behavior in
adulthood has been attributed to the reduced levels of postpartum maternal care received
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in infancy (Carola et al., 2006, Champagne and Meaney, 2007). In the current study, we
illustrate the combined effect of postnatal communal rearing and post-weaning
enrichment (ENR males) on ameliorating this phenotype; an effect consistent with
previous studies of complex housing and social stimulation (Wolfer et al., 2004, Curley et
al., 2009). In contrast to the effects of enrichment, we find that social isolation exerts
little effect on anxiety-like behavior in Balb/c mice. The effect of social enrichment vs.
social isolation is also observed on measures of hippocampal expression of Bdnf and Crh;
genes implicated in the expression of anxiety-like behavior. Previous studies have shown
that genetic deletion of Bdnf results in increased anxiety-like behavior whereas the
converse is evident following overexpression of CRH (van Gaalen et al., 2002, Chen et
al., 2006b). Increased levels of Bdnf within the hippocampus are thought to reduce
anxiety-like behavior by enhancing structural plasticity and providing trophic support to
neurons (Duman and Monteggia, 2006). Enriching the postnatal and/or post-weaning
environment can increase levels of Bdnf (Branchi et al., 2006, Chourbaji et al., 2008,
Kuzumaki et al., 2011) whereas maternal neglect and post-weaning social isolation lead
to reduced levels of Bdnf in the brain (Barrientos et al., 2003, Roth et al., 2009). Crh
expression is similarly sensitive to experiential factors (Korosi et al., 2010). While stressinduced levels of Crh potentiate anxiety-like responses, in the absence of stressors, basal
levels of Crh in the hippocampus (and other extra-hypothalamic regions) have been
associated with hyper-vigilance and arousal (Chang and Opp, 2001). Thus, increases in
hippocampal Crh observed in ENR males in the current study may underlie their
increased exploratory behavior.
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We hypothesized that environmentally induced variation in male phenotype could
affect their mate’s maternal investment. Indeed, we find that females mated with ENR
males engage in higher frequencies of postpartum nursing and pup licking/grooming,
particularly during the early postpartum period.

Alterations in maternal investment

arising from mate quality is a well-characterized phenomenon, occurring across a wide
variety of species (Sheldon, 2000). In most maternal investment studies, however, it has
been difficult to dissociate genetic signals of paternal attractiveness (i.e. “good genes”)
from non-genetic signals of paternal attractiveness, such as paternal experience. In the
current study, males were genetically identical and only differed in the social
environment experienced across their lifespan. Our findings strengthen the idea that nongenetic aspects of male quality are able to drive differential allocation in mammalian
female mates.
Variation in behavioral characteristics in rodents are associated with levels of
maternal care experienced during postnatal development (Francis et al., 2003, Branchi et
al., 2006, Curley et al., 2009, Pedersen et al., 2011). These phenotypic effects may be
achieved through maternal epigenetic programming of offspring gene expression
inducing individual differences that persist into adulthood (Weaver et al., 2004, Roth et
al., 2009, Korosi et al., 2010). Thus, the paternally-induced alterations in maternal
behavior we observe could affect multiple developmental outcomes. Female experiences
(e.g. stress exposure, social/isolation rearing) affect her postpartum maternal care
(Champagne and Meaney, 2006, 2007, Roth et al., 2009). Our data provide the first
demonstration that a father’s experience can induce similar effects, thus exposing a
pathway through which paternal experiences can influence offspring development. The
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recent finding that the effects of chronic social defeat stress in isogenic male mice are not
completely transmitted to offspring when sired using in vitro fertilization lends further
support to this maternal mediation hypothesis (Dietz et al., 2011).
From a mechanistic perspective, it is important to note that the environmentallyinduced anxiety level of males did not completely predict the degree of maternal
investment; consistent with previous findings that postnatal maternal behavior was not
altered following mating with males selected solely on the basis of anxiety-like behavior
(Alter et al., 2009). In addition to changes in anxiety-like behavior, the differential
rearing experience of ISO and ENR males is likely to have altered other behavioral
characteristics (e.g. social and aggressive behaviors, mating style) that may induce the
observed differential maternal investment. Any aspect of male phenotype that induces
mate preference in females could be an important predictor of maternally-driven paternal
effects; a process that may be further elucidated through broader phenotypic assessment
of males during mating and mate-preference testing. In birds, there is evidence that
changes in investment are related to the perceived quality of the male rather than any
intrinsic or genetic differences (Gilbert et al., 2006). Studies in house mice have shown
that females mated with a preferred male gave birth to larger litters and that these
offspring were found to be socially dominant and have decreased mortality rates
compared to offspring of females mated with non-preferred males (Drickamer et al.,
2000). While mate preference is often thought to occur on the basis of genetically-driven
phenotypic features, experiential factors (e.g. in utero food restriction and toxin
exposure) of males can shift female preferences towards non-exposed males (Meikle et
al., 1995, Crews et al., 2007). Male phenotype could also have direct effects on the
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reproductive physiology of females (i.e. shifting reproductive and stress hormone levels)
during the mating period. For example, experiences (e.g. stress) can shift mating
strategies and the sexual behavior of males (e.g. rates of intromission), which has
significant consequences for successful pregnancy and parturition (Wilson et al., 1965,
Ward, 1972, Retana-Marquez et al., 2003). Importantly, these effects could occur
independent of female-driven selection of preferred mates.
Related to the concept of paternal effects via maternal investment is the
consequence of inherited paternal genetic/epigenetic variation by offspring that could
lead to variations in the level care that offspring receive. In rodents, rates of ultrasonic
vocalizations, suckling ability and locomotor activity are all influenced by paternal genes
and can regulate the amount of care offspring receive from their mother during the preand postnatal periods (Curley et al., 2004, Plagge et al., 2004). Therefore, the experience
of fathers could have indirect effects on maternal behavior by driving greater resource
extraction (via prenatal priming and placental function) from the mother through their
effects on the epigenetic variation of fetal tissues (Curley et al., 2004). Embryo transfer
and cross-fostering manipulations may allow for further dissection of the biological and
behavioral pathways through which these paternal effects on maternal investment are
achieved, though it should be noted that these strategies have significant methodological
limitations in this context due to 1) the epigenetic disruption associated with gamete
extraction and in vitro fertilization (Market-Velker et al., 2010b), 2) cross-fostering
effects on postnatal maternal behavior (Francis et al., 2003, Curley et al., 2010), and 3)
the complex interactions between maternal and pup characteristics in the prediction of
postnatal maternal investment (Hager and Johnstone, 2003).
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Consistent with the accumulating evidence for environmentally induced paternal
effects on phenotypic characteristics of offspring (Anway et al., 2005, Pembrey et al.,
2006, Kaati et al., 2007, Alter et al., 2009, Franklin et al., 2010, Dietz et al., 2011), in the
current study we show that the offspring of ENR males were heavier at weaning
compared to offspring of ISO males. Increased growth during the juvenile period has
been shown to have fitness consequences in a wide variety of species (Lindstrom, 1999)
and in laboratory mice, low weaning weight has been shown to be a predictor of stressor
susceptibility and the ability to overcome infection and dietary challenges (Dubos et al.,
2005, Curley et al., 2010). Studies conducted in a number of species have identified a
link between paternal condition and growth rates in offspring (Giesel, 1988,
Bonduriansky and Head, 2007, Meek et al., 2007, Alter et al., 2009) and many of these
effects have been attributed to differential allocation of maternal resources that are based
on mate quality/preference (Cunningham and Russell, 2000, Gilbert et al., 2006). The
weight differences we observed remained even after controlling for postpartum maternal
behavior, indicating that prenatal metabolic programming or late postpartum maternal
behavior (pre-weaning) may account for this particular fitness outcome. Quantifying
prenatal maternal investment in mammals is difficult as important factors may include
gestational food intake, hormonal release, and other physiological changes that depend on
interactions between the mother, placenta and fetus.
In humans there is compelling evidence that paternal age, nutrition, and drug use
predict the development of psychopathology and health risks. Interestingly, the effects
observed in human epidemiological studies are qualitatively similar to paternal effects
observed in species of laboratory rodents that do not engage in postnatal paternal care
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(Curley et al., 2011). Though much of the evidence is, at this stage, preliminary, there is
emerging support that environmental induction of paternal germline epigenetic changes
can have consequences for multiple generations of offspring.

The potential role of

mothers in these paternal effects has typically not been explored. In the current study, we
show that maternal investment is partially dependent on the social and environmental
experience of her mate. Thus, the inheritance of paternal genetic/epigenetic variation can
have both direct effects on offspring and/or indirect effects on offspring via maternal
investment. The complex relationship between paternal, maternal, and offspring
phenotypes and the effect of the environment on this dynamic, represent challenging yet
important factors in the study of the mechanisms driving paternal effects.
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CHAPTER 2:
Effects of Chronic Food Restriction on Male Behavior and Germ Cells
Introduction
In the next set of studies (covered over Chapters 2-4) we sought to delve further
into the idea of epigenetic inheritance while accounting for the complex interactions that
can occur between male experiential and behavioral characteristics, germline factors that
are influenced as a result, and maternal contributions in propagating paternal phenotypes
across generations.
For these studies, chronic food restriction (FR) was chosen as a qualitatively
different (compared to the social rearing paradigms in Chapter 1) and salient experiential
factor that could be applied during the adult period of males. Chronic FR was chosen as
an environmental manipulation for two primary reasons. First, chronic FR represents a
model of a salient, naturally occurring physiological and psychological stressor (i.e. food
shortages) and one that is very likely to be incurred during the lifespan of animals living
in the wild. Presently, the most commonly employed chronic stress paradigms (i.e.
chronic variable stress) in laboratory animals involve the use of multiple artificial
stressors (e.g. constant light, cage tilt, restraint etc), which are likely to be less
meaningful in the life history of an animal. Indeed, while stress hormones tend to adapt
following repeated administration of a stressor, such as restraint, to laboratory animals,
basal secretory levels remain elevated after several weeks of FR (Stamp and Herbert,
1999, Belda et al., 2005, Stamp et al., 2008). Moreover, FR is a sufficiently potent
stressor that its disruptions to normal behavior are observed well after return to ad libitum
feeding and a return to baseline body weight (Cabib et al., 2000). Second, food shortage
stress taps into the close relationship between ingestive behavior and metabolism, energy
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homeostasis and the neural circuitry guiding reward and stress related behavior – all of
which are substantial components of the response to chronic stress exposure across all
species including psychological stress in humans (McEwen, 2000b, Nemeroff and Vale,
2005, aan het Rot et al., 2009). Indeed, chronic FR increases the activity of these
biological systems and has been shown to induce long-lasting changes in both the brain
and periphery (Chandler-Laney et al., 2007, Pankevich et al., 2010). Of particular
relevance to the development and the transgenerational impact of affective behavior is the
changes that occur within reward systems (e.g. mesolimbic dopamine) and the
hypothalamic pituitary adrenal (HPA) axis.
The activation of the stress response is governed by the HPA axis and initiated by
the secretion of CRH and vasopressin (AVP) from the paraventricular nucleus (PVN) of
the hypothalamus. This stimulates the secretion of adrenocorticotrophic hormone
(ACTH) from the pituitary, which acts on the adrenal glands to stimulate glucocorticoids
(corticosterone in rodents and cortisol in humans). Glucocorticoids exert widespread
effects via their receptors in multiple target tissues to regulate energy metabolism,
immune system activity, and mood. HPA activity is terminated through negative
feedback mechanisms that act directly on GR expressed in the pituitary and within
hypothalamic and hippocampal subregions to inhibit further hormone release (Sapolsky
et al., 1984). Within the brain, glucocorticoids can regulate neuronal survival,
neurogenesis, and dendritic remodeling and arborization in a number of brain regions
(e.g., amygdala, hippocampus, prefrontal cortex), which, in addition to regulating stress,
have been known to regulate complex behaviors, such as memory, cognition and
affective appraisal (Sapolsky et al., 1986, McEwen, 2000a, McEwen and Morrison,
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2013). Given these complex actions, it is not surprising that patients suffering from
neuropsychiatric disorders (e.g., depression) exhibit increased stress sensitivity and HPA
dysregulation (aan het Rot et al., 2009). Further, stress experienced across the lifespan in
rodents and humans is associated with epigenetic transcriptional changes of hypothalamic
CRH and GR in both the brain and periphery (Weaver et al., 2005, Mueller and Bale,
2008, McGowan et al., 2009, Korosi et al., 2010, Sterrenburg et al., 2011).
Mice that have been food restricted for over three weeks show increased
corticosterone secretion after an acute stressor with a higher maximal rise and delayed
stress recovery (Marinelli et al., 1996, Leal and Moreira, 1997, Stamp et al., 2008,
Pankevich et al., 2010). These differences in stress sensitivity have also been
demonstrated at the behavioral level. Food restriction results in increased immobility in a
tail-suspension test and a forced-swim test and promotes binge eating indicating that this
manipulation increases depression-like behavior (Alcaro et al., 2002, Chandler-Laney et
al., 2007, Pankevich et al., 2010). These changes have also been associated with elevated
levels of CRH in the bed nucleus of the stria terminalis (BNST), a limbic region with
CRH containing GABAergic neurons that can inhibit CRH release within the PVN; these
elevated levels persist even after re-feeding (Cullinan et al., 1993, Pankevich et al.,
2010). Therefore, enhanced CRH in the BNST is likely to enhance HPA activity through
reduced inhibition of the PVN. Taken together, these data provide strong evidence that
FR has the capacity to activate and dysregulate HPA activity, with consequences for
anxiety- and depression-like phenotypes.
Given the relationship between stress, ingestive behavior, and reward and the comorbidity of depression, eating disorders (e.g., binge eating), and drug/alcohol abuse, it is
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perhaps not surprising that FR also has effects on reward circuitry. For example, in
rodents, chronic food restriction lasting around one month increases self-administration
of amphetamine, and is generally considered to increase the sensitivity for the rewarding
effects of addictive drugs (Cabeza de Vaca and Carr, 1998, Cabib et al., 2000). This
sensitivity extends to natural rewards and increases binge eating in mice even after mice
are returned to an ad libitum feeding schedule (Pankevich et al., 2010). Further, chronic
food restriction involves binge eating. Changes that occur to mesolimbic dopamine
neurons, originating in the ventral tegmental area (VTA) and terminating in the nucleus
accumbens (NAc) and prefrontal cortex (PFC) might be particularly important in
mediating these effects. Chronic food restriction has been shown to reduce extracellular
dopamine in the NAc and to induce changes in dopamine transporters, synthesizing
enzymes and receptors along reward pathways (Pothos et al., 1995, Wilson et al., 1995).
Interestingly, these are similar to the changes in reward circuitry involved in depression
(reviewed in (Russo and Nestler, 2013)).
The collective evidence suggesting that FR disrupts two neural systems that are
critically important for affective and behavioral responses (HPA and reward circuits),
coupled with its ethological validity, makes it an interesting model to study within the
context of epigenetic inheritance. First, chronic FR is important for its relevance to the
parental transmission of human neuropsychiatric disorders. Second, within animal
populations, it has evolutionary significance in that FR has the potential to transmit
adaptive responses to salient ecological signals between generations. In this chapter, as a
first step towards these goals, we characterized the behavioral and molecular germline
effects of a three-week, chronic FR paradigm, in which food availability was restricted
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and unpredictable, thus mimicking food shortages and foraging demands in an unstable
environment.
Aim 1: In the first experiment, we assayed the anxiety-like, depression-like, and social
behavior of adult male mice that underwent this type of FR. Behaviors were measured at
two separate time points: immediately following the three-week FR period and then one
week after returning to an ad libitum feeding schedule. These two time points were
selected to determine which behavioral alterations induced by FR would be maintained
over time, as this might provide insight into the long-term changes induced by FR.
Tracking these behavioral alterations over two time points could also provide clues as to
what aspects of FR-induced phenotype could be inherited by offspring, affect malefemale interactions during mating, and/or be used as cues to females regarding mate
quality and life history.
Aim 2: In the second experiment, we measured changes in sexual motivation and
reproductive behaviors following three weeks of FR and a short ad lib feeding recovery
period. Sexual behavior is a measure of interest in a natural reward (sex), and its
expression, as discussed earlier, has consequences for the quality of mating and resulting
fecundity, and can influence female assessments of mate quality.
Aim 3: A third objective was to determine if male testes and sperm cells were sensitive to
chronic FR and whether epigenetic changes could be identified within these tissues.
Specifically, we chose to focus on two types of molecular changes that have repeatedly
been identified for their potential involvement in epigenetic inheritance: small RNAs and
DNA methylation. This was assayed in three separate ways: (1) measuring total piRNA
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concentrations in the testes following FR because of piRNA’s high expression within
testes/sperm and its role in epigenetic regulation of germ cells, (2) measuring
transcriptional changes in the testes in genes associated with piRNA action and
epigenetic programming, and (3) measuring DNA methylation of the Mecp2 gene, an
epigenetic regulatory protein that has widespread effects on epigenetic regulation and
transcription and that has been previously implicated in paternal transmission of early-life
stress phenotypes.

Methods
Animals & Husbandry
Adult male C57BL/6 mice (6-8 weeks of age from Jackson Laboratories, XX)
housed 4/cage in Plexiglass cages, were food restricted (FR) for 3 weeks. During this
period food was removed from the home cage and mice were fed to maintain 80-85% of
their initial body weight. Feedings occurred daily but the timing (between 12 and 22h of
last feeding), duration, and quantity was unpredictable throughout the course of the food
restriction period. Control (CF) mice were weighed daily but given access to food ad
libitum. All procedures were performed in accordance with guidelines of the NIH
regarding the Guide for the Care and Use of Laboratory Animals and with the approval
of the Institutional Animal Care and Use Committee (IACUC) at Columbia University.

Behavioral Assessment of FR mice
Tests of Anxiety-, Depression-like & Social Behavior
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Subsets of food restricted (FR) mice underwent behavioral testing for anxietyand depression-like (novel open-field and forced swim test; n=10/group) and social
(dyadic social interaction test; n=10/group) behaviors. For these behavioral assessments,
all mice were tested twice, once following the 3-week food restriction and 1 week later,
after mice were returned to an ad lib diet. All behavioral methodologies are described in
Appendix 1.
Test of male reproductive behavior
The mating behaviors of CF and FR males (n=14/group) were measured in 1-hour
tests with unfamiliar, estrous-stage, virgin B6 (same strain) female. Tests were conducted
72-h following the 3-week food restriction period (i.e. FR mice had been ad lib fed for
48-h prior to testing). These stimulus females were selected based on the presence of
keratinized/cornified cell types in cytological analyses of vaginal lavages performed up to
1h prior to testing. Female stimulus mice were placed in a clean 13.5" × 8.1" × 5.5"
Plexiglas home cage (without food and water) to acclimate to the testing room for 30
min. Following this habituation period, the test male was placed in the test cage for 1
hour and behavior was video recorded from above for later blind scoring. The male
reproductive behaviors scored were latency and frequency of mounting, intromission and
ejaculation, and duration of anogenital, face, and body sniffing. If a subject did not
perform a behavior during the hour-long test, a maximum latency value of 3600 seconds
was assigned for that behavior.

Molecular Analyses of brain, testes and sperm of FR mice
Tissue collection & nucleic acid isolation
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Following behavioral assessment, mice were sacrificed by rapid decapitation, and
brains, testes, and sperm were extracted, flash-frozen in chilled isopentane and stored at
−80°C until homogenization. The hypothalamus was dissected from partially thawed
tissue, and Allprep DNA/RNA mini kit (Qiagen) was used for simultaneous extraction of
total RNA and genomic DNA according to manufacturers instructions. Total RNA from
the testes was extracted using the TRIzol method (Chomczynski and Sacchi, 1987).
Briefly, frozen testes samples were halved and solubilized using the TRIzol reagent
(Invitrogen). Phase separation was performed by the addition of chloroform and the
aqueous phase (contains the RNA) was removed, precipitated using isopropanol and two
95% ethanol washes, and resuspended in nuclease-free water. Sperm was collected from
the caudal epididymis of males (similar to the methods of Franklin et al. and Rakyan et
al). Genomic DNA from sperm samples was extracted using the DNeasy Blood & Tissue
Kit (Qiagen). All nucleic yields were quantified by spectrophotometry using the
NanoDrop 1000 (Thermo Scientific).
Quantification of piRNAs using RNA denaturing gel electrophoresis
To quantify piRNA populations, 7ug of RNA from testes samples from CF and
FR males (n=4/group) were loaded onto a 15% TBE-Urea gel and stained with SYBR
Green II fluorescent dye. Gels were visualized under UV light and imaged. The band
corresponding to piRNAs (28-32 nt) was identified by comparing the separated bands
against a microRNA (up to 25nt; New England BioLabs) and a low range ssRNA (up to
1000nt; New England BioLabs) ladder. Band intensities were quantified by measuring
optical density relative to background using ImageJ (NIH).
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Gene expression of testes mRNA using qPCR
Gene expression in the testes following FR was examined using qPCR (see
Appendix I). Genes were selected on the basis of their involvement in gonadal hormone
regulation (Androgen recptor; Ar), regulation of DNA methylation (DNMT3a and
DNMT3b), and piRNA action (Mili, Miwi, Miwi-2).

Table 2.1: Mecp2 pyrosequencing primers

Mecp2
PCR primer – forward
PCR primer - biotinylated reverse
Pyrosequencing primer

TTGGGTTTTATAATTAATGAAGGGTAA
/5Biosg/ATTTTACCACAACCCTCTCT
AGGTGTAGTAGTATATAGG

Bisulfite-Pyrosequencing of sperm DNA from FR mice
DNA methylation at specific CpG sites in the promoter region of the MeCP2 gene
in male sperm (n=6/group) were analyzed using the bisulfite-pyrosequencing method.
Bisulfite conversion of DNA samples (500 ng) was carried out using EpiTect Bisulfite
Kit (Qiagen). Biotinylated PCR products were obtained using PyroMark PCR kit
(Qiagen) and PCR primers specific for the MeCP2 regulatory region (based on Franklin
et al., 2010). Pyrosequencing was performed on a PyroMark Q24 Pyrosequencer using
specific pyrosequencing primers (see Table 2.1). Average percent DNA methylation
levels of the CpG sites within the region were determined by the ratio of C to T
incorporation and quantified using PyroMark Q24 2.0.4. Software (Qiagen). To confirm
completeness of bisulfite conversion, a C nucleotide located in an internal non-CpG site
was assessed. Only samples that passed internal positive control standards were included
in the analysis.
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Statistical Analyses
Male behavioral responses to FR were analyzed using a repeated measures
analysis of variance (ANOVA) with group (CF and FR) as between-subjects variables
and timepoint (0 and 7 days following food restriction) as a within-subject variable.
Post-hoc t-tests were performed if a significant interaction was present between the two
variables. RNA levels were analyzed using a two-sample t-test between groups. Levels
of DNA methylation were analyzed with a repeated measures ANOVA with group as a
between- and CpG site as a within-subject variable.
Results
Behavior of FR males
Anxiety-like Behavior
The effects of FR restriction on anxiety-like behavior were apparent only
immediately after the three-week FR period. Mice that were FR spent less time in the
center area of a novel open-field at 0 days post-FR (t(18)=2.70, p=0.02) but not following
a 1-week ad lib fed recovery period (t(18)=-0.28, p=0.78) (Figure 2.1). These differences
were not due to general changes in locomotor activity resulting from FR as CF and FR
mice showed no differences in total distance travelled during the 10 minute test (no effect
of group F(1, 32)=0.02, p=0.88) or significant interaction (F=(1,32)=0.00, p=0.98) across
the two testing time points). Further, there were no differences in physiological indices of
stress/anxiety amongst the CF and FR groups across either time point. FR and CF showed
no significant differences in the amount of fecal boli deposited during either test period
(no effect of group, F(1,32)=0.02, p=0.88), nor a significant interaction (F=(1,32)=0.00,
p=0.98)).
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Figure 2.1: Chronic FR induces changes in male behavior.
(A) Increased time spent in center of the open-field in food restricted (FR) compared to control (CF)
immediately following FR but not after 7-days of ad lib recovery. No FR-induced changes in boli
produced. (B) FR reduces swimming time in forced-swim test after FR and persists following recovery.
Latency to passive is shorter in FR males but not after recovery. (C) FR mice sniff social stimulus more in a
social interaction task but not following recovery. No differences in aggression.

Depression-like Behavior

[55]

Depression-like behavior induced by FR was measured by the latency to cease
struggling/escape-like behaviors once placed in the forced-swim environment and the
time spent engaged in active swimming during the last 4 minutes of the test. Compared to
CF mice, FR mice spent less time actively swimming during the forced swim task both
immediately after food restriction and following a 1-week recovery period (main effect of
group: F(1,34)=3.85, p=0.05; Figure 2.1A). Significantly, these effects were not due to
changes in weight induced by FR, as a model including subject weight as a covariate
revealed no contribution of weight to active swimming behavior (F(1,34)=0.01, p=0.93;
Figure 2.1B). Further, FR significantly reduced the latency to transition from active
struggling to passive swimming immediately following the 3-week FR period
(t(18)=2.0886, p=0.05) but not following recovery (t(18)=-0.36, p=0.72).

Social Behavior
Mice that were FR spent more time investigating (sniffing) the social stimulus
male in the 15-minute social interaction test as compared to CF mice (Figure 2.1C). This
effect was only present immediately following 3-weeks of FR (t(18)=-3.33, p=0.00) but
not following the recovery period (t(18)=0.13, p=0.90). There were no differences in the
frequency of aggressive events (e.g., attack, chasing, dominant postures, tail rattle)
amongst FR and CF mice (no main effect of group: F(1, 34)=0.93, p=0.76), or interaction
with days following food restriction: F(1, 34)=0.28, p=0.60).
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Reproductive Behavior
There were no significant differences in displays of reproductive behaviors
measured, most likely due to the low proportion of subject mice exhibiting mating-related
behaviors (p=1.00 for mounting and intromission in a Fishers exact test for count data)
during the 1h test period (Table 2.2). Subject CF and FR mice did not differ significantly
in the duration of time spent sniffing the anogential (t(26)=-0.056, p=0.96) or body
(t(26)=-1.52, p=0.14) region of the stimulus female, though there was a significant
difference in duration of time spent sniffing the female’s face (t(26)=2.02, p=0.05).
Further, there were no significant differences in the principal sexual behaviors, duration
mounting (t(26)=0.93, p=0.36) or duration intromitting (t(26)=1.22, p=0.23), between CF
and FR mice.

Table. 2.2: Food restriction-induced changes in male reproductive behavior.

Reproductive Behavior

CF

FR

Anogenital sniffing (s)
Body sniffing (s)
Face sniffing (s)
Mounting (s)
Proportion mounting
Intromission (s)
Proportion intromitting

151.66%±%22.80%
155.33%±%38.12%
76.91%±%10.59%
32.91%±%28.63%
0.29%
42.59%±%31.90%
0.14%

153.91%±%33.02%
252.39%±%51.17*%
49.67%±%8.37%
5.98%±%5.00%
0.29%
3.35%±%3.35%
0.07%

Control-fed (CF) and Food restriced (FR) males. *p<0.05

RNA expression in testes of FR males
Quantification of total piRNA content in the testes revealed a significant decrease
in optical density of bands representing piRNAs (28-32nt) in the testes of FR compared
to CF mice (t=(6)=-2.55, p=0.05; Figure 2.2A). These changes were not associated with
significant changes in mRNA expression of piRNA binding proteins, Mili (t(7)=-1.02,
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p=0.33) or Miwi (t(8)=-0.96, p=0.37), though there was a trend towards a significant
increase in Miwi-2 (t(7)=-1.61, p=0.12) in the testes of FR versus CF mice. Analysis of
DNA methyltransferase mRNA expression revealed no significant differences in mRNA
expression of Dnmt3a (t(7)=-1.116, p=0.30) but a slight trend towards an increase in
Dnmt3b (t(8)=1.52, p=0.10) in FR compared to CF mice (Figure 2.2B). Further, there
was a trend towards a significant reduction in Ar (t(7)=-1.98, p=0.09) mRNA expression
in FR compared to CF mice.
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Figure 2.2: RNA expression changes in testes of FR mice.
(A) FR males had reduced total piRNA content in the testes (B) mRNA expression of genes related to
piRNA function and epigenetic programming: Different from CF, *p<0.05, #p<0.10

Mecp2 DNA methylation levels in FR sperm
Total levels of methylation did not differ among CF and FR mice (t(11)=0.63,
p=0.54; Figure 2.3). Further, levels of DNA methylation at each of the 13 CpG sites of
the Mecp2 CpG region examined were not significantly affected by FR (no effect of
group (F(1,12)=0.88, =0.36) or interaction with CpG site (F(1,12)=0.69, p=0.77)).
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Figure 2.3: Mecp2 DNA methylation levels in sperm of FR mice.
No difference in CpG methylation between FR and CF sperm (A) at indivudal sites or (B) total levels.

Discussion
Behavioral changes in response to FR
FR induced distinct behavioral changes in depression and anxiety-like behavior in
adult male mice. Males tested immediately after three weeks of FR (still in the food
restricted state) show increased anxiety-like behavior as indexed by reduced time spent
exploring the center area of a novel open-field. This was not associated with changes in
number of fecal boli deposited, indicating that exploratory activity and the response to
novelty was not linked to changes in physiological stress. Further, male FR mice also
show reduced latency to passive swimming (immobility) and overall reductions in
swimming (an active coping strategy) in the forced-swim test, which are indicative of a
learned-helplessness phenotype that is a common of depression. These findings are
consistent with reports that chronic FR results in increased anxiety- and depression-like
behaviors (Alcaro et al., 2002, Chandler-Laney et al., 2007, Pankevich et al., 2010).
Interestingly, though changes in anxiety-like and social behavior were abolished one
week after mice returned to an ad lib feeding schedule, changes in depression-like
behavior persisted, and these might be indicative of the enduring effects of food
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restriction. Behavioral changes in response to FR that persist after re-feeding may have
consequences for the specific aspects of fathers that could be transmitted to offspring.
FR mice showed no changes in aggression compared to controls in a dyadic social
interaction task, though they spent more time investigating (sniffing) the stimulus mouse.
Though sniffing has been widely considered a proxy for sociability and/or social interest
(Moy et al., 2004), increases in olfactory investigation in a social interaction task have
been reported to occur following a wide number of stressors, and these increases have
been attributed to deficits in olfactory processing and/or stress-induced hyperactivity
(Fortuna, 1977, Fairless et al., 2013). It is also somewhat surprising that there were no
differences between CF and FR male mice in aggressive encounters between subject
males, given the correlation between stress, anxiety, depression and increases in
aggression (Nakamura et al., 2008, Ma et al., 2011, Breuillaud et al., 2012, Yu et al.,
2014) and the finding that aggression or expression of dominant behaviors is often
preceded by excessive olfactory investigation of stimulus mice (Wesson, 2013). Further,
FR mice showed modest elevations in androgen receptor (AR) mRNA in the testes,
indicative of elevated levels of circulating testosterone, which have also been correlated
with aggressive behaviors (Tollman and J.A., 1956, Nelson et al., 2010). There are
several methodological issues regarding tests of social behavior in mice that may have
interfered with the ability to capture changes in sociability and/or aggression in FR mice.
First, all mice in the present studies were group housed. Group housing establishes a
social structure that often “carries over” to novel social situations. In our studies, mice
were socially isolated for 1-h prior to test; in the literature, this pre-test isolation period
can vary from 1h to 24h in order for mice to become sufficiently motivated to engage
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with a social stimulus mouse. In some cases, multiple trials are required in order for mice
to express aggression and/or dominance. Thus, future studies could incorporate homecage assessments to determine the level of social behaviors and aggression expressed
within an established dynamic or implement multiple experimental trials.
Sexual behavior in male rodents consists of a species-typical sequence of both
anticipatory/motivational and consummatory behaviors. These involve approach and
olfactory investigation of the female (especially anogenital sniffing), followed by bouts of
mounting, intromission, and then ejaculation, with a subsequent refractory period of
reduced interest in females. The proper initiation of these behaviors, through androgen
dependent measures, in the presence of sexually receptive females has been shown to
positively affect female reproductive physiology and to have a direct bearing on the
likelihood of induction of pregnancy. For example, female rats are both more likely to
conceive and less likely to continue estrous cyclicity after either intromission (Adler,
1969) or analogous artificial cervical stimulation (Terkel et al., 1990). Copulation with
male rats that have high frequencies of intromission is also more likely to result in
successful pregnancy with higher fecundity (Wilson et al., 1965, Diamond, 1970, Rastogi
et al., 1981). Moreover, there is some evidence suggesting that male reproductive
behaviors could have consequences for female hormonal activation, which could
influence pre- and postnatal investment for offspring (Adler et al., 1970). Significantly,
reproductive strategies that include variable rates and intervals of mounting, intromission,
and ejaculation are affected by prior exposure to stress during pre- and postnatal life
(Ward, 1972, Retana-Marquez et al., 2003, Cameron et al., 2008). It is, therefore,
surprising that no differences in reproductive behavior were found between FR and CF
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males. Most of the male mice tested (across both conditions) did not show mounting or
intromission during the hour-long tests, despite significant bouts of olfactory
investigation of the females – which is generally correlated with sexual interest – and
marginal differences in androgen receptors in the testes. Tests of longer duration, such as
the 10- or 24-h tests employed by previous studies might have allowed differences
between CF and FR animals to emerge (Rastogi et al., 1981, Raskin et al., 2009).
Germline changes in response to FR
In an effort to characterize changes in the male germline that may be altered in
response to FR we measured Mecp2 DNA methylation. The CpG island analyzed was the
same region in which maternal separation during the first two weeks of life was shown to
reduce levels of DNA methylation in both paternal sperm and the cortex of daughters
(Franklin et al., 2010). Given that early-life stress and chronic food restriction likely
share common mechanisms (e.g. elevated glucocorticoids) it is somewhat surprising that
FR did not result in similar changes. However, given the different developmental time
points at which the stressors were applied there may be other regulatory regions (not
measured) within the Mecp2 gene or other genes that may be more sensitive to stress in
adulthood compared to the early postnatal period. Further, though both manipulations
result in elevated anxiety- and depression-like behavior of males these outcomes may be
achieved through divergent mechanisms. For example, many early-life stress outcomes
have been shown to be mediated via maternal care (Champagne and Meaney, 2006, Roth
et al., 2009, Franklin et al., 2010) and the downstream effects of these changes may differ
from those initiated directly through the actions of glucocorticoids that are released in
excess in response to chronic FR.
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Searching for genes within sperm with DNA methylation patterns that are
responsive to FR and that may influence offspring behavioral development is a
challenging task. To date, there has been no systematic search for common genes or
regulatory genetic elements that may be changed in response to various manipulations.
Further, there is the possibility that each manipulation will influence a unique set of
genes depending on the nature of the environmental factor. Given that FR induces
elevations in glucocorticoids that activate nuclear receptors (i.e., GR) that can bind DNA
and regulate transcriptional and epigenetic activity, one strategy for pinpointing candidate
genes may be examine those that are responsive to glucocorticoids or contain
glucocorticoid responsive elements (Kress et al., 2006). Many of the physiological and
behavioral responses to FR are dependent on glucocorticoid-mediated transcription in the
brain (Guarnieri et al., 2012). If there are parallel changes in the germline with some
degree of overlapping function, glucocorticoid responsive genes may be interesting
candidates for the transmission of paternal FR across generations.
Genes that regulate the transcriptional state or epigenetic machinery that can
influence epigenetic patterns and their transcription at a number of genes, such as Mecp2,
are good starting points. Indeed, in addition to Mecp2, changes in Dnmt1 and Dnmt3a
mRNA have been detected in the sperm of males exposed to chronic cocaine (He et al.,
2006). Other candidate genes are imprinted genes and retrotransposable elements. The
methylation state of these genes has been shown to be particularly sensitive to
experiential factors and to escape epigenetic programming and re-programming events
during fetal development (Rakyan et al., 2003). Moreover, imprinted genes are largely
devoted to growth, brain development, and behavior, making them particular relevant for

[63]

understanding the inheritance of acquired behavioral phenotypes. Changes in methylation
at retrotransposable elements (e.g., transposons, LINE-1, IAPs), on the other hand, have
the capacity to regulate the transcription of adjacent genes. Therefore, depending on the
location of this change, even small changes can shift the expression of a diverse range of
genes with potentially synergistic effects. A full understanding of the degree to which
these changes occur requires a systematic, genome-wide search.
The potential for changes at LINE-1 or IAP elements in sperm is particularly
interesting given that FR was shown to reduce piRNA expression in the testes. piRNAs
are heavily involved in spermatogenesis, and, coupled with the role of piRNAs in
transposon silencing and control, the reductions in piRNA concentrations observed in
response to FR have implications for the methylation state of a number of genes. Further
analyses of the subpopulations of piRNAs that are altered in conjunction with changes in
the piRNA binding proteins (i.e. MILI, MIWI and MIWI-2) will provide more clues as to
the type of epigenetic changes and the regions where they might be altered. It has also
been established that sperm contains high levels of small non-coding RNAs, including
piRNAs. Though little is currently known about the transgenerational impact of piRNAs,
there is evidence in C. elegans that, in addition to directing DNA methylation, piRNAs
can also mobilize nucleosomes and chromatin marks in offspring to establish
transcriptional changes that are present in the parental germ cells (Rechtsteiner et al.,
2010, Ashe et al., 2012). Though we did not examine sperm content, if parallel changes
occur within sperm in response to FR, there is the possibility that piRNAs could act as
guides for DNA methylation and/or chromatin structure to help establish epigenetic
marks in the embryo.
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In the next chapter, we explored the consequences of these FR-induced changes in
males on female reproductive behaviors.

[65]

CHAPTER 3:
Effects of Male Food Restriction on Female Reproductive Behaviors.
Introduction
The prenatal and early postnatal period of development is a time of rapid change
growth and development, which can shape a broad range of neuroendocrine and
behavioral outcomes. This development is coordinated by maternal physiological and
behavioral adaptations in the brain to hormones that support the metabolic, physiological
and physical demands of pregnancy and, after birth, establish lactation and appropriate
maternal behaviors. Multiple interacting hormonal and neural systems participate in the
coordination of these behaviors the signals of which are integrated in the hypothalamus.
For example, the rise in estrogen levels in late pregnancy stimulates the production of
oxytocin and its receptor (OTR) that together with estrogen receptors (ER-α and ER-beta)
facilitate birth, lactation, and the onset and maintenance of maternal behavior (Moltz et
al., 1970). Knockdown of ER-alpha mRNA in the hypothalamus of lactating mice using
siRNA techniques completely abolishes the expression of maternal behavior (e.g. pup
retrieval, nursing and grooming of pups), findings which are similar to studies of mice
bearing a deletion of the ER-alpha gene, Esr1 (Ogawa et al., 1998, Ribeiro et al., 2012).
Moreover, in rats, the level of ER-α (protein and mRNA) and OTR binding in the medial
preoptic area (MPOA) of the hypothalamus positively correlated with elevated levels of
maternal care in lactating dams (Champagne et al., 2001, Champagne et al., 2003).
Two imprinted genes, paternally expressed gene 3 (Peg3) and mesoderm specific
transcript (Mest; also known as Peg1), that are highly expressed in the hypothalamus
have also been shown to influence pre- and postnatal maternal investment. Deletion of
Mest, that encodes for a putative hydrolase enzyme, reduces weight gain across the
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gestational period and lactating Mest-deficient females show abnormal maternal behavior
in the form of deficient nest building, reduced pup responsiveness and retrieval and
reduced suckling (Lefebvre et al., 1998). Likewise, knockouts of Peg3, which codes for a
zinc finger transcription factor, also reduce prenatal food intake and deficits in maternal
behaviors. In the case of Peg3, these deletions have been shown to involve reductions in
oxytocin neuron number as well as peptides involved in feeding and energy metabolism
(e.g. orexin, neuropeptide Y, melanin-concentrating hormone) (Li et al., 1999, Curley et
al., 2004, Broad et al., 2009, Champagne et al., 2009).
Of particular interest is the possibility that females could, in addition to postnatal
maternal care, provide more resources to offspring during in utero development. For
example, females could perceive differences in quality or condition of males and elect to
feed more during gestation. For example, in birds this manifests as differential depositing
of hormones, carotenoids or antimicrobial proteins in eggs (D'Alba et al., 2010). Another
possibility is that epigenetic changes to male genes could drive greater resource
extraction through the placenta during pregnancy (Curley et al., 2004, Plagge et al.,
2004). In either case, the prenatal period could be an important period during which
paternal experiences could shift offspring developmental trajectories.
In the literature, it is commonly hypothesized that females choose mates partly on
the basis of heritable qualities and use ‘attractiveness’ as a proxy for ‘good genes’
(Burley, 1988). The finding that mating with socially enriched compared to socially
isolated male mice could result in changes in postnatal care (as described in Chapter 1)
is particularly interesting given that these studies were performed with genetically
identical individuals using an inbred laboratory strain of mice (Mashoodh et al., 2012).
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These findings lend support to the idea that non-genetic (epigenetic) aspects of male
quality (i.e. environmental conditions experienced) are also capable of driving differential
allocation in female mates in mammals. However, an open question is whether females
can discriminate between males with different life histories and whether this would shift
female preference towards particular groups of males. This has important implications for
determining the source of any observed changes in maternal investment in response to
male phenotype. There is evidence that environmental factors (e.g. in utero diet, toxin or
parasite exposure, testosterone levels) experienced by isogenic male rodents can shift
female preference towards non-exposed individuals but none of these studies have
examined if changes in preference lead to shifts in maternal strategies (Kavaliers and
Colwell, 1995, Meikle et al., 1995, Crews et al., 2007).
The results from Chapter 1 provided evidence that even in genetically identical
males, experiential factors could induce changes in postnatal maternal investment.
Further, the specific changes in offspring growth that were observed were not completely
accounted for by changes in maternal investment. These results raised several intriguing
possibilities about the nature of epigenetic inheritance and the possible role of the
maternal repertoire (e.g. placental, in utero, or pre-weaning) that could be contributing to
changes in offspring development trajectories in response to paternal environmental
experience. In this chapter, we explored female responses to FR males in both brain and
behavior within a reproductive context.
Aim 1: To determine whether FR could induce changes in pre- and postnatal investment
we measured maternal weight gain in addition to postnatal maternal behaviors.
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Aim 2: A second objective was to determine if mating with FR males induced changes in
genes known to alter prenatal growth and resource allocation (i.e. MEST, IGF2) and
postnatal care (i.e. Peg3, ER-α, OTR) within the hypothalamus.
Aim 3: Since FR of male mice induces a distinct physiological and behavioral profile (see
Chapter 2), a third objective was to determine whether sexually receptive females could
discriminate between and have preference for males who experienced FR compared to
those were ad lib fed.
Methods
Animals
Adult male C57BL/6 mice (6-8 weeks old from Jackson Laboratories) were
either FR or CF (as described earlier). Immediately following the 3-week food
restriction period a single male was placed in a mating group with 2 adult (6-8 week old)
C57BL/6 female mice for approximately 2 weeks. After the mating periods, males were
removed and females were housed alone for the remainder of the experiment. See
Figure 3.1 for timeline.
Maternal investment in response to FR mating
Prenatal Maternal Investment
As a proxy measure for prenatal investment (e.g. food consumption during
gestation), female mice that mated with CF or FR males were weighed daily across
gestation. The day of birth was considered PN0 and therefore, assuming an average
gestation time of 19d for the mouse, percent weight gain was calculated for the last 20
weight observations. Given that there is individual variation in body weight, percent
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weight gain for each gestational day (%wggd) was calculated using current weight (wgd)
and initial weight (w0) by using the following formula:
%!!"!" =

!!" − !!
!×!100
!!

Postnatal Maternal Investment
Once females gave birth, dams were observed to determine whether mating with
FR males results in any changes in postnatal maternal behaviors. The procedure for
assessing maternal behavior in mice has been described previously (Champagne et al.,
2007) and is described in Appendix I.

Figure 3.1: Paternal food restriction on maternal effects study timeline.
Food restricted (FR) and control fed (CF) males were mated with control females for two weeks. Weight
measurements were made during the mating period until birth. Maternal behaviors were observed for six
days postnatal (PN1-6).

Maternal Gene Expression of females mated with FR mice
A subset of pregnant females were sacrificed during late gestation (gestational
day 19-21; n=8/group) to assess changes in gene expression that might be related to
maternal investment within the maternal hypothalamus. Following the day of birth, a
subset of females were sacrificed on postpartum day 1 (PPD1) and another on PPD7 to
examine hypothalamic gene expression patterns in postpartum females that mated with
FR males. Target genes were selected based on their documented effects on maternal
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feeding, placental function, fetal protection and maternal resource extraction (e.g. Mest,
Igf2) as well as postnatal maternal behaviors (e.g. Esr1, Peg3, Or). Primer sequences and
methodologies are described in Appendix I.

Female Discrimination of FR mice
We employed urine odor choice, habituation-dishabituation and partner choice
tests to measure olfactory preferences and discrimination of CF versus FR males.
Mate Preference Test
Estrous-stage females (sexually receptive; determined through vaginal lavage 24h prior to testing) were tested for their preference for a CF versus FR male. Subject
females were tested in a three-chambered 700 mm x 200 mm x 200 mm Plexiglas arena
with 80 mm x 80 mm openings in each partition allowing subjects to move between
chambers. Female subjects were placed in the arena and allowed to habituate for 30
minutes. At the end of the habituation period, the partitions were closed, confining the
subject to the central chamber, and two different males, one from each condition, were
placed in the end chambers behind a mesh screen barrier and allowed to habituate for 5
minutes. The female was then allowed to explore one side of the apparatus with the male
present for 5 min to allow exploration of that male. This was then repeated on the other
chamber. The female was then confined to the center for 5min after which all barriers are
removed allowing the subject mouse to explore all three chambers for 15 min. The time
the subject female spent in each of the chambers as well as the time spent exploring each
stimulus male was scored by the automated tracking software, AnyMaze (Stoetling),
which was connected to a camera mounted above the testing arena. Preference was

[71]

calculated as the total time spent exploring the FR male over the total time spent
exploring either male.
Male Urine Preference Test
Sexually receptive female mice were tested for their preference of urine odor of
CF versus FR male mice using the same three-chambered apparatus used for mate
preference testing. The arena was cleaned with water and dried before each test, the floor
covered with a mix of clean, wood shaving bedding and soiled bedding from the subject’s
home cage and then the subject was placed in the arena and allowed to habituate for 30
minutes. At the end of the habituation period, the partitions were closed, confining the
subject to the central chamber (5m), and two different urine-primed olfactory stimuli
(20ul of urine pooled from 4-5 males from that condition) were placed in the end
chambers and covered with raised metal grilles that prevented physical contact. The
partitions were then removed allowing the subject mouse to explore all three chambers,
and the time the subject female spent sniffing each stimulus over the following 10 min
was recorded and scored using the automated tracking software AnyMaze (Stoetling).
Habituation-Dishabituation
Estrous-stage females (selected on the basis of vaginal cytology the morning prior
to testing) were placed in a new home cage (with some bedding from their home cage)
and allowed to habituate for 30min to the testing room. Tests involved nine sequential
presentations of olfactory stimuli: three of water, followed by three of one male urine
type (CF or FR, each pooled from 2-3 males in that condition), and finally three of the
other male urine type. Olfactory stimuli were placed on top of the cage lid, and each
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stimulus presentation lasted two minutes with a 1-min interval between presentations.
The order of urine type presentation was counterbalanced across subjects to control for
any effects of presentation order on investigation times. Subjects were scored as being
engaged in investigation when they were sniffing the air directly beneath the stimuli.

Statistical Analyses
Changes in prenatal weight gain were analyzed using a repeated measures
ANOVA with gestational day as a within-subjects measure, mating group as a betweensubjects variable and time spent with male during mating and litter size included as
covariates. Two-sample t-tests were used to measure differences in percent weight gain
between CF- and FR-mated females on specific gestational days. Maternal hypothalamic
gene expression across gestation and post-partum were analyzed using a two-way
ANOVA with mating group and reproductive time point as between-subjects variables.
Fishers test of exact differences was used to determine if female preferences were shifted
towards CF or FR males in the mate and odor choice task. Levels of habituationdishabituation were analyzed using a linear regression model with order of presentation,
odor type and trial number as factor

Results
Maternal Investment
Prenatal Weight Gain
Females mated with FR males show a significant increase in percent weight
gained across the entire gestation period (GD0-19) as compared to females that mated
with CF males (t(2233)=6.34, p=0.00) and this relationship is true after controlling for
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the number of pups born and the amount of time spent with the male during the mating
period (Figure 3.2A). These two variables were included in the model as they both were
shown to significantly influence the percent of weight gain for females. As expected,
larger litter sizes were associated with more weight gain (t(2234)=6.36, p=0.00) though
there was no significant effect of male condition (CF vs. FR) on litter size (t(110)=0.41,
p=0.68) or litter weight after controlling for size (t(109)=-0.09, p=0.93). Of particular
interest, is the finding that the number of days spent with the male mate was negatively
related to weight gain across gestation (t(2234)=-8.31, p=0.00). Further, these effects
were most pronounced for the last four days of gestation. Increases in weight gain in
females mated with FR males were not significantly different on GD15 (t(108)=1.28,
p=0.20) but were on GDs 16 (t(108)=2.42, p=0.02), 17 (t(108)=3.08, p=0.00), 18
(t(108)=3.05, p=0.00) and 19 (day before birth; t(108)=3.57, p=0.00)).
Postnatal Maternal Behaviors
All analyses of postnatal maternal behaviors were conducted using litter size as a
covariate as litter size is correlated with several postnatal care measures (Champagne et
al., 2007). There were no significant differences in contact (F(1,5)=0.33, p=0.57) or
licking/grooming (F(1,5)=0.53, p=0.47) across the postpartum week in females that had
mated with CF versus FR males. There was, however, a significant increase in higharched nursing on PN1 (t(49)=-2.46, p=0.02) but not on subsequent postnatal days in
females that mated with FR males compared to CF males (Figure 3.2B).
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Figure 3.2: Paternal FR and mate maternal investment.
(A) Females mated with food restricted (FR-mated) males show increased levels of weight gain across the
gestational period compared to control fed-mated (CF-mated) (B) FR-mated females show higher levels of
offspring nursing compared to CF-mated, p<0.05, **p<0.01.

Maternal Gene Expression
Gene expression in the maternal hypothalamus was dependent on postpartum
stage (Figure 3.3). There were no differences in either Otr (F(1,36)=0.01, p=0.91) or Igf2
amongst females mated with FR males compared to CF males across all measured time
points. There was a trend (F(1,35)=2.45, p=0.12) for increased Mest in the maternal
hypothalamus that was primarily driven by an increase during gestation (t(12)=-1.68,
p=0.08). Similarly, there was a trend towards significance for Esr1 mRNA expression
across all maternal time points measured (F(1, 35)=1.60, p=0.21) that was driven by an
increase on PPD1 (t(10)=-1.54, p=0.10) in females mated with FR males compared to CF
males. Further, although analysis Peg3 mRNA expression did not reveal a main effect of
mating group there was a significant increase in this mRNA on PPD1 (t(10)=-2.45,
p=0.03) in females mated with FR males.

[75]

A) Mest

B) Igf2
3

#
3
2

CF-mated
FR-mated
G

1

G

D) Peg3

3

rel. Esr1 mRNA

2

0

PPD7

#

CF-mated
FR-mated

2

1

G

PPD1

PPD7

PPD7

1.6

*

2.0
1.5
1.0

CF-mated
FR-mated

0.5
0.0

PPD1

E) Otr

2.5

rel. Peg3 mRNA

C) Esr1

PPD1

CF-mated
FR-mated

G

PPD1

PPD7

rel. Otr mRNA

1
0

0

rel. Igf2 mRNA

rel. Mest mRNA

4

CF-mated
FR-mated

1.4
1.2
1.0
0.8
0.6

G

PPD1

PPD7

Figure 3.3: Maternal hypothalamic gene expression as a function of FR mating.
Hypothalamic gene expression of (A) Mesoderm specific transcript (Mest), (B) Insulin-like growth factor 2
(Igf2), (C) Estrogen receptor alpha (Esr1), (D) Paternally-expressed gene 3 (Peg3), (E) Oxtyocin receptor
(Otr). Indicates significantly different from CF-mated *p<0.05, #p<0.10

Female Discrimination & Mate Preference
There was a significant difference in the proportion of females preferring FR
males and those preferring the urine of a male FR (p=0.02, odds-ratio=0.16), with more
females preferring the FR male but not the urine of an FR male (Figure 3.4A-B). Degree
of preference for either an FR male or his urine odor was analyzed by comparing
preference scores against a mean of 0.5 (which would be indicative of more time spent
with an FR male). When sexually receptive females were given the choice between a FR
and CF male, female preference scores were significantly higher than a mean 0.5
(t(19)=3.93, p=0.00). Female preference scores for the urine of an FR male were not
significantly different from a mean of 0.5 (t(19)=-0.58, p=0.57). Females appear to be
able to distinguish between urine odors of FR and CF males. Subsequent presentations of
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the same male urine odor type resulted in reduced olfactory investigation over time
(t(116)=-6.58, p=0.00; Figure 3.4C). Further, there was a reduction in overall
investigation time for FR male urine odors compared to CF odors (t(2)=-2.55, p=0.01).

Figure 3.4: Female discrimination of FR mice.
(A) Females prefer FR males over CF males in a mate preference test (B) Females prefer CF males in an
odor choice test. (C) Females show olfactory discrimination between odor types (CF or FR).

Discussion
Females that mated with FR males show increased weight gain across the
gestation period and increased maternal nursing on PN1. Importantly, these effects
occurred over and above any variations in litter size or weight and paternal FR did not
directly affect litter variables. These changes were associated with changes in maternal
gene expression in the hypothalamus that were dependent upon the stage of pregnancy
examined. Specifically, pregnant females mated with FR males show elevated levels of
Mest mRNA in the hypothalamus compared to those mated with CF males. Moreover,
mating with FR males increased levels of Peg3 and Esr1 on the first day postpartum. No
changes in hypothalamic gene expression of Otr or Igf2 on any of the time points
measured. Taken together, these data suggest that mating with FR males induced
increased in investment, which is suggestive of reproductive compensation in response to
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the FR phenotype of males. Compensation is thought to occur when parents attempt to
make up for possibilities in low offspring health and viability when mating with a
suboptimal mate by allocating more resources towards offspring. There are several
conditions under which reproductive compensation is more likely to occur. For example,
female health and age are major factors as they influence female energetic stage,
cumulative reproductive success and the likelihood for future mating opportunities
(Gowaty et al., 2007, Harris and Uller, 2009). Reproductive compensation is especially
likely when low quality males are at a large disadvantage compared to high quality males
under current environmental conditions, and in mating systems with low reproductive
skew.
Somewhat significantly, the hypothesis assumes that offspring viability is lower
when individuals are constrained (often through sexual conflict in wild populations) or
social and ecological factors force females to breed with individuals that they do not
prefer. Therefore, it is possible that females in our experiments responded to the poor
condition of males that experienced food restriction (e.g. heightened stress reactivity,
food shortage and stress-induced changes in health and body condition). Studies of mate
preference have often attributed changes in preference to be due to genetic differences
(e.g. MHC complexes) (Yamazaki et al., 1976, Clutton-Brock and Vincent, 1991).
However, there is increasing evidence showing that females can make preference
distinctions based on males’ prior experience (e.g. in utero undernutrition, vinclozalin
and parasite exposure) (Kavaliers and Colwell, 1995, Meikle et al., 1995, Crews et al.,
2007). We first wanted to ask if sexually receptive females could distinguish between the
odors of isogenic laboratory mice on the basis of their prior food restriction history using
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the habituation-dishabituation task. In this task, following repeated presentation of the
same olfactory stimulus type a subject mouse’s interest is expected to decrease as they
habituate to the stimulus odor. When the stimulus odor type is switched, their interest and
investigation time should increase if they discern a difference between the new and
previously presented odor. After three presentations of each stimulus (water, CF odor,
and FR odor) all females increased their olfactory investigation for the new odor stimulus
type indicating that they could discern the urine from a CF male and urine from a FR
male, though there was in general reduced investigation of the FR odor type. The
preference for CF urine odors over FR urine odors was confirmed in a urine odor choice
test where the majority of females spent more time in a chamber housing the CF odor
stimulus rather than the FR odor chamber.
Interestingly, in a partner choice test when sexually receptive females were given
a choice between the males, the majority of females spent more time in the chamber with
the FR male rather than the CF male. This is somewhat surprising, but opens up the
possibility that something about the male is being captured during the interaction that is
not discernable through odor cues alone. One possibility is that FR shifts some other
compensatory signal or cue in males that could be detected by females. For example, in
addition to odor cues, male mice have been shown to emit ultrasonic vocalizations
(USVs; analogous to bird songs) in the presence of a sexually receptive female or a
female urinary pheromone (Bean et al., 1981, Bean, 1982, Damato, 1991). In play-back
experiments, these male USVs have been shown to successfully attract the interest of
female mice (Pomerantz et al., 1983, Hammerschmidt et al., 2009). Moreover, the
structure and rate of USVs has been shown to be modulated by strain differences, prior
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isolation and group rearing lending support to the idea that other cues may also be
influenced by chronic food restriction (Liu et al., 2003, Chabout et al., 2012). Vocal
communication between males and females have also been shown to be important in
facilitating paternal behaviors (Matsumoto and Kimura, 1995, Liu et al., 2013). A more
comprehensive behavioral and endocrine analysis of FR males could clarify this issue.
In the next chapter (Chapter 4) we examine the consequences of paternal FR on
offspring development, acknowledging that there could be multiple pathways (i.e. male
germline and paternally-induced maternal effects) that could contribute independently
towards offspring development.
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CHAPTER 4:
Maternal and Germline Pathways in the Transmission of Paternal Food Restriction.
Introduction
We have shown that FR induces changes in anxiety- and depression-like behavior
in males with potential consequences for the germline (Chapter 2). Moreover, we have
shown that females increase their pre- and postnatal investment in response to FR males
(Chapter 3). FR appears to have detrimental effects upon phenotype and if reflected in
the germline would be expected to disrupt development. However, increased maternal
investment throughout early-life should promote growth and development, making it
difficult to predict the magnitude and direction of offspring effects in response to paternal
food restriction.
Dissociating between these two pathways (paternal germline vs. maternal
investment) is particularly important given that under some circumstances paternal
experiential factors have been shown to have paradoxical effects on offspring phenotype.
For example, chronic cocaine intake and self-administration is associated with the
reduced propensity for male offspring to self-administer cocaine (Vassoler et al., 2013).
Likewise, offspring of male mice exposed to chronic variable stress, either during
adolescence or adulthood, show a reduction in corticosterone release following an acute
challenge stress (Rodgers et al., 2013). One hypothesis is that the epigenetic germline
changes observed in fathers following these manipulations (e.g. histone acetylation and
miRNA expression) have an ‘adaptive’ effect upon offspring development. An alternative
hypothesis, however, particularly if the manipulation has the capacity to induce
reproductive compensation, is that mothers shape the developmental trajectories of
offspring to prevent offspring from sharing paternal characteristics, especially if they may
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negatively impact the health and survival of offspring. An additional complication is that
mothers and fathers may have independent effects but converging effects on various
phenotypic aspects of offspring development. For example, the offspring of socially
defeated males sired under natural mating conditions result in increased levels of anxietyand depression-like behaviors in male and female offspring. However, when offspring
were sired using IVF, only depression-like behaviors were transmitted suggesting that
mothers might help perpetuate certain phenotypes across generations (Dietz et al., 2011).
Studies to date have focused on one parent or the other without considering that
they may both play important and intersecting roles to guide offspring development.
Therefore, a primary objective of the experiments within this chapter was to dissociate
between effects that are derived from the germline epigenetic state and those that are
influenced by post-fertilization maternal effects. This is an important distinction to make
since pre- and postnatal maternal influences have been shown to induce epigenetic
changes in offspring, making it difficult to pinpoint the origin of any observed epigenetic
changes in offspring resulting from paternal phenotype. Therefore, in this chapter
Aim 1: The first objective was to determine if changes in maternal investment (both
maternal weight gain and postnatal maternal care) were dependent on fetal cues
originating in the embryo or through cues perceived by the mother during mating. To this
end, we used embryo transfer procedures to implant embryos from FR and CF fathers
into control-mated surrogate females and compared reproductive outcomes to females
that were allowed to naturally mate with FR and CF males.
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Aim 2: To dissociate between germline pathways and maternal-paternal pathways in
mediating paternal effects of FR, we used embryo transfer procedures to remove the
maternal effects induced by paternal FR. We compared offspring derived from embryo
transfer and natural mating conditions on measures of growth, cognitive function and
depression- and anxiety-like behaviors. We wanted to gauge the extent to which paternal
epigenetic variation induced by FR within the germline could bet transmitted to
offspring. Moreover, we wanted to determine if changes in maternal effects were critical
mediators of the paternal transmission of FR.

Methods
Animals
Superovulated 21-28 day old C57B6 females (Jackson Labs) were mated with
either FR or CF males. Following fertilization, embryos (0.5-1 days post coitum) were
collected and implanted in the oviduct of pseudopregnant surrogate females (of
B6CBAF1 strain, Jackson Labs) to complete their development (12-15 litters per
paternal condition). In addition, FR or CF males were mated naturally with 6-8 week old
adult C57B6 females (Jackson Labs) to generate adult offspring whose behavior can be
compared to offspring generated through embryo transfer. These experiments produced
four groups of females: 1) naturally mated with a CF male (NM-CF), 2) naturally mated
with a FR male (NM-FR), 3) embryo-transferred CF embryo (ET-CF) and 4) embryotransferred FR embryo (ET-FR). See Figure 4.1 for a schematic outlining how each
group was derived.
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Figure 4.1: Maternal conditions for assessing paternal FR.
Surrogate females mated with vasectomized CF males were implanted with either embryos from FR or CF
males (generated through matings with separate superovulated females) to generate ET-CF and ET-FR
groups. NM-CF and NM-FR groups were generated through natural matings of females with either CF or
FR males, respectively.

Changes in pre- and postnatal maternal investment were measured across
gestation (daily weight measurements) and during the first postnatal week (maternal
behaviors scored) for all litters. At birth, pups were weighed and counted but otherwise
left undisturbed during the postnatal period. All litters were observed from PN1-6 to
determine postnatal levels of maternal care (licking/grooming, nursing, eating,
drinking). The procedure is identical that described in Appendix I, except that all
observations were conducted during the light phase of the light:dark cycle. Following
the final maternal observation on PN6, litters were weighed and counted but otherwise
left undisturbed with the exception of weekly cage cleaning until weaning (PN28). At
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weaning, individual pups were weighed and placed into same-sex groups of four. From
each litter a maximum of 2 male and female offspring were selected for behavioral
testing for a total of n=15/group/sex. Once offspring reached adulthood, offspring
underwent a battery of behavioral tests to measure cognitive, social and
anxiety/depression-like behaviors. Adult weights were also measured to examine growth
trajectories across development. See Figure 4.2 for an experimental outline.

Figure 4.2: Experimental timeline for paternal FR offspring.
Following embryo transfer and natural matings maternal investment of mothers was measures. Offspring
were weaned on P28 and behaviorally tested over a one-month period starting on PN55. Body weight
measurements were taken on PN0, PN6, PN28 and PN80. Offspring were sacrificed and brains were
collected on PN90.

Embryo Transfer
Embryo Collection
Donor females (28-30d old C57BL6 females, Jackson Labs) were superovulated
with an intraperitoneal (IP) injection of 5 IU pregnant mare serum (PMSG; EMD
Chemicals), followed 47h later with a 5 IU IP injection of human chorionic gonadotropin
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(hCG; Sigma). Females were then housed with a fertile male from either the CF or FR
condition for breeding and checked the next morning for the presence of a vaginal plug.
Females with visible plugs were then euthanized (by cervical dislocation) and the uterus
and oviduct were removed. Fertilized embryos (0.5 dpc) were collected in an
hyaluronidase (Sigma) and FHM (Millipore) solution to dissociate fertilized embryos. All
viable embryos were pooled, counted and stored in KSOM (Millipore) in a CO2 incubator
at 37°C until transferred into recipient females (maximum 2h interval between collection
and surgery).
Embryo Transfer Surgery
The day prior to surgery, sexually receptive females (determined by examination
of vaginal epithelium) from a pool of potential surrogates (6-9 weeks, B6CBAF1;
Jackson Labs) were mated with ad lib fed vasectomized males (6-8 weeks, C57BL6,
Jackson Labs). The following morning, females showing a visible vaginal plug were
selected for surgery. Recipient females were anaesthetized using isofluorane and a small
incision was made through the abdominal cavity. Using a stereomicroscope, a transfer
pipette holding the embryos to be transferred (approximately 15-20) was inserted into the
opening of the oviduct (infundibulum) and embryos were expelled into the oviduct. The
abdominal wall was closed using surgical staples and mice were given a 0.1mg/kg
subcutaneous injection of buprenorphine for post-surgical analgesia. All mice were
monitored until they recovered from anesthesia and surgical wounds were checked daily
for any complications resulting from the surgery.
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Maternal Assessment
Prenatal weight gain and maternal behaviors on ET and NM mothers were
performed as previously described (Chapter 2 and Appendix I) except that all weight
measurements and observations were conducted during the light cycle of the light/dark
cycle.
Behavioral Assessment of Offspring
Male and female offspring from the four conditions (n=15/group/sex) underwent
a behavioral test battery starting on approximately PN55 over a 4-week period. Testing
occurred in the following order: 1) open-field, 2) novel-object recognition, 3) dyadic
social interaction test, 4) forced swim test and 5) sucrose preference test. See Appendix I
for descriptions of additional test methodologies.
Sucrose preference test
Preference for sucrose was measured by a free-choice two-bottle preference task.
Each mouse to be tested was housed alone in a new homecage. On the first day, mice
were provided with two drinking bottles (both containing water) to habituate to the
presence of the additional bottle. On the second day, one bottle was replaced with a new
bottle containing a 1% sucrose solution. Water and sucrose consumption was measured
every 24h for 2 days by weighing the bottles. The position of the bottles was
counterbalanced across the groups and switched after 24h to prevent any biases from left
or right positioning of the bottles. Following the test period, mice were returned to their
homecages with their original cagemates.
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Molecular Analyses
Gene expression analysis using qPCR
Approximately 2 weeks after the last behavioral test (sucrose preference) mice
were sacrificed by rapid decapitation and brains were extracted, flash-frozen in chilled
isopentane and stored at −80°C until homogenization. The hypothalamus was dissected
from partially thawed tissue and used for subsequent gene expression analyses (see
Appendix I). Genes were chosen on the basis of their involvement in HPA function
(Crh) and brain function/plasticity (Bdnf).
Statistical Analyses
Changes in maternal investment as a function of mating condition and paternal
condition was analyzed using a least-squares regression model with mating condition (ET
or NM), paternal condition (CF or FR), gestational day as factors of interest and litter size
as a covariate. Maternal behavior on PN1 was analyzed using a two-way ANOVA with
mating condition and paternal condition as factors. Offspring growth, behavior and
hypothalamic gene expression was performed using a least squares regression model with
mating group, paternal condition, and offspring sex as factors. Any interactions were
followed up with post-hoc two-sample t-tests to determine the source of any differences
amongst groups.

Results
Maternal Investment
The effects of paternal FR upon gestational weight gain was dependent upon
mating conditions and gestational day (three-way interaction term: t(1720)=-2.91,
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p=0.00; Figure 4.3A). In other words, significant increases in weight gain across
gestation, after controlling for litter size and gestational day, was observed only in
females carrying FR pups that were conceived through natural mating (NM; t(1050)=4.23
, p=0.00) but not embryo transfer conditions (ET; t(671)=0.95 , p=0.33). As was reported
in Chapter 3, the differences amongst NM-CF and NM-FR females (controlling for litter
size) were strongest on the last few days of gestation, with the biggest differences being
evident on GD16 (t(51)=2.88, p=0.00), GD17 (t(44)=3.02, p=0.00), GD18 (t(57)=2.79,
p=0.00), GD19 (t(58)=2.53, p=0.01) and GD20 (t(58)=2.86, p=0.00).
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Figure 4.3: Maternal investment as a function of embryo transfer and paternal FR.
(A) Gestational weight gain increases in response to paternal FR under natural mating conditions but not in
embryo-transferred mothers. (B) Pup licking/grooming is increased on PN1 in response to paternal FR in
naturally mated but not embryo transferred females. **p<0.01, #p<0.05.

Given that most paternal effects on maternal investment occur during the early
postpartum period, maternal behaviors were only analyzed on the first postnatal day. All
analyses were performed controlling for litter size and litter weight. There were no
significant differences in contact between females in either paternal condition
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(t(60)=0.76, p=0.45) or across the mating conditions (t(60)=-0.56, p=0.58). Similarly,
there were no effects of paternal condition on either nursing behaviors between NM or
ET females (interaction: t(60)=-0.19, p=0.85) though there was in general significantly
more nursing performed by females within the ET group (t(60)=2.10, p=0.04). There
were, however, marginally significant effects of paternal FR upon maternal licking
behavior (t(60)=1.68, p=0.09), which was primarily driven by differences between NMFR and NM-CF groups (Figure 4.3B)
Litter Characteristics & Offspring Growth
Though in general, ET surrogate females gave birth to litters that weighed less
compared to NM females (t(62)=-2.27, p=0.03), there was a trend towards a paternal
effect of FR on total litter weight (t(62)=-1.65, p=0.10); Table 4.1). This was also true of
litter size (number of pups) with ET surrogates giving birth to smaller litters (t(62)=-2.09,
p=0.04) but with an overall trend towards smaller litters born to FR males compared to
CF males regardless of the mating conditions (t(62)=-1.76, p=0.08). There were no
effects of paternal condition on litter weight in either mating condition after controlling
for these differences in size (t(62)=0.32. p=0.75).
Table 4.1: Paternal food restriction effects on litter characteristics.
ET
CF

NM
FR

CF

FR

PN0 Litter Size

9.14 ± 0.64

8.04 ± 0.61

11.09 ± 0.32

9.70 ± 0.36

PN0 Litter Weight (g)

7.17 ± 0.58

5.89 ± 0.56

8.80 ± 0.29

7.45 ± 0.31

PN6 Litter Size

6.06 ± 0.56

5.22 ± 0.42

6.60 ± 0.65

5.30 ± 0.40

PN6 Litter Weight (g) 25.12 ± 2.33
21.54 ± 1.55
20.33 ± 2.13
17.99 ± 0.19*
Offspring of embryo transferred (ET) and naturally mated (NM) females carrying pups of control fed (CF)
or food restricted (FR) fathers, *p<0.05, **p<0.01 different from CF offspring within the same sex and
mating condition.
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On PN6, there were no significant effects of mating condition (ET vs. NM;
t(62)=1.56, p=0.12) or paternal condition (CF vs. FR; t(62)=0.43, p=0.43) on the total
litter weight.

When litter weight was controlled for with litter size, there was a

significant interaction between paternal condition and mating condition. More
specifically, paternal FR reduced litter weight (over and above the number of pups
present); t(61)=2.26, p=0.03) but this was driven by a significant difference amongst
litters in the NM condition (t(27)=2.27, p=0.03). At weaning (PN28) there were
significant differences in body weight dependent on sex and mating condition. ET-FR
male offspring were smaller in body weight than ET-CF male offspring (t(111)=-2.52,
p=0.01). On PN80, body weights were reduced in both male(t(48)=-2.300, p=0.03) and
female (t(51)=-1.67, p=0.10) offspring in response to FR only in the ET condition.

Table 4.2: Paternal food restriction effects on offspring body weights.
%%

ET

%Female Offspring
%

PN28 (g)

PN80 (g)
%Male%Offspring%

CF
16.13%±%0.27%
22.28%±0.28%
%%

NM
FR

CF

FR

16.36%±%0.23%

12.98%±%0.27%

12.79%±%0.22%

#

20.35%±%0.26%
%%

20.95%±%0.19%
%%

21.86%±%0.28 %
%%

18.43%±%0.20%
17.90%±%0.28**%
13.88%±%0.28%
14.08%±%0.22%
PN28 (g)
%%%
%
PN80 (g)
27.57 ± 0.29
26.78 ± 0.76*
26.06 ± 0.25
25.62 ± 0.07
Offspring of embryo transferred (ET) and naturally mated (NM) females carrying pups of control fed (CF)
or food restricted (FR) fathers, #p<0.10, *p<0.05, **p<0.01 different from CF offspring within the same
sex and mating condition.

Offspring Open Field Behavior
There were no significant effects of paternal condition (t(112)=0.86, p=0.39) or
maternal mating condition (t(112)=-0.75, p=0.46) on distance travelled by offspring of
either sex in the open field test (Table 4.3; paternal by maternal by sex interaction:
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t(112)=0.28, p=0.78). Similarly, time spent in the center area of the novel open field was
not affected by paternal (t(112)=-0.00, p=0.99) or maternal mating (t(112)=-0.78, p=0.45)
conditions in offspring of either sex (3-way interaction term: t(112)=-0.84, p=0.40).
There was, however, an effect of paternal FR upon the latency to enter the center area
that was dependent on mating condition and sex of offspring (t(112)=-1.87, p=0.06).
Specifically, there was a shorter latency to enter the center in males born to FR fathers in
the embryo transfer condition.
Table 4.3: Paternal food restriction and offspring open-field behavior.
ET

NM

CF

FR

CF

FR

Female Offspring
Distance travelled (m)

23.40 ± 0.27

23.89 ± 0.23

24.49 ± 0.27

25.76 ± 0.22

Latency to center (s)

27.69 ± 6.39

31.93 ± 6.69

13.74 ± 3.77

18.83 ± 4.12

92.17 ± 5.50

113.20 ± 8.54

101.70 ± 10.54

101.67 ± 8.75

Distance travelled (m)

22.33 ± 1.01

22.25 ± 1.51

24.07 ± 1.11

23.94 ± 0.89

Latency to center (s)

50.40 ± 8.70

18.39 ± 4.39

23.10 ± 5.56

22.23 ± 4.47

Time in center (s)
Male Offspring

Time in center (s)
107.49 ± 9.09
99.63 ± 12.19
109.37 ± 8.08
101.79 ± 7.14
Offspring of embryo transferred (ET) and naturally mated (NM) females carrying pups of control fed (CF)
or food restricted (FR) fathers. No significant differences.

Social Interaction Test
There was an overall trend towards reduced olfactory investigation in offspring of
FR compared to CF males across sexes and irrespective of mating maternal conditions
(t(111)=1.596, p=0.119; Figure 4.4A). These differences were driven by significant
increases in sniffing between female ET-FR versus ET-CF offspring (t(28)=4.07, p=0.00)
and NM-FR and NM-CF (t(28)=1.91, p=0.07). There were no significant differences
amongst the groups in total duration engaged in aggressive activities (attack, bite, tail
rattle, chase, mounting) towards the stimulus male. There was, however, a significant
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reduction in total duration of time engaged in subordinate behaviors (being attacked,
submissive posture, flee, escape) in female NM-FR offspring (t(28)=-2.31, p=0.03).
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Figure 4.4: Paternal FR effects on social and cognitive behavior of offspring.
(A) Both male and female offspring of food restricted (FR) fathers spent more time sniffing regardless of
mating condition (B) Female offspring of FR fathers, compared to offspring of CF fathers, show a lower
discrimination index under ET conditions but higher discrimination index under natural mating (NM)
conditions. No such differences were found in male offspring. p<0.05, **p<0.01.

Novel Object Recognition
Recognition memory as measured by a discrimination index was shown to be
influenced by an interaction between paternal condition, maternal mating condition and
sex (t(112)=1.984, p=0.049; Figure 4.4B). In females, the discrimination index was

[93]

significantly higher in NM-FR offspring (t(28)=2.08, p=0.04) but reduced in ET-FR
offspring (t(28)=-3.222, p=0.003). In contrast, there were no significant differences
amongst male offspring across either maternal mating (t(56)=-0.239, p=0.812) or paternal
condition (t(56)=0.011, p=0.991).
Depression-Like Behavior
Paternal food restriction reduced sucrose consumption (after controlling for
overall intake) over the two days of testing (t(106)=-2.80, p=0.00; Figure 4.5A) and this
effect was sex dependent. Female offspring, regardless of whether they we sired through
ET or NM showed significant overall reductions in sucrose consumption if the father was
FR (t(54)=-2.616, p=0.01). A similar pattern was evident in males, where there was
overall a significant trend towards reduced sucrose consumption (t(51)=-1.606, p=0.12)
that reached significance in ET male offspring (t(24)=-1.917, p=0.062) but remained a
trend in NM male offspring (t(26)=-1.625, p=0.114; Figure 4.).
Paternal FR compared to CF reduced the total duration swimming in a forced
swim test when animals were sired through embryo transfer (t(55)=-1.730, p=0.0089;
Figure 4.5B). These effects were primarily driven by significant reductions in active
swimming in ET-FR compared to ET-CF female offspring (t(27)=-3.972, p=0.000). No
differences were found amongst NM females or males in swimming behavior.
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Figure 4.5: Paternal FR effects on offspring depression-like behavior.
(A) Both male and female offspring of food restricted (FR) fathers consumed less sucrose compared to
offspring of control fed (CF) regardless of mating condition. (B) Female offspring had reduced active
swimming times in a forced-swim test only when sired through embryo transfer (ET). ***p<0.001,
*p<0.05, #p<0.10.

Offspring Hypothalamic Gene Expression
Paternal FR increased mRNA levels of CRH in the hypothalamus in offspring
(both male and female) sired through ET (t(30)=3.53, p=0.00; Figure 4.5A) but not NM
(t(29)=0.01, p=0.99). In contrast, paternal FR resulted in reduced levels of BDNF mRNA
in the hypothalamus of offspring sired through the NM (t(27)=2.87, p=0.00; Figure 4.B)
but not the ET (t(28)=-0.92, p=0.32) condition.
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Figure 4.6: Paternal FR effects on offspring hypothalamic gene expression.
(A) corticotropin-releasing hormone (Crh) mRNA levels were elevated in offspring of food restricted (FR)
compared to control fed (CF) fathers if sired through embryo transfer (ET). (B) Offspring of FR fathers had
higher levels of brain derived neurotrophic factor (Bdnf) mRNA levels than CF offspring only if born under
natural mating (NM) conditions. **p<0.01, *p<0.05.

Discussion
We found that the effects of paternal food restriction differed depending on the
sex of offspring and how they were sired (via embryo transfer versus natural mating).
Specifically, offspring born to food restricted fathers that were derived through embryo
transfer showed growth deficits, were impaired in a novel-object recognition memory
task, spent more time investigating novel stimulus mice in a social interaction task, spent
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less time spent actively swimming in a forced-swim test and consumed less sucrose in a
sucrose preference task (indicative of increased learned-helplessness and anhedonia).
Moreover, these changes were associated with increased CRH expression in the
hypothalamus of offspring. Importantly, almost all of these effects were found to occur
primarily in females suggesting that female offspring were more sensitive to paternal
food restriction cues transmitted through the germline. When offspring were conceived
through natural mating, however, FR female offspring showed improved novel-object
recognition memory and no differences in forced swimming behavior compared to CF
offspring. The only similarity in offspring outcomes as a function of mating condition
was that like embryo transferred FR female offspring, FR offspring conceived through
natural mating also reduced sucrose intake in a 2-day sucrose preference task. The
differences in transmission direction and magnitude are likely to be due to increases in
maternal investment observed in naturally mated mothers following mating with FR
males.
Germline Effects of Paternal Food Restriction
As discussed earlier, chronic FR is both a psychological and physiological
stressor that draws parallels to the type of stress experienced in response to famine or
poverty. The experience of chronic stress, as shown in both humans and animal models,
has broad repercussions for metabolic/physiological, cognitive, emotional and
motivational domains of behavior. The growth, memory- and stress-related deficits in
female offspring born to FR fathers through embryo transfer (i.e. FR germline) is
indicative of paternal transmission of stress-related phenotypes. These findings are
consistent with the accumulating evidence that, in addition to maternal depression,
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history of stress or depression in fathers may also contribute to outcomes ((Weissman et
al., 2005, Franklin et al., 2010, Paulson and Bazemore, 2010, Dietz et al., 2011, Franklin
et al., 2011, Morgan and Bale, 2011, Saavedra-Rodriguez and Feig, 2013). More
importantly, these provide evidence that FR-induced variation in the germline has the
capacity to influence these behavioral profiles in offspring.
Another major component of paternal food restriction is the effects it may have on
the nutrition and metabolism of the individual and subsequent generations of offspring.
There is significant evidence suggesting that parental nutrition and metabolic status has
effects on offspring development with several hypothesized roles for germline factors in
this inheritance. For example, archival data from Sweden indicate that food availability of
grandfathers is associated with the risk of diabetes and cardiovascular disease as well as
mortality in grandsons (Pembrey et al., 2006, Kaati et al., 2007). Therefore, it will be
interesting to examine other phenotypes resulting from paternal food restriction such as
adipocyte composition, metabolic function and feeding related behaviors that often cooccur in human neuropsychiatric/depression disease. Moreover, epidemiological studies,
in humans, have shown that paternal obesity leads to IGF2, MEST, PEG3
hypomethylation in newborns (Soubry et al., 2013a, Soubry et al., 2013b). Given that
imprinted gene methylation changes are considered a strong candidate for epigenetic
inheritance and these imprinted genes play essential roles in fetal growth, development
and social and cognitive processes throughout life, it may be that imprinted genes may
serve as a point of convergence in the mechanisms leading to paternal transmission under
a variety of qualitatively different experiences.
The underlying mechanism of these paternal FR effects is assumed to involve
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epigenetic changes in the germline (e.g., piRNA or other small RNAs, DNA
methylation). There has been resistance to the use of artificial reproductive techniques
such as of IVF and embryo transfer in demonstrating the transmission of acquired
epigenetic marks. This reservation is, in part, due to the methodological problems often
associated with these techniques that could interfere with the reproduction and epigenetic
reprogramming process and thus complicate the interpretations of null findings. For
example, stimulation of oocyte production using gonadotrophins (superovulation) is
routinely used as a strategy in human assisted reproduction as well generating genetically
modified laboratory rodents for research. Comparison of embryonic DNA methylation
patterns derived from superovulated versus non-superovulated females has indicated that
superovulation may induce abnormal DNA methylation patterns (Shi and Haaf, 2002,
Stouder et al., 2009). IVF has been similarly found to induce changes in embryonic DNA
methylation dependent on the type of culture medium used for the incubation of sperm
and oocytes. The duration of time that embryos spend in culture prior to implantation also
has effects on anxiety-like behavior in adult embryo transferred mice (Ecker et al., 2004).
Further, DNA methylation patterns in imprinted genes are particularly vulnerable to the
effects of superovulation/IVF and these abnormalities may account for reports of an
increased incidence of imprinting disorders (such as Angelman and Prader– Willi
syndrome) in individuals conceived through these procedures (Shi and Haaf, 2002,
Lucifero et al., 2004, Stouder et al., 2009, Market-Velker et al., 2010a, Market-Velker et
al., 2010b). However, upon re-examination of the literature, it would appear that many of
these studies have used high doses of hormones most likely to maximize oocyte yield. In
an effort to minimize these potential issues, we used half the recommended dose of
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hormone for our mouse strain and by using embryo transfer, minimized the time embryos
spent outside the body. Moreover, recent studies showing the complete or partial
transmission of phenotype after IVF are encouraging and suggest that these techniques
may be useful in future mechanistic studies of epigenetic inheritance (Dietz et al., 2011,
Dias and Ressler, 2014).
Role of Paternally-induced Maternal Effects
Under natural mating conditions, female offspring of FR fathers were better at a
novel object recognition task and did not show differences in growth trajectories or
depression-like behavior in the forced swim test. These offspring did, however, show
reduced sucrose intake during the course of the sucrose choice task. Though this would
generally be indicative of anhedonia, the fact that these offspring showed no indices of
stress or anxiety in any of the other tests and that this was accompanied by increases in
hypothalamic BDNF suggests that this behavior might be reflective of an appetitive
phenotype. In the literature, BDNF is heavily expressed in several energy balance centers
in the hypothalamus and loss of BDNF in these areas has been shown to induce
hyperphagia and obesity in mice (Lyons et al., 1999, Xu et al., 2003, Unger et al., 2007).
Therefore, reductions in sucrose intake may be an adaptive response to paternal
metabolic phenotype.
Taken together, the effects of paternal FR in female offspring sired through
natural matings suggest that the observed increases in pre- and postnatal investment in
response to FR males may serve as a compensatory response. This idea has remained
largely unexplored in laboratory animals but might explain why paternal phenotype
sometimes results in paradoxical effects on offspring. It has been well-documented that
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levels of maternal care can shape the neural systems underlying stress, anxiety, cognition
and brain plasticity through epigenetic mechanisms that result in stable levels of gene
expression throughout life (Liu et al., 2000, Caldji et al., 2003, Weaver et al., 2004,
Curley et al., 2009, Roth et al., 2009). The nutritional environment during fetal
development has likewise been shown to be critically important for growth, metabolism,
brain development and behavior. In humans, large-scale studies in individuals exposed to
famine during winter at the end of World War II (Dutch famine studies) have shown that
individuals that were born to mothers who experienced food shortages had lower levels
of methylation of IGF2, increased risk of metabolic disorders and obesity, and increased
likelihood of psychiatric conditions including addiction, depression and schizophrenia
(Susser et al., 1996, Ravelli et al., 1998, Roseboom et al., 2000, Franzek et al., 2008,
Heijmans et al., 2008, Stein et al., 2009). Though it could be argued that these effects are,
at least in part, due to the stress of famine, there is evidence that food-intake and the
levels of methyl-donors in nutrient rich diets can epigenetically alter gene expression in
offspring with implications for behavior (Hoet and Hanson, 1999, Zeisel, 2009). Future
studies focusing on the repercussions of prenatal weight gain on hormonal and placental
systems to coordinate fetal brain development could provide insight into the molecular
mechanisms through which reproductive compensation brings about changes in offspring
outcomes.
There are two possible routes through which paternal epigenetic variation may
influence mate maternal investment: through female assessment and/or through fetal
signals in the placenta. Following implantation, embryonic and maternal physiology
become intricately coordinated and the continued growth and development of the
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embryo/fetus are dependent on the release of growth factors and hormones from the
fetoplacental unit (Brunton and Russell, 2008). Paternally expressed genes, which are
highly susceptible to epigenetic modification, are highly expressed in the placenta, are
critical for fetal growth (e.g., Mest), and can regulate postnatal mother-infant interactions
(e.g., Peg3 and Gnasxl). Further, 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., 2004, Plagge et
al., 2004). Therefore, paternal epigenetic variation at any of these genes could shift the
level of food intake and/or priming of maternal behaviors in the placenta or via the pups
in order to ensure more resources are allocated towards offspring. In our studies, FR male
genes alone did not have the capacity to shift the level of pre- and postnatal investment of
surrogate mothers, rather shifts in maternal investment were only observed under natural
mating conditions suggesting that female assessment of potential mates is necessary for
this behavior. This is strengthened by the finding that females can clearly discriminate
between the odors of FR and CF males and can show preferences for particular groups of
males.

Sex-specific Effects of Paternal Food Restriction
Female offspring were found to be most sensitive to the effects of paternal food
restriction. This appears to be a common finding amongst paternal effect studies. For
example, increasing paternal age is known to increase the risk for autism in offspring
(REF from intro). The sex ratio for autism spectrum disorders is biased towards males,
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however, this ratio decreases with increasing paternal age with older fathers more likely
to have daughters with autism (Anello et al., 2009). Daughters with a history of paternal
alcoholism are more sensitive to the effects of benzodiazepenes (Evans et al., 2000). A
similar sex-specificity has been found in laboratory studies of paternal effects. In one
study, Balb/c male mice were screened prior to mating for their emotional reactivity in an
open-field test. Female, but not male, offspring of these males were found to show
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).
Similarly, in rodents, stressed males (stressed during either early-life maternal separation
or juvenile social stress) sired daughters with increased emotional reactivity in tests of
anxiety and depression as well as impaired social behavior (Franklin et al., 2010, Franklin
et al., 2011, Saavedra-Rodriguez and Feig, 2013). Interestingly, while males in these
studies did not show phenotypic changes in response to paternal stress, they were able to
transmit the phenotype to their offspring suggesting they were ‘carriers’ of the epigenetic
mark. The mechanisms underlying the sex-specificity of paternal effects are quite
perplexing and have yet to be empirically tested. Some hypotheses center around the idea
that paternal epigenetic variation may be sex chromosome linked or could be due to
differences in in utero hormones or the difference in timing of epigenetic reprogramming
events between the sexes that could render females more sensitive to paternal germline
epigenetic variation. This would be an important area of research as females are often
considered to be at higher risk for a number of psychiatric and mood-related disorders.
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SUMMARY & GENERAL DISCUSSION
Using two contrasting models, social enrichment and food restriction, we sought to
characterize the mechanisms through which experience may impact fathers, mothers and
the developmental trajectories of offspring.

The major findings of this thesis are:
1. Females can shift their maternal investment in response to the life-histories of
their mates. Females can increase their postnatal maternal behavior in response to
males that have experienced a lifetime of social enrichment compared to social
isolation. Females also shift their level of maternal investment in response to
males who have been chronically food restricted compared to ad lib feeding.
These changes can come in the form of prenatal weight gain and/or postnatal
maternal behaviors.
2. Changes in female investment in response to mates is not based on paternal-fetal
signals in the embryo but on the ability for females to distinguish males with
different life experiences and their ability to show preferences for or against
particular mates.
3. Chronic paternal food restriction is associated with stress-related behaviors in
fathers, which are inherited by offspring in a sex-specific manner via the germline
(i.e. only present when they were sired through FR embryos and not under natural
mating conditions). These offspring show growth deficits and impaired memory
and increased depression-like behaviors as adults. Further, this is associated with
increases in Crh mRNA in the hypothalamus of offspring born to FR fathers via
embryo transfer.
4. The inheritance of stress-related phenotypes in offspring may be induced by food
restriction-induced changes in small RNAs in the germline of fathers.
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5. Under natural mating conditions, offspring show improved memory and no
changes in stress-related behaviors, suggesting that changes in maternal
investment serve to compensate for stress-related deficits in fathers.

Significance for Paternal-Maternal Interplay and Development
The data presented here are significant because they highlight an essential role of
mothers in the transmission of epigenetic paternal effects. These roles are wellacknowledged in wild animal populations where genetic variation is thought to underlie
paternal quality, mate preference and offspring survival, however, these data appear to be
the first indication that these outcomes are also influenced by epigenetic variation and
have implications for the adaptive significance of maternal effects. Though this data may
not be completely surprising to those in the fields of ecology and evolutionary biology,
these data have significant implications for the current approach to the study of
epigenetic inheritance.
The current attempts to circumvent maternal effects include: studying the
experience of males exclusively, limiting the mating period or using cross-fostering to
eliminate the postnatal maternal effects. These approaches make several assumptions
about the nature of paternal contributions to offspring development. For example, it
assumes that male contributions are limited to sperm at mating and that mothers passively
produce offspring. Our studies indicate that females can discriminate between the odors
of FR and CF males and that males can influence mate preference and subsequent levels
of both pre- and postnatal maternal investment (making postnatal cross-fostering limited
in its ability to “remove” maternal effects). Further, females can make these
discriminations with no prior experience of FR or CF males, suggesting that minimizing
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the duration of mating would do little to prevent paternally-induced maternal behaviors.
If anything, given that many of the paternal environmental manipulations have the
capacity to influence reproduction and sperm production, minimizing mating time may
self-select for fathers that are least affected or resistant to stressors making the
interpretation of null or paradoxical results in offspring behavior difficult. Interestingly,
our data showing reproductive compensation in response to FR males suggests that some
of these paradoxical effects on offspring development may actually be compensatory
behavioral trajectories initiated by the mother. Though natural mating conditions reveal
an interesting aspect of animal reproduction and provide yet another example of maternal
influence on offspring development, these influences may obscure the actions of
underlying paternal epigenetic variation in the germline. Therefore, in order to
successfully demonstrate instances of epigenetic inheritance, paternally-induced maternal
effects ultimately need to be controlled for through the use of IVF or embryo transfer.

Significance for Human Epigenetic Inheritance & Health
The heritability of human mood disorders such as major depression, posttraumatic stress disorder and some of their precipitating behavioral traits (e.g.,
internalizing versus externalizing behavior) have been underscored by numerous
epidemiological and clinical studies in humans (Sullivan et al., 2000, Weissman et al.,
2005, Kim et al., 2009, Paulson and Bazemore, 2010, Roberts et al., 2012). The causal
role of genetics in major depression has been difficult to pinpoint, since genes identified
have found to either have low penetrance (but highly common in the population) or
extremely rare inherited mutations and only account for roughly 40% of the risk. The
remaining 60% has been considered the “missing heritability” component of these
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disorders and may be accounted for by environmental factors. Indeed, the life-time
exposure of individuals to any form of chronic stress dramatically increases the risk for
developing depression (Caspi et al., 2003, aan het Rot et al., 2009). Taken together with
the finding that penetrance of psychiatric disorders is discordant and differences in
epigenetic variation can emerge between twins suggests that epigenetic changes brought
about by experience could underlie some component of complex disease heritability
(Kendler, 2001, Fraga et al., 2005, Eichler et al., 2010).
The study of the epigenetic inheritance of behavioral traits is in its infancy but
there is growing appreciation of its possible role in the heritability of parental
experiences. There is increasing evidence that depression- and anxiety-like behavior in
offspring may be associated with parental stress and there is correlational evidence that
these are inherited through the germline. The finding that FR induced stress-related
phenotypes in fathers and that this was transmitted to female offspring lends support to
the idea that susceptibility to mood-related disorders is passed through the germline.

Future Directions
A major impetus for identifying routes through which experiential factors may
become inherited has come from a desire to understand and identify the biological
markers that contribute to risk factors for disease and psychopathology. In rats, a history
of liver damage is associated with the transmission of an epigenetic adaptation, via the
sperm, that promotes fibrogenesis and healing in response to damage in subsequent
generations. Sperm from rats with liver injury were enriched for the histone variant
H2A.Z and trimethylation of histone H3 at Lys27 (H3K27me3) of PPAR-gamma
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chromatin. Remarkably, injecting the serum collected from injured rats into controls
induced the wound healing response and induced changes in sperm that were similar to
injured rats suggesting that a soluble factor in the circulation can communicate epigenetic
signatures in tissues, including sperm, to facilitate epigenetic transmission of phenotype
(Zeybel et al., 2012). Behaviors and behavioral pathology can be far more complex and
involve multiple genes, but this strategy of identifying genes and interacting circulating
factors within and across tissues that are concurrently changed in response to the
environment may be useful in pinpointing genes that are likely to be transgenerationally
inherited and that could serve as disease biomarkers in easily accessible tissues (e.g.,
blood, sperm). This could broaden the scope of basic research to address questions
centering around the flexibility/reversibility of such marks in response to environmental
cues, as a function of time/age, and how the epigenetic status of sperm cells are
influenced by spermatogenic cycles – fundamental questions about epigenetic inheritance
that have yet to be answered. If such genes were to be identified, given the ease with
which it is possible to shift systemic epigenetic marks and/or gene expression through
manipulations of diet, drugs or lifestyle (e.g., exercise), would suggest that curtailing the
heritability of negative experiences could be possible. Moreover, a model such as food
restriction has several translational applications for famine, poverty, obesity and eating
disorders that would be particularly useful in the context of human disease.
In parallel with our expanding understanding of the molecular events that permit
the transmission of paternal effects across generations and their clinical relevance, it is
important to continue to develop broader evolutionary explanations for why these effects
occur. Though nothing in biology is more provocative that suggesting that Jean-Baptiste
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Lamarck may have been right, it is important to understand the rationale for the
Lamarckian notion of the inheritance of acquired characteristics. Lamarck theorized that
under specific environmental conditions there would be phenotypic adaptations that
would suit those environments best – improving the fitness and reproductive capacity of
the individual. If these conditions were to persist across many generations, and both
males and females of a mating pair were exposed to these conditions, Lamarck predicted
that these adaptations would become heritable, thus lessening the developmental burden
of offspring who would need to shift phenotype in order to survive and reproduce.
The adaptiveness of transgenerational effects has been speculated, and, in the case
of paternal effects in species that do not engage in paternal care of offspring, the
transmission of phenotypically relevant epigenetic information through the germ cells
may provide a mechanism for improving the fitness of offspring based on the experience
of fathers (as appears to be the case in response to liver damage). However, epigenetic
variation represents a dynamic route through which environment can fine-tune
phenotypic responses and, as such, it is difficult to reconcile with the idea of
transgenerational stability of epigenetic marks. Though molecular imprints, such as DNA
methylation, may have the capacity for transmission through the germline, there are many
opportunities for passive loss of these epigenetic marks during cell division or changes in
environment, even if they have escaped post-fertilization erasure. There will also be
increased likelihood of reversal of any epigenetic imprints in cases where the phenotypic
consequences are maladaptive or disruptive to reproduction. For example, it would be
interesting to measure offspring success in response to conditions of high or low food
availability and if this differs as a function of being sired through embryo transfer or
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natural matings. There is evidence that genetic paternal genetic effects in one generation
has phenotypic consequences for subsequent generations through epigenetic mechanisms
(Nelson et al., 2010, Yazbek et al., 2010). 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 et al., 1995,
Jablonka and Raz, 2009). This bidirectional relationship between epigenetics and genetics
might be one mechanism through which adaptations are achieved and requires further
investigation.
Identifying circumstances under which phenotypes become more strongly
inherited and the interplay between genetic and epigenetic variation might not only
address the issue of evolutionary significance but also provide clues as to why the
heritability of some disease states appear more under in specific environments than in
others (e.g., obesity or depression).
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APPENDIX I: General Methods
Animal Husbandry
Adult male and female Balb/c mice (F0; approximately 3 months of age)
purchased from Charles River were used to generate offspring. Mice were housed in the
Department of Psychology at Columbia University, with lights on at 2200 and off at 1000
and provided with ad libitum access to food and water. All procedures were conducted in
accordance with Columbia University IACUC standards.

Behavioral Measures & Tests
Maternal Observations
The procedure for assessing maternal behavior in mice has been described previously
(Champagne et al., 2007). Each mouse mother was observed for 4-1h periods per day
from postpartum day 1-6 resulting in a total of 480 observations of each litter across each
postpartum week. The frequency of the following behaviors were scored: mother in
nursing posture over pups, mother in contact with pups but not in a nursing posture,
mother licking and grooming any pup, nest building, self-grooming, eating and drinking.
Open Field Test
The open field apparatus used was a 24 x 24 x 16-inch plexiglass plastic box. The sides
of the open-field box were black with white floors. Black lines were drawn on the floor
with a marker to divide the floor into sixteen squares. On the day of testing, the mouse
was removed from its home cage and placed directly into one corner of the open field.
After a 10-min session, the mouse was removed and returned to its home cage. All testing
was conducted under red (dark phase) lighting conditions. Behaviors were recorded with
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a video camera mounted above the open-field apparatus. The following behaviors were
scored using Ethovision software (Noldus): (1) center area exploration, defined as the
time spent in the inner 3 x 3 squares, (2) latency to enter the center, and (3) distance
travelled.
Light-Dark Test
The Light-Dark testing apparatus was a 11.5 x 19 x 11-inch (outer dimensions)
Plexiglas box, consisting of a light compartment (11 x 11 inches) and a smaller dark
compartment (11 x 7 inches) connected by a door (3 x 3 inches) in the center of the wall
separating the two compartments. The light compartment had the floor, walls and lid
made of white Plexiglas and the dark compartment had the walls, floor, and lid made of
black Plexiglas. A 60-Watt bulb located 40 cm above the center of the light compartment
provided bright illumination. On the day of testing, mice were removed from their
homecage and placed in the center of the dark compartment facing the door and were
allowed to explore the box for 10 min. After the 10 min test, the mouse was returned to
its home cage and the apparatus was thoroughly cleaned with Sparkleen detergent (Fisher
Brand) as a soiled LD box removes the neophobia associated with the box (Lane et al.,
2003). Four behaviors were scored for each mouse: Time (sec) spent in the light and dark
compartments, the number of transitions between the compartment was analyzed, and the
number of head pokes from the dark into the light compartment.
Forced-swim Test
Depression-like behavior of CF and FR mice was measured during a brief forcedswim test. All forced-swim tests were conducted during the subjects dark cycle in white
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light illuminated room. Mice were placed into a 2L glass beaker filled with water at room
temperature (approximately 25 ± 2o C). All tests were video recorded for later scoring by
a blind observer. The behaviors scored were active struggling (vigorous swimming),
passive swimming (minimal effort made to stay afloat), and immobility (little to no active
movement).
Dyadic Social Interaction Test
Motivation for social behavior and aggression of subjects were tested in a dyadic
social interaction with a novel same-sex 129s stimulus mouse (Jackson Labs). Subject
mice were isolated 1h prior to testing to increase motivation to explore the arena during
the trial. The subject mouse and the stimulus mouse were simultaneously placed in a
clean Plexiglass cage (11" x 11” x 12”) and behavior was recorded for 15-min for blind
scoring. Behaviors that were scored included aggression (tail rattle, attack, biting,
mounting), subordinate posture, fleeing, time spent sniffing (body, anogenital, head),
contact and allogrooming.

Molecular Analyses
Gene Expression Using qPCR
Total RNA (500ng) was reverse transcribed to cDNA using the SuperScript III
First-Strand Synthesis System for RT-PCR applications (Invitrogen). Quantitative RTPCR was performed with a 1ul aliquot of cDNA using an ABI 7500 Fast Thermal Cycler
and the Fast SYBR Green Master Mix reagent (Applied Biosystems). All primer probes
(Sigma-Aldrich; see Table A.1 for sequences) were designed to span exon boundaries
ensuring amplification of only mRNA. Primers were validated by ensuring amplification
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of a single product by examining melt curves of products and by running standard curves
using 4-fold dilutions to ensure amplification at 96-100% efficiency. For each primer,
samples were run either in duplicate or triplicate and CT values were normalized to
cyclophillin A (CYPHA; endogenous control). Relative expression values were obtained
by the ΔΔCT method (Livak and Schmittgen, 2001) using CT values that fell within the
linear range of amplification.

Table A.1: Primer sequences for qPCR

Gene

Forward Primer (5')

Reverse Primer (3')

Ar

GAACAGAGTACCCTATCCCAGT
CATAAGGACGCGGACTTGTACA
GGGAAGTCTTGGAAATGGC
GAGCTGTTTGCAGACAAAGTTC
TCTTGAGTCTAACCCCGTGATG
ATTACACGCAGGACATGACAGG
CGTGTGCAATGACTATGCCTC T
GTCTGTTCGGACCGCGGCTT
CTGAAGGTTGGACACGAAAG
ACCTGCTGTCTCACGATTATGG
TTGGAGTAGAATGCTGGGAA
TAATTGGCCTGGAGTCATCC
ACTGGCAGGGCTTAATCAGT
AACAGCTAGGTGGCTGGTCC

AAACATGGTCCCTGGTACTGTC
AGACATGTTTGCGGCATCCA
GCAACATTTCATTTCCCGAT
CCCTGGCACATGAATCCTGG
CCTCACTTTGCTGAACTTGGC T
CATTGCTATGTCGGGTTCGGAC
TGGTGCATTGGTTTGTAGCTGG
TCCCTCTCGGACTTGGCGGG
GCAATCAATTCTACTTTAGAGCGA
AGGAAAGATACCTCCATTCGAC
ACTGGGAGGTTTGTCCATTC
AGGGAGAGGTTTGGCTCTCT
TCCAGACTTGGTTCCTTGTG
TTTGCTCACACCCAAGGGCT

Bdnf
Crh
Cypha
Dnmt3a
Dnmt3b
Esr1
Igf2
Mecp2
Mest
Mili
Miwi
Miwi-2
Peg3
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APPENDIX II: List of Abbreviations
ACTH

adrenocorticotropic hormone

AR

androgen receptor

AVP

arginine vasopressin

BDNF

brain derived neurotrophic factor

BNST

bed nucleus of the stria terminalis

BPA

bisphenol-a

Cb1

cannabinoid receptor

CF

control-fed

CpG

cytosine-guanine pair

Crfr2

corticotropin releasing hormone receptor 2

CRH

corticotropin releasing hormone

DAH

differential allocation hypothesis

DNMT

dna methyltransferase

ENR

enriched

Erα

estrogen receptor alpha

Erβ

estrogen receptor beta

ET-CF

embryo transferred-control fed

ET-FR

embryo transferred-food restricted

FR

food restricted

GR

glucocorticoid receptor

Nr3c1

nuclear receptor subfamily 3; glucocorticoid receptor

H3K36

histone 3, lysine 36

hCG

human chorionic gonadotropin

HPA

hypothalamic-pituitary-adrenal axis

IAP

intracisternal a-particle

Il13rα2

interleukin-13 receptor subunit alpha-2

IP

intraperitoneal

ISO

isolated

IVF

in vitro fertilization
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LINE-1

long interspersed element-1

MBD

methyl-cpg-binding domain

Mecp2

methyl cpg binding protein 2

Mest

mesoderm specific transcript

miRNA

microrna

MPOA

medial preoptic area

mRNA

messenger rna

Nac

nucleus accumbens

NM-CF

naturally mated-control fed

NM-FR

naturally mated-food restricted

NR2B

n-methyl d-aspartate receptor subtype 2b

Otr

oxytocin receptor

Peg3

paternally expressed gene 3

PFC

prefrontal cortex

PGC

primordial germ cells

piRNA

piwi-interacting rna

PMSG

pregnant mare's serum gonadotropin

PN

postnatal day

Pomc

pro-opiomelanocortin

Pparα

peroxisome proliferator-activated receptor alpha

PPD

postpartum day

PVN

paraventricular nucleus of the hypothalamus

Rasgrf1

ras protein-specific guanine nucleotide-releasing factor 1

STD

standard

USV

ultrasonic vocalizations

VTA

ventral tegmental area
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